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Abstract

Investigating Complex Organic Species on Mineral Surfaces
Belinda Fonseka

The work in this thesis addresses the complex behaviour of organic species on the
surfaces of minerals. The goal is to understand what minerals are of importance
as well as the quantity and chemical nature of the adsorbed organics under
real/commercial ageing conditions. The work has interest in improving oil recovery
and understanding of mineral-organic interfaces.

This thesis covers two sections of oil recovery: (1) characterisation of real rock and
(2) understanding the ageing process, before investigating a model system.

Firstly, in Chapter 4, characterisation of a supplied outcrop and reservoir rock via
a wide range of state of the art techniques is conducted. The aim is to identify
and characterise the key minerals that control the adsorption. It is demonstrated
that despite the silicate rock being dominated by silicates, the exposed surface
of the rock is not reflected by the bulk composition. To assess the difference, a
number of novel experimental methods have been exploited as well as developing
script to quantitatively assess this. This code has been taken up by the industrial
collaborators.

The work turns to addressing the chemical nature of the organics on real reservoir
rock and outcrop samples, where an extensive range of state of the art methods have
been employed to assess this challenging problem. It is particularly challenging
as the focus is on the species that cannot be removed by a number of solvent
combinations and remain irreversibly bound. However, it is these species that
might be attributed to the sticking of other molecules and possibly the ultimate
determining factor for ‘wettability’. Several methods that were anticipated to
provide new insight were unsuccessful. However, TOF-SIMS is shown to be the
most useful in identifying species. It is concluded that the study of the irreversibly
bound species is inherently difficult as in situ measurements failed and removal of
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species will change the bound species.

The second part of the work in Chapter 5 and 6 considers ageing of model minerals in
a complex organic mixture of crude oil. Guided by the mineralogy determined from
the first part of the project, the quantity and chemical nature of organic species
adsorbed on selected minerals is assessed. It is found that different species from
crude oil adsorbed onto certain minerals to a varying extent. The role of pre-added
water with high and low salinities is also discussed. Both powdered substrates
(Chapter 5) and flat substrates (Chapter 6) were employed to exploit a wider range
of techniques. Key findings include: the asphaltene component of crude oils are
implicated as contributing to larger quantities of organic species adsorbed. However,
it is identified in Chapter 6 that this is not the case for muscovite mica (clay), where
the contact angle determining layer can be removed and identified by a novel high
resolution mass spectrometry method.

Finally, to facilitate the detailed understanding of complex systems, a model system
was investigated using state of the art techniques to showcase the level of detail
that is possible to achieve when investigating an interface. Chapter 7 describes the
adsorption of stearic acid on the calcite surface as a representative adsorption study
of a model mineral with a model additive. A combination of depletion isotherms,
neutron reflectometry, sum-frequency generation spectroscopy and X-ray reflectivity
have been used. Stearic acid is shown to adsorb onto calcite from toluene, to a much
greater extent than equivalent studies in water. The adsorbed layer is found to be
removable and can be reapplied repeatedly. In the presence of toluene saturated
with water, the adsorption is not greatly affected. However, in the presence of
excess water, the stearic acid can be removed from the surface to form calcium
stearate.
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Chapter 1

Introduction

1.1 Motivation

We are in a climate crisis. Carbon emissions and other greenhouse gases,
predominantly methane, have led to a global warming through the greenhouse effect,
changing the climate of the Earth. The transition to greener sources of renewable
energy and achieve a net zero (no net emission of CO2) has become more pressing
in the recent years. A transition away from oil, gas and coal towards carbon-free
sources such as wind and solar power has started to occur. However, the technology
required to make a full transition is not yet available. Oil will continue to be needed
until sustainable transitions can be made.

One way to limit emissions from oil recovery is to maximise extraction from oil wells
that are already geologically mapped and have infrastructure deployed. Currently,
after three stages of oil recovery, only 40 % of crude oil is extracted from the
wells. Increasing extraction efficiency of a well by 0.55 % would save the total
CO2 emissions that the United Kingdom generates in a year. [1,2]

Considerable screening needs to occur to assess a method for enhanced oil recovery
to maximise extraction. A new surfactant or polymer to enhance recovery cannot
be input into the well without screening its efficiency: the scale of deployment is
so large that a mistake could be costly. When a possible new recovery method is
found, rock samples are needed to test the oil recovery of the method. The rock
samples are acquired by drilling thousands of feet into the oil reservoir, which is
very costly, or can be acquired by an outcrop that is of similar mineralogy to the
reservoir well of interest. For example, a silicate well will be matched with a silicate
outcrop. Once the rock has been acquired, the rock must be aged in the laboratory
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at reservoir temperature and pressure to mimic the environment. After an ageing
duration (usually weeks), the new recovery method can be tested and assessed for
oil recovery.

It is currently unclear which minerals are most useful to promote effective ageing;
matching an outcrop rock mineralogy has not always produced the same results as
a real reservoir rock.

This thesis covers two sections of oil recovery: (1) characterisation of real rock and
(2) understanding the ageing process.

1.2 Thesis Structure

This thesis contains seven chapters: Chapter 2 is a background literature review;
Chapter 3 discusses the experimental techniques used in subsequent chapters. In
Chapter 4, the characterisation and comparison of outcrop and reservoir rock was
achieved by a range of analytical methods, with electron microscopy proving the
most revealing with regards to pore surface mineralogy. This is of great importance
as this surface defines the chemistry that causes adsorbed oil to remain within an
oil well.

After discussing minerals at the pore surface, these ideal minerals are investigated
in powdered and flat forms in Chapter 5 and 6 respectively. This is advantageous as
some novel analytical techniques are only feasible with flat surfaces. These chapters
showcase the different atomic contents and quantities of organic species that adsorb
on individual ideal minerals. The most interesting finding is the identification of
sulfur containing species that alter contact angle on muscovite mica, analysed via
high resolution mass spectrometry and drop shape analysis.

Finally, to highlight the power of more recent novel techniques in structure
determination at the surface and interface of simple systems, the effect of stearic
acid at the calcite surface is investigated in Chapter 7. Here, adsorption
isotherms, neutron reflectometry, X-ray reflectometry and sum-frequency generation
spectroscopy show the adsorption of stearic acid as a monolayer on calcite in toluene.
The monolayer is removable and reapplied in toluene, yet can be removed upon the
addition of excess water to form calcium stearate.
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Chapter 2

Background

This chapter considers the origin of an oil well and the chemical considerations
when understanding the system. These include mineralogy, chemical composition of
crude oil and the role of water. After the basis of oil well contents are covered, two
fundamentals that are critical to mineral-oil interaction (and therefore, this thesis)
are discussed: wettability and surface charge.

2.1 Oil Recovery Review

Oil is produced from decaying plants and animals that have fallen to the bottom of
bodies of water. They are subsequently buried by rocks and mineral. Increasing
depth of burial leads to larger pressures and temperatures, speeding up decay
and forming hydrocarbons. [3] The oil formed will float above any water and rise
through the strata and continue to rise if not entrapped by a caprock, typically an
impermeable rock layer of clay, deformed into a suitable dome-shaped trap formed
by the tectonic movement of the Earth’s mantle, where the oil will collect. An
important consequence for this work is that the oil is considered to displace water
from the initially water wet porous rock that will form the oil reservoir. In this way,
the reservoir rock may end up with a variety of complex organic species bound to
the mineral surfaces. This is significant as it may lead to a change in wettability and
greatly change the ease that oil can be removed from the rock. In simple terms, if
the rocks are covered in oil-like molecules, the oil tends to stick to the rock, making
it hard to remove the oil.

Oil recovery is generally performed in three stages: (1) primary oil recovery, where
the caprock is pierced and crude oil is allowed to flow under its natural pressure,
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which will diminish over time; (2) secondary oil recovery, usually involving pumping
water through the well to push the oil out; finally, (3) enhanced oil recovery, where
additives such as polymers or surfactants are added that are intended to aid oil
recovery in a number of ways, such as overcoming capillary forces and preventing
flow bypass to release trapped oil. [4–6] It is desirable to experimentally test difference
additives and fluids in representative rocks prior to deployment in the field. However,
this can be challenging. There is an increased need for model reservoir rocks and
organic systems to capture key aspects of the recovery process for lab-based testing.
This is particularly true in this commercial area as acquisition of reservoir plugs in
large quantities for full studies is very expensive. [7,8]

One important method exploited commercially is generation of representative cores
via outcrop rock that is accessible from the surface of the Earth and treating it in
various ways to recover an appropriate covering of organic species and attain the
correct wettability. This can include an ageing process, where the crude oil from a
particular reservoir is exposed to an outcrop for an extended period to capture the
key chemistry of the real reservoir.

The literature review below covers the importance of wettability, the three main
components to consider with oil recovery (rock, oil and water) and research into
enhancing oil recovery.

2.1.1 The Importance of Wettability

After three stages of oil recovery, 60% of the oil remains stuck in the well. The oil is
located within pores of the rock and can be unmovable for a variety of reasons
such as wettability of surrounding rock, capillary pressure, pore geometry and
permeability. [9–13] During waterflooding, the water and oil will flow simultaneously
but not necessarily in the same pore network. However, both may be found in small
crevices or where one is adsorbed onto rock in molecular layers. [5]

Reviews by Anderson have suggested that changes in wettability affect the physical
parameters that cause oil to be stuck in the well. [11,14–18] Anderson suggests that any
attempts to return a solvent cleaned core to its native wettability should undergo the
following procedure: saturate the core with brine, flood the core with oil and then age
the core at reservoir conditions for 1000 hours (6 weeks). [11] This procedure of core
ageing has been used for the decades since the review was published, sometimes with
a lower ageing duration but still within the ageing magnitude of weeks. [19–24]

Both the rock and the crude oil contain several components that are incredibly
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complicated to investigate in-situ. Therefore, the rock, brine and crude oil system
can be broken down in complexity:

Substrate Oil Water Decreasing
complexity
of system

↓

Real rock Crude oil Connate brine
Individual minerals Extracted asphaltenes Brine with 1 or 2 salts

Model asphaltenes DI water

Table 2.1: Complexity of components in reservoir well.

When characterising the system containing rock, oil and water, there are two parts
to consider: the solid and the liquid. The sections below discuss literature regarding
characterisation of the rock, crude oil (including a brief look at asphaltene research)
and the role of brine.

2.1.2 Understanding Rock

The first part of the puzzle is characterisation of solid multimineral rock.
Studies have focussed on the bulk mineralogy with porosity/permeability as
well as wettability. Here, utilisation of electron microscopy coupled with micro
computerised tomography and nuclear magnetic resonance can be used to map
porous networks within the rock core, sometimes based on where the clay lies within
the rock. [25–29] This is especially important for investigating formation damage in
reservoirs where a non-destructive technique is required. [30] A review by Barclay
summarises efforts to determine rock wettability that include measurements of:
contact angle, pressure displacement, spontaneous imbibition and dye adsorption. [25]

It is emphasised here that results obtained from analysis of single minerals should be
taken with caution due to the polymineralic nature of real reservoir rocks. [11,31]

Investigation into the role of individual minerals is important due to the complexity
of investigating a heterogenous and uncontrollable real rock sample. Common
individual minerals investigated in terms of oil recovery are: quartz, calcite, kaolinite
and mica. Quartz and calcite are the bulk mineralogy of the two major types of oil
wells. [32–36]

Flat quartz surfaces have been investigated using contact angle measurements of
a crude oil drop whilst the substrate is submerged in water. Treatment shows
the quartz moving from water-wet to oil-wet. [37] Quartz has also been doped with
anionic, cationic and nonionic surfactants to test wettability alteration of the
substrate when a known chemical functionality is present. [38] This is an example
of a very simplified oil-well system.
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Rao et al. found that ageing calcite crystals to brine and crude oil leads to aromatic
and polar hydrocarbons not only depositing on the surface but also embedding
in the mineral, leading to an oil-wet calcite system. [32] Work by Abdallah et al.
found that the inclusion of magnesium ions in brine was needed to alter calcite
wettability. [39]

Kaolinite is a clay with low surface charge that is believed to adsorb polar organic
base molecules that influence reservoir wettability. [40–43] Counterions from water are
believed to form a double layer between kaolinite and oil. [44] Mica is of most interest
due to its surface charge tunability and possibility for cation bridging, which is
believed to be the mechanism behind low salinity enhanced oil recovery (LSEOR),
explained more below in Section 2.1.6. [20,45,46] Mica has the advantage that it can be
cleaved to an atomically flat surface. Therefore, modern surface science techniques
(contact angle, neutron reflectometry and atomic force microscopy) can be used to
analyse the binding of oil on the mica surface. [47–50]

The ideal surfaces are generated from a range of methods, from spin-coating powders
to compressed pellets. It is difficult to replicate the real rock system including pore
network to investigate the interactions between minerals and crude oil. Techniques
used to investigate these ideal surfaces include: stable isotope analysis, TOC,
thermal analysis such as pyrolysis mass spectrometry, contact angle (both sessile,
Washburn and in some cases via image analysis). [34,51–54]

2.1.3 Crude Oil

Understanding of the second part of the oil recovery puzzle lies within the
composition of the liquid extracted, which has been exceptionally difficult due to the
complex nature of crude oil. Crude oil is a term for the naturally occurring, unrefined
product of petroleum present in an oil reservoir and is composed of a complex variety
of hydrocarbon and organic components. [55–57] It is extremely difficult to determine
exact structures of molecules from the crude oil. Therefore, the components of
crude oil can be broadly classed into four categories: saturates, aromatics, resins,
and asphaltenes (SARA) and there are standard analyses based on these fractions.
Fractionation is based on the solubility of hydrocarbons in various solvents (Figure
2.1); each solubility class contains a very wide range of species of different molecular
weight and chemical groups.

The first stage of separation is to dilute the crude oil with an n-alkane, usually
n-heptane. Here, the asphaltenes—which are the heaviest and most polar
components of crude oil—will crash out of solution as a precipitate, leaving a solution
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Figure 2.1: SARA analysis schematic showing the separation of crude oil into saturates,
aromatics, resins, and asphaltenes.

of the remaining components, broadly referred to as maltenes. The maltenes are
adsorbed onto silica and eluted with a range of solvents. The saturates are the least
polar component followed by the aromatic hydrocarbons, before finally leading to
the final fraction which is resins. Resins contain a small percent of polar heteroatoms
(oxygen, nitrogen, and sulfur).

If an oil is composed of only saturates and aromatics, it will not be water wetting
on most mineral surfaces. In contrast, resins and asphaltenes are reported to lead
to minerals that are more water wet. [58] For this reason, resins and asphaltenes are
considered most important for wettability alteration on minerals to the more water
wet state. Both asphaltenes and resins are reported to have high molecular weight
polar components that adsorb onto silica and mineral surfaces. [59] These are very
complicated species with a chemical composition that will depend on where the
oil has originated from: the animals and plants that decomposed and sedimented
over time will vary according to location, which results in a variety of molecular
weights being produced. The method of fraction separation will also impact chemical
composition.

Although broadly standardised, it is important to note that SARA analysis can
vary across different laboratories and there are reports of cross-contamination,
raising a question of reliability. [60] The method of precipitation is also critical,
as a different solvent will lead to a different elemental composition and other
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properties of molecules precipitated, especially when considering investigation of
asphaltenes. [61–63]

2.1.4 Asphaltenes

As mentioned above, asphaltenes are formally a solubility class of polar organic
compounds that are essentially defined as the fraction that will precipitate out of
crude oil upon the addition of an n-alkane or other aliphatic solvents (conventionally
taken to be 40 volumes of heptane). [64] It is worth noting that different asphaltenes
are extracted with different solvents. [65] The molecular weight of asphaltenes
typically range from 400–1500 g mol-1 and will contain heteroatoms such as O,
N, S, as well as co-ordinated metal ions and can be characterised via XPS,
pyrolysis techniques, ultra violet spectroscopy, quartz crystal microbalance, infrared
spectroscopy and nuclear magnetic resonance spectroscopy. [65–68] They can also
form large associates and these can be hard to distinguish from the monomers.
Asphaltenes can cause several problems in the recovery process, from precipitating
out within the piping that can cause pressure changes and damaging equipment to
being immiscible with extraction solvents. [58,63,69]

It is widely accepted that there are broadly two categories of asphaltene: archipelago
and island. Archipelago asphaltenes contain small polyaromatic groups linked
by aliphatic and/or naphthenic groups. Island asphaltenes comprise a single
polyaromatic ring with aliphatic and/or naphthenic chains. Example structures
are shown below in Figure 2.2.

Figure 2.2: Example of (a) archipelago and (b) island asphaltenes.

Asphaltenes are believed to be surface active and alter the wettability of reservoir
rocks and hence are considered to be very important in oil recovery. [11,70] However,
between different reservoirs, asphaltenes will vary in molecular weight, structure
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and degree of aggregation, hence their broad definition. The molecules also exhibit
a range of solution physical chemistry, particularly association and aggregation
that depends on solvent quality and concentration. Aggregation of archipelago
asphaltenes is reported to be promoted via π–π stacking of aromatic groups
and hydrogen bonding; Island asphaltene aggregation is thought to be through
π–π bonding. [71] Importantly, in this thesis several crude oils with different
asphaltene contents were exploited to assess the importance of their contribution
to adsorption.

Model asphaltenes are simpler to use because the exact chemical functionalities
are known. However, what exact molecules should be used as models is still
highly debated, from derivatives of pyrenes to branched alkyl chains attached
to polyaromatic cores. [72–75] Asphaltenes are notoriously heterogeneous and have
fundamental properties, such as emulsion stabilisation and self-association that will
need to be matched in the modelling process. [76–79]

2.1.5 Bound Organics

Along with the mineralogy lining the pores of rocks, the organics bound on the
mineral will play a role in wettability alteration. It is common to use a Soxhlet
extraction to fully extract residual crude oil from rocks that have not been recovered
in efficiency tests. [34,80–87] Identification of crude oil before and after extraction from
the rock can be achieved via elemental analysis of C, H, N, O and S components via
XPS or pyrolysis techniques and chromatography coupled with mass spectrometry
to elute fractions. [34,88] A study by Pan et al. showed bulk oil was predominantly
saturated in hydrocarbons but upon extraction of the organic within the reservoir
core via Soxhlet extraction, the adsorbed oil contained mostly resin and asphaltenes
with a low hydrocarbon content. [34] A more modern technique is high resolution
mass spectrometry, where washings of the crude oil and rock are analysed and can
be groups into classifications depending on combination of heteroatoms present as a
function of double bond equivalence and number of carbons. [55–57] Studies by Zeng,
Wicking and Tessarolo at BP plc have shown possible layered structures of types of
molecules present on real sandstone and carbonate rock, suggesting a ‘double-sided
sticky tape’ scenario where a molecular layer (the ‘sticky tape’ layer) is between the
rock and asphaltenes.

The above studies investigate what is removed from the rock via solvent. What is
of more interest is the insoluble organics that remain stuck to the rock. These are
inherently harder to investigate in-situ as removing organic may alter the nature of
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the chemical functionalities present. For example, a bound ester could be released
and quickly form a carboxylic acid due to oxidation. Subramanian et al. investigated
crude oil extracted asphaltene adsorption on powdered ideal calcium carbonate. [89]

They identified three types of organic: bulk, adsorbed and irreversibly adsorbed.
Here, the irreversibly adsorbed organics are only obtained after dissolving away
the calcium carbonate with hydrochloric acid. The irreversibly bound fraction is
found to contain more carbonyl and carboxylic acid groups as well as increased
aggregation between molecules. Ganeeva et al. assessed 18 cores using thermal
analysis for organic matter and insoluble organic matter and suggest the insoluble
organics are lighter hydrocarbons as opposed to heavier asphaltenics. [90] This aligns
with the suggestion of the ‘sticky tape’ model by Zeng discussed above. [55]

Nitrogen is of interest because it is a heteroatom that can be in the wettability
altering asphaltenes as well as porphyrins. Neutral pyrrolic structures have
been suggested to be more favourable than the basic pyridinic form found in
asphaltenes. [66,91,92] Understanding how much nitrogen is present and under what
conditions it is removed in (e.g. acidic or basic conditions) could allude to what type
of molecule the nitrogen comes from. [93] Sulfur detection can suggest asphaltenic
presence, similar to nitrogen mentioned above as sulfur is only expected to be found
in aromatic rings native to the asphaltene structure. [94] Detection is usually via
organic inductively coupled plasma, resulting in the sulfur needing to be soluble in
an organic solvent. The area of characterisation of irreversibly bound organics is the
main knowledge gap that is preventing a full picture of how oil binds to rocks and
changes wettability. Chapter 4 aims to try to address this further by using modern
techniques to investigate irreversibly bound organics in-situ.

2.1.6 Water

Water is trapped within the porous rock before oil is deposited. This water is referred
to as connate water and is deposited at the same time as the rock, usually dense and
with a high salinity but can change chemical composition throughout the history
of the rock. It is common to utilise water surrounding the oil well as it is readily
available and cheap. However, research has shown low salinity water (salinities <
5000 ppm) is more effective for oil recovery than high salinity water. [95–99]

The mechanism of how low salinity enhanced oil recovery (LSEOR) is still debated
but some of the most important factors appear to be the composition of crude
oil coupled with a clay-rich sandstone reservoir: polar components (resins and
asphaltenes) are more favourable to adsorb onto mineral surfaces. [11,19,100–102] Here,

10



Background

it is suggested that the substitution of divalent cations that bridge between anionic
oil and anionic clay with monovalent cations that do not bridge in this method. [103]

This method releases the adsorbed polar molecules and convert the system from
oil-wet to water-wet. Crucially, Zhang et al. found that refined oil that does not
contain polar fractions, does not respond to LSEOR, which supports the importance
of polar molecules. [104]

The role of water will be investigated in Chapters 5 and 6, where ideal minerals are
pre-treated in deionised water or brine (or untreated) and aged in crude oil before
washed in solvent and analysed for irreversibly bound organics.

2.2 Wettability Fundamentals

The adhesion of oil onto the rock can be characterised using the concept of
wettability and particularly expressed by the contact angle of the system, which
is a readily experimentally assessable parameter. These concepts are introduced in
the section below.

2.2.1 Contact Angle

Wettability is a solid’s preference to be in contact with a fluid phase as opposed to
another, often expressed by measuring the three-phase contact angle. Considering
a simplified system where a droplet of water is brought into contact with a flat
solid surface, the water droplet will adopt a shape to minimise the total surface
energy. Gravity is neglected as a small droplet is assumed. The resulting force
balance gives a contact angle that is defined as the angle between the tangents of
the water droplet / air and water / solid surface (Figure 2.3). The contact angle
is conventionally measured through the water phase. The three interfacial energies
are related by Young’s equation (Equation 2.1). [105,106]

Figure 2.3: Water droplet deformed on a solid surface, surrounded by air with a contact
angle of θ.
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cosθ = γSA − γSW

γW A

(2.1)

Where θ is the contact angle, and γSA, γSW , γW A are the interfacial tensions at
the solid-air, solid-water, and water-air interfaces respectively. The surface tension
for an air-water interface at 25 ◦C is 0.072 Nm-1. [107] Considering a more complex
system of an oil droplet on a solid surface surrounded by water, Young’s equation
(Equation 2.1) becomes:

cosθ = γSO − γSW

γW O

(2.2)

Where γSO, γSW , γOW are the interfacial tensions at the solid-oil, solid-water, and
oil-water interfaces respectively. When the contact angle is 0◦ it is said the system is
completely wetting where the water will completely spread across the solid surface.
A small contact angle (90◦ > θ > 0◦) means the surface has incomplete wettability;
a large contact angle between 90◦ < θ < 180◦ means the surface is said to be
incompletely dry, and complete drying occurs when the contact angle is 180◦. [108]

Values of 180◦ are very rare and usually arise from other effects, such as roughness
and super hydrophobic materials. [109]

2.2.2 Young-Laplace Equation

Secondary and enhanced oil recovery involve the flow of fluid through a porous
medium where one phase is used to displace another: it is often the case that
it is inconvenient to try and displace oil by water. This is a two-phase flow
through porous media. In the two-phase system, there are three key ‘forces’ causing
trapping and/or displacement of one phase by another: capillary, viscous, and
gravity drainage forces.

It is believed that residual oil in the reservoir is trapped by capillary forces that arise
from the curvature of the oil-water interface. The capillary force can be discussed in
terms of the Young-Laplace equation which concerns the pressure difference across
a curved surface caused by surface energy costs (Equation 2.3). [110] The pressure
inside the curve is a larger pressure than outside (Figure 2.4).

A drop on a single surface is illustrated in Figure 2.4. ∆PL is the pressure difference,
Pinside is the pressure inside the drop, Poutside is the pressure out of the drop. The
radius, R, is taken as positive if the corresponding centre of curvature lies in the
phase in which Pinside is measured and negative in the converse case. For a sphere,
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the two radii, R1 and R2 of a surface at the point X are the same.

Figure 2.4: A droplet system showing large pressure inside the curvature and smaller
pressure outside the curvature. For a sphere, the two radii, R1 and R2 of a surface at the

point X are the same.

∆PL = Pinside − Poutside = γaw( 1
R1

+ 1
R2

) (2.3)
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If the contact angle in a cylindrical pore is finite (non-zero), the radius of the
spherical meniscus formed at the oil-water interface is a function of the three-phase
contact angle (Figure 2.5).

Figure 2.5: Cylindrical pore with finite contact angle.

R = a

cosθ
(2.4)

Where ‘a’ is half the diameter of the pore. The pressure difference can now be
written as:

∆PL = 2 γOW cosθ

rpore

(2.5)

Where rpore is the radius of the pore, θ is the contact angle, γOW is the interfacial
energy and ∆P is the pressure difference. [111]

2.2.3 Washburn Method

Contact angle is a standard measurement when dealing with flat or cylindrical
substrates, where the Young equation is employed. However, such a direct approach
cannot be used for the contact angle of powdered materials where the contact angle
of the material that makes up the lining of the pores between particles are of interest,
especially within the work in this thesis. To determine the contact angle of porous
materials one may use the Washburn equation, which describes capillary flow as a
bundle of parallel cylindrical tubes of constant radius. The approach is based on
the Laplace equation for capillary rise in a tube, given by Figure 2.6 and Equation
2.6: [112–114]

Pcapillary = h∆ρg = 2γcosθ

r
(2.6)
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Figure 2.6: Schematic diagram of Washburn wettability apparatus.

Where Pcapillary is the pressure due to capillary forces acting on a tube of radius r,
producing an interfacial tension (γ) and contact angle (θ). The contact angle of the
liquid on the solid capillary wall can be determined by measuring the final height
(h) of a liquid of known density contrast with the surroundings, usually air (∆ρ) and
surface tension (γ). However, this method requires knowing the radius of the pores,
which are generally unknown. The larger and more uniform a particle, the larger
the pore size, which is inversely proportional to the capillary rise height. When a
porous solid is brought into contact with a liquid, and the liquid undergoes capillary
rise, the height of the fluid is governed by the time after contact (t) and the square
of the mass of liquid uptake and a constant (A) (Equation 2.7).

If the parameters in constant A (Equation 2.8) are known (where η is liquid viscosity,
ρ is liquid density, θ is surface tension, c is the capillary constant which is dependent
on the porosity of the solid and thus packing reproducibility), then the contact angle
can be calculated using Equation 2.9. [112,115,116]

t = Am2 (2.7)
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A = η

cρ2γcosθ
(2.8)

cosθ = m2η

tρ2γc
(2.9)

The Washburn method is used when a large amount of solid is available, and a liquid
of known density, viscosity and surface tension is available. A cylindrical tube is
prepared with a support that allows liquid to penetrate the solid and allows a packed
powder bed to be prepared without dropping into the liquid. The powder is packed
into the tube via a repeatable tapping method.

Importantly, the true radius of the pores is unknown; therefore, a repeatable packing
method is required so that the same material can be exposed to two fluids. The
first fluid has a known contact angle because it is completely wetting. This allows
determination of the effective pore size. The fluid of interest can then be used, where
the contact angle is unknown.

The mass of the liquid rising through the tube is measured as a function of time,
leaving two unknowns in Equation 2.9: the contact angle and the capillary constant.
When using a powder of unknown capillary constant, a completely wetting liquid
(n-hexane or n-heptane) is used—such that θ = 0◦ (cos θ = 1) and the capillary
constant can be deduced. Once the capillary constant for a specific solid has been
determined using the completely wetting liquid, a non-completely wetting liquid of
interest can be used to determine contact angle.

Contact angles that are greater than 90◦ cannot be measured using the Washburn
method as no wetting of the powder via imbibition or capillary rise will occur.

2.3 Substrates Studied

Naturally Occurring Substrates

2.3.1 Reservoir and Outcrop Rock

The cylindrical outcrop plug supplied is a Castlegate sandstone (Figure 2.7, left),
preserved in brine. The cylindrical reservoir plug (Figure 2.7, right) was supplied
from a silicate well, preserved in kerosene. The kerosene used for preservation has
a hydrocarbon content consisting of alkanes with between 6 and 16 carbon atoms
per molecule. The experimental work described below will involve characterising
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the mineralogy and organic contents of these minerals.

Figure 2.7: Photograph of Castlegate outcrop rock plug (left) and reservoir rock plug
(right) used in this study.

Supplied reservoir and outcrop rocks were ground up in an inert agate mortar and
pestle. Ground up rock was used in Soxhlet extraction (Section 3.4) to remove the
maximum amount of organic.

Ideal Substrates

2.3.2 Quartz

Silicates are the largest group of rock forming minerals forming 90 % of the Earth’s
crust, of which 12 % is quartz. [117] Most significant for this work is that quartz is
a large component of oil-containing reservoirs from sedimentary rock formations,
which is one of the two dominant reservoir types. The mechanism of adsorption and
release of organic material from the quartz surface is of great interest for enhanced
oil recovery.

The crystal structure of quartz is shown in Figure 2.8.

The quartz surface has a number of Si−OH groups that exhibit a pH-dependent
dissociation. The extent of dissociation can be characterised by an equilibrium
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Figure 2.8: Crystal structure of quartz (blue = silicon and red = oxygen. Black lines
represent the unit cell).

constant that depends on the relative concentrations of SiO- and SiOH2
+ shown

below:

SiOH K1−−⇀↽−− SiO− + H+

SiOH +
2

K2−−⇀↽−− SiOH + H+

The top reaction involves dissociation, giving rise to a negative quartz surface at
neutral pH. Reduction of pH can force re-protonation of the surface leading to a
neutral surface and isoelectric point (IEP) at pH 2–3.5. [118] This negatively charged
surface is formed of Si--O- groups. At very low pH it has been suggested that SiOH2

+

may occur as shown above; however this is complicated by significant dissolution of
the solid at these very low pH conditions.

In this thesis, powdered quartz and flat silicon wafers are used. The silicon wafers
have a native oxide that rapidly forms in air and is also reasonably representative
of a quartz surface.

Details of the Si−OH surfaces can be complex. [118] The key point is the number
density of the surface −OH groups and how they interact with each other. [119]

There is evidence that some hydroxide groups can be lost on heating and some
recovered on re-exposure to moist air. [120] Interestingly, the surface charge arising
from −OH dissociation is not necessarily increased with more −OH. Some literature
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report adjacent −OH groups hydrogen bond and make dissociation of protons more
difficult. [121]

2.3.3 Calcite

Calcium carbonate occurs in three major crystallographic structures: calcite,
aragonite, and vaterite. Sedimentary rocks recrystallise over geological timescales
of time and will form the most stable polymorph, calcite; aragonite and valerite
are less stable respectively. [122] When precipitated, the calcium carbonate can form
optically clear single crystals, or polycrystalline, optically white samples. The crystal
structure of calcite is shown below in Figure 2.9

Figure 2.9: Crystal structure of calcite (light blue = calcium, brown = carbon, red =
oxygen, black lines represent the unit cell).

Figure 2.9 shows that calcite is a hexagonal structure with a three-fold rotational and
six-fold screw axis about the c-axis as well as a two-fold rotational axis perpendicular
to the c-axis, overall described as a R3c symmetry. [122] Calcite is composed of
alternating layers of carbonate groups and calcium ions that make the structure a
closed-packed structure with respect to the carbonate groups, with calcium ions in
the octahedral interstices. Calcite is referred to as a hexagonal unit cell, containing
six CaCO3 molecules, and will fracture into a rhombohedron shape as this is the
most stable, with no C-O bonds needing to be broken and the least number of weak
Ca-O bonds.

Optically, calcite is highly anisotropic, which produces a birefringence (Figure 2.10).
This turns out to be important in this work when novel optical methods are used
to characterise the material and adsorbed layers. The alternating layers of calcium
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and carbonate ions in the calcite crystal lattice produce a high electron density
within the crystal plane containing the carbonate groups, but only little electron
density normal to this plane. Hence, the refraction of the incident light ray will be
orientation-dependent, and it will split into two rays. The refractive indices parallel
to the c-axis (ne) and normal to it (no) are 1.658 and 1.486 respectively. [123] The
difference between the refractive indices is called birefringence and has a value of
–0.278. A light beam travelling along the optical axis of the crystal does not become
polarised. Hence, no birefringence occurs if light travels through the crystal at an
orientation exactly parallel to the c-axis.

Figure 2.10: Image of a calcite crystal, used for Neutron Reflectometry, on top of a
piece of paper displaying the crest of Jesus College, Cambridge. The anisotropy of the
crystal structure leads to two refractions of light, producing two images, referred to as

birefringence.

The native crystal habit of the calcite exposes the 104 faces as a characteristic
rhombohedral. Typically, the crystal will fracture at the cleavage planes terminated
by the 101̄4, 01̄14 and 1̄104 planes. These are the most stable as they contain the
lowest quantity of weak Ca−O bonds. Therefore, no strong C−O bonds are broken
along these planes.

Calcium Carbonate in Solution

The calcite surface is a challenging system because the complex solution chemistry is
dependent upon several coupled equilibria, including dissolved CO2. The solubility
product, Ksp, of calcium carbonate is 3.7 x 10-9 mol dm-3 at room temperature. [123,124]

This corresponds to a solubility of 61 µg CaCO3 per litre of water. For comparison,
rock salt, NaCl, has a 1010 times higher solubility product of 37.7 mol dm-3,
corresponding to a solubility of 359 g NaCl per litre of water. [123] All constants
below are given at standard temperature and pressure. [123–125]
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CaCO3 −−⇀↽−− Ca +
2 + CO3

2− Ksp=3.7x10 –9 mol dm−3

H2CO3 −−⇀↽−− H+ + HCO –
3 Ka1=2.5x10 –4 mol dm−3

HCO –
3 −−⇀↽−− H+=CO3

2− Ka2=5.6x10 –11 mol dm−3

H2O + CO2 −−⇀↽−− H2CO3 Kh=1.7x10 –4 mol dm−3

CO2(g) −−⇀↽−− CO2(aq) KH=29.76 atm mol –1 dm3

H2O −−⇀↽−− H+ + OH– Kw=1.0x10 –14 mol dm−3

The value of KH is referred to as Henry’s law constant. Henry’s law states that
the amount of dissolved gas is proportional to its partial pressure in the gas phase;
therefore the Henry’s law constant is the proportionality factor.

Surface Charge of Calcite

The surface charge of calcite has been widely researched, but still remains a matter
of debate. [126–131] From the equilibrium of CaCO3 in water at varying conditions,
the following factors can be considered to influence surface charge: pH, pressure
and ionic strength. [126] Furthermore, physical parameters of the substrate have been
reported to manipulate the charge, such as particle size, surface area and even
stirring rate. [132] If using natural crystals, then the location the substrate originated
from might also be important: calcite that has been in contact with organic species
may contain organic material within the substrate. [132,133] In addition to organics, a
variety of inorganics may have been in contact with the calcite, such as metal ions
in trace amounts. [134]

It is largely accepted that calcite is positively charged at ambient conditions with
an isoelectric point at pH = 8.3. Ca2+ and CO3- are expected to be potential
determining ions in a calcite-water system. [126,128,130,135,136]

2.3.4 Clay Minerals

Mineral Structure

Clay minerals are hydrous aluminium phyllosilicates and have two main structural
elements: tetrahedral and octahedral sheets. [137]

Tetrahedral sheets consist of silicon atoms tetrahedrally coordinated by oxygen
atoms. Octahedral sheets consist of close-packed planes of oxygen atoms with either
di- or trivalent ions such as Al3+ or Mg2+ held between them. The occupancy of
octahedral sites is determined by the requirement to satisfy electroneutrality.
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Tetrahedral and octahedral sheets join together to form compound layers, where each
octahedral sheet may combine with one or two tetrahedral sheets to form a repeating
unit of octahedral-tetrahedral (OT motif) or tetrahedral-octahedral-tetrahedral
(TOT motif) structure. This is the distinction between a 1:1 or 2:1 clays. When
oxygen atoms from the octahedral sheet are not shared with the tetrahedral sheet,
they form terminating hydroxyl groups.

The layers described above are neutral overall and are representative of clays such
as talc. Due to the unchanged nature of the sheets that are held together by only
Van der Waals forces, they can easily be cleaved apart.

Kaolinite

Kaolinite, Al2Si2O5(OH)4, is the most common type of clay mineral in
sandstones. [138,139] Kaolinite is comprised of one tetrahedral layer linked to one
octahedral layer (OT motif outlined above) a 1:1 type structure (Figure 2.11). Silica
tetrahedra are arranged in a hexagonal pattern in the silica sheet; three oxygens of
each tetrahedron are shared with three other tetrahedra, and the fourth oxygen is
shared with two alumina octahedra in the alumina sheet. In the alumina sheet, an
aluminum atom is bonded to four hydroxyls (OH) groups and two oxygens from the
tetrahedral sheet. Layers are joined by hydrogen bonds between adjacent silica and
alumina sheets. [140]

Figure 2.11: Crystallographic structure of kaolinite. Silicon in dark blue, aluminium in
light blue, oxygen in red. Black lines represent the unit cell.

Kaolinite has a small amount of isomorphic substitution, resulting in a permanent
charge in the siloxane surface. Furthermore, the charge on the aluminol face is
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pH dependent, as it is controlled by protonation and deprotonation of hydroxyl
groups. [47,50,141–143] In addition, the edges of kaolinite particles are composed of
broken bonds whose charge will also depend on protonation and deprotonation
equilibrium and therefore, will be pH dependent. [142,144] Kaolinite’s morphology
is commonly described as pseudohexagonal plates that aggregate in a book or
worm-like fashion (Figure 2.12).

Figure 2.12: A range of aggregation types of kaolinite particles: a) dispersed, b) face-face,
c) edge-face and d) edge-edge.

Kaolinite aggregation is reported to be dependent on pH, electrical double layer
thickness, sample crystallinity and particle aspect ratio. [141,145–147] In a reservoir,
kaolinite has been reported to cause severe plugging of pore throats and loss of
permeability near near-wellbore if the particles mobilised by liquid flow and/or
appropriate changes in surface charge. [138,139,148]
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Muscovite Mica

Muscovite mica, KAl2(Si3Al)O10(OH,F)2, shown in Figure 2.13 has one quarter of
the silicon atoms substituted in the tetrahedral sheets for an aluminium atom. This
leads to a very high structural surface charge that is one of the highest of all clays.
In the native mineral, the layer charge is compensated for by potassium ions between
the sheets. [149]

Figure 2.13: Crystallographic structure of muscovite mica. Potassium in purple, silicon in
dark blue, aluminium in light blue, oxygen in red. Black lines represent the unit cell.

This high layer charge holds the layers together very strongly and as such, water
cannot intrude and swell the clay. However, muscovite mica is easily cleaved between
layers to expose the basal plane, which consists of a hexagonal array of oxygen atoms.
Once cleaved, half the potassium ions will remain with each associated layer and
then may be exchanged with other ions or surfactants when exposed to a solution.
The mica has a high surface charge density (1 charge per ∼47 Å2) and large zeta
potentials. [137,150–152] This charge is mainly structural and hence the surface charge
of the mica basal plane is largely pH independent. However, broken edges of the
mica sheets will expose −OH groups like kaolinite and other clays mentioned above.
Unless only the basal plane is examined, the net surface charge will be a complex
mixture of faces and edges.

2.4 Surface Charge

Many metals and metal oxides have surface groups that can be ionised at differing
pHs. For example, silica’s Si−OH bonds and iron oxides Fe−OH. At high pH these
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are deprotonated to give SiO– . At low pH (∼ pH 2) they will be protonated. At
very low pH they may be positively charged due to another bound proton. However,
for silica, this usually combines with dissolution.

Other systems where surface charge occurs include an ion preferentially dissolving
and causing an excess of opposite charge at the surface. This is exmplified by AgI,
where the Ag ion preferentially dissolves.

In clays, the charge will arise from isomorphic substitution, where an ion of one
valency (e.g. Si, which has a formal charge of +4) is replaced with a species with a
lower or higher valency (such as aluminium with a formal charge of +3) without any
further change to the structure. This results in a net negative charge in the surface of
the clay sheets. This charge is compensated, for example in mica, by the potassium
counter ions at the mineral surface. This is discussed in Section 2.3.4.

Focussing on the effect of pH, at a certain pH there is no charge across the surface;
this is known at the point of zero charge, or isoelectric point. The isoelectric point
is different from the point of zero charge when ions that can adsorb strongly are
present (referred to as potential determining ions) as they can change the surface
charge. Ions that adsorb and do not change the surface charge directly can still
influence overall surface charge behaviour by changing the distribution of the ions
in the electrical double layer.

The electrical double layer is the ionic structre around a charged surface in solution.
This ionic distribution can be described by the Stern model (Figure 2.14), where
the counter ions are in a layer that is immediately next to the surface. [153] However,
in some cases the elctrostatic attraction of the counter ions to the surface is
overcome by the entropy of forming a disordered layer adjacent to the charged solid
surface. This ‘diffuse layer’ of counterions reaches out into the solution. Overall,
the combination of the Stern layer and diffuse layer cause the surface to appear
electrically neutral from a sufficient distance where the ionic distribution has reached
the bulk concentration level and the electrostatic potential has decayed to zero.

Potential determining ions are usually ions that are a part of the crystal lattice
or have similar sizes and charge densities; for quartz these are H+ and OH- and
for calcite they are Ca2+ and CO3

2-. The calcite surface charge is not directly
impacted by H+ and OH- ions, which most oxides are directly controlled by H+

and OH-. However, these ions are examples of ones that can affect the equilibrium
concentrations of other species in the calcite system by selective dissolution of either
Ca2+ or CO3

2-.
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Figure 2.14: The electrical double layer, according to the Stern model. A layer of
counterions adsorb within the Stern layer, causing the surface potential to drop off steeply
up to the Stern plane before decreasing more gradually in the diffuse layer up to the

slipping plane where the zeta-potential is measured.

One of the key characteristics of this ionic structure is the ‘Debye length’ (κ-1 in
Figure 2.14). This is where the electrostatic potential has dropped to e-1 of its
initial value at the surface and is the separation up to which two like charged
particles can approach each other before the overlap of their double layers leads to
significant electrostatic interaction. As the ionic strength of a solution is increased by
increasing the number and/or valency of ions in solution, the Debye length decreases
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and therefore particles will be able to approach each other more closely without
interacting.

Determining this electrostatic surface potential is challenging. In practice it can be
measured at a ‘slipping plane’. This is where a solid particle is moving in solution and
carrying a certain number of ions that depends on the surface charge and the solution
ionic strength. The potential at this slipping surface is known as the zeta potential.
The zeta potential will generally have a lower value than the surface potential but
is reasonably straight forward to experimentally measure. By determining how zeta
potential varies with pH, as shown in Figure 2.15, the isoelectric point of a surface
may be found: this is when the zeta potential is 0 mV as overall surface charge is
zero.

Figure 2.15: Schematic of possible zeta-potential diagram. The isoelectric point
corresponds to the pH at which the overall surface charge is zero. At low pH the surface

is positively charged; at high pH the surface is negatively charged.

Overall, when studying adsorption of a species in aqueous solution, considering
charge effects arising from potentially determining ions, electrolytes and additives
that will impact charge distribution are critical to consider.

In this work, several minerals that have a surface charge in water are considered.
This means a change in behaviour in the presence of different dissolved ions is
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expected. This is relevant in Chapter 5 and 6 when ageing of minerals is explored
with and without pre-exposure to water and/or ionic solutions. Significant changes
in non-aqueous systems are not expected as these fluids usually have low dielectric
constant. This results in charged groups becoming strongly attracted to each other
and do not survive long, in contrast to water.
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Chapter 3

Experimental Methods

A very wide range of experimental methods have been employed to try and
characterise these complex systems. This is because no one technique, even if it
worked perfectly, would be able to reveal all information about a system. A range
of novel methods that have not previously been used on these systems were used to
hopefully bring new insight.

There are key distinctions between the methods used and what part of the system
they analyse. Some techniques will investigate molecules that can be removed from
a surface with a solvent (removable molecules). Other techniques will investigate
molecules that cannot be removed from a surface (irreversibly bound molecules).
The ideal technique will analyse a surface and molecular deposition in a non-invasive
manner. However, many methods can only probe the surface by ripping bound
species off, sometimes chemically altering the species in the process.

3.1 Adsorption Isotherms

Solution isotherms are one of the most common starting points for adsorption
studies of simple systems. Adsorption isotherms were collected using the ‘depletion
method’ (Figure 3.1). A solution of known initial concentration is tumbled with
a high surface area powder and allowed to reach equilibrium. The change in
solution composition, determined using an appropriate analytical method, can then
be measured to determine the molar adsorption per unit surface area or per unit
mass as a function of final solution concentration.

Various models have been developed to describe isotherms of a variety of systems.
Usually the theoretical models are used to investigate gas-solid adsorption; however,
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Figure 3.1: Standard procedure for depletion isotherm method. [154]

they are still helpful when considering the solid-liquid interface. By fitting the
measured data with a model, an understanding of the physical system can be
obtained and in favourable circumstances and important quantitative and qualitative
parameters such as monolayer vs multilayer formation, or area occupied by a
molecule and thus whether a molecule is ‘stood up’ or ‘laying down’ on a surface,
can be determined.

Literature cites numerous types of isotherms. [155,156] This work will discuss three
potential isotherm systems: Langmuir, Freundlich and Brunauer-Emmett-Teller
(BET) isotherm. Examples of the generic shapes for the isotherms are shown in
Figure 3.2.

Figure 3.2: Generic curve shapes for (a) Langmuir isotherm, (b) BET isotherm and (c)
Freundlich isotherm.

30



Experimental Methods

3.1.1 Langmuir Isotherm

Possibly the most common isotherm, the Langmuir isotherm (Figure 3.2 (a)) is
used to fit many experimental datasets. There are several assumptions fo the
isotherm:

1. The surface containing the adsorbing species is atomically flat

2. All sites are energetically equivalent

3. One site holds one adsorbate (monolayer coverage)

4. No interactions between neighbouring adsorbates

The Langmuir isotherm is described by the following equation:

ν = νmaxKLc

1 + KLc
(3.1)

where ν is the adsorbed amount, νmax is the maximum adsorbed amount, c is the
equilibrium concentration and KL is the Langmuir constant. The equation above
can be rearranged:

c

ν
= 1

KLνmax

+ c

νmax

(3.2)

A linear relationship between (c/ν) and c is observed for a system with Langmuir
behaviour.

3.1.2 BET Isotherm

Figure 3.2 (b) shows the BET isotherm. It is similar to the Langmuir isotherm but
includes the possibility of multilayer adsorption and interactions between adsorbed
layers are permitted. However, lateral interactions are ignored.

BET isotherms are used to calculate the specific surface area of a solid powder
by measuring nitrogen gas adsorption onto the solid surface. Nitrogen gas is
used as it has a well defined surface area of 16.2 Å2. [157] Equation 3.3 shows the
BET equation, where P is the adsorbate equilibrium pressure, P0 is the adsorbate
saturation pressure, ν is the adsorbed gas’ equilibrium volume, νm is the volume of
gas required to cover a monolayer, and KB is the BET constant.

P

νP0
=

( 1
νmKB

)
+

(
KB − 1
νmKB

) (
P

P0

)
(3.3)
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A plot of P
P0

by 1
[ν(P0

P
−1)] where the slope and y-intercept can be used to calculate

νm and KB.

For solution isotherms, the equation is written in linear form:

c

ν(cs − c) = 1
KBνmax

+
(

KB − 1
KBνmax

) (
c

cs

)
(3.4)

where cs is the saturation concentration. Plotting c
ν(cs−c) versus c

cs
will give an

intercept of 1
KBνmax

and gradient of KB−1
KBνmax

.

3.1.3 Freundlich Isotherm

Figure 3.2 (c) shows the Freundlich isotherm. This model considers interactions
between adsorbed molecules, where one molecule will increase or decrease the chance
of further adsorption. The Freundlich is shown below:

ν = νmaxKF c
1
n (3.5)

where KF is the Freundlich constant and n is a dimensionless constant greater than
1. By plotting log(ν) versus log(c), an intercept of log(νmaxKF) and gradient of 1/n
are obtained. This model is empirical as opposed to theoretical. Therefore, it should
only be used when Langmuir and BET isotherms are not suitable.

3.1.4 Experimental

In this work, isotherms were used when investigating stearic acid on the calcite
surface (Chapter 7). Depletion isotherm samples were prepared using a batch
method: Stearic acid solutions with concentrations between 0.1 and 120 mM in 10 ml
of dried toluene were added to 2.7 g of calcite powder. The samples were tumbled for
72 hours, before centrifugation and extraction of the supernatant, analysed using IR
spectroscopy. Data were obtained with a Bruker VERTEX 70v FTIR spectrometer,
Specac PearlTM liquid transmission accessory and liquid nitrogen-cooled mercury
cadmium telluride detector with a path length of 50 micron and spectral resolution of
4 cm-1 and 50 acquisitions. For each sample, the equilibrium solution concentration
was determined from the intensity of the IR absorbance due to stearic acid at
1709–1713 cm-1 using a calibration data set.

The difference between the initial and equilibrium solution concentrations was
attributed to adsorption of the stearic acid on the calcite powder. The experiment
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was repeated with toluene saturated with water, which itself was pre-saturated with
calcium carbonate (to minimise dissolution of the powdered substrate).

BET surface areas were used to calculate surface adsorption of organics and BET
measurements were determined by N2 adsorption at the Department of Materials
and Institute for Manufacturing in Cambridge.

3.2 Drop Shape Analysis

Shape analysis of a liquid drop on a solid surface is referred to as the sessile drop
method. A high resolution camera captures an image of the liquid droplet sat on
the solid surface, and through image analysis applies a baseline (characterising the
liquid-solid interface) and an outline of the droplet can be used to determine the
contact angle.

A Krüss DSA100 was used to determine the contact angle of water on
crude-oil-functionalised substrates. The method generally requires large, flat
substrates and roughness of the substrate can lead to incorrect interpretation of
data.

3.3 Tensiometer

A tensiometer (a delicate force transducer) was used to investigate wettability of
solids using the Washburn method. An explanation of the Washburn method is given
in Section 2.2.3. Considering the background literature regarding the Washburn
method and its comparison with other contact angle measurements, the Washburn
method will be used to rank substrates relatively, rather than taking their absolute
values.

Washburn method experiments were conducted with a Krüss K100 Force
Tensiometer at the BP Sunbury laboratories. [158] All measurements were taken at
room temperature and atmospheric pressure. Analysis was via Krüss ADVANCE
software.
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3.4 Soxhlet Extraction

Soxhlet extractions were used in this study to extract ‘removable’ compounds from
the surface of the rock samples, removing fractions of different types of adsorbed
organic species, ultimately leaving the ‘irremovable’ compounds at the substrate
surface, which could then be investigated. The nature of the removable material is
interesting as it also provides some clue to the nature of the bound material. The
functional groups present in the removed material may be used to infer the nature
of the remaining bound material. The chemical composition of the solvent selected
for the washes were based on reservoir core cleaning procedures. [87]

Soxhlet extraction is an effective and convenient method for organic removal where
a distilling solvent is allowed to condense above the sample of interest, held in a
porous thimble (Figure 3.3). As the condensing solvent runs down to the sample
dissolution can occur. More solvent will distil until a critical level of fluid is reached
and a syphon is triggered that removes all the solvent fluid that contains dissolved
species. This process can continue indefinitely, bathing the sample in clean solvent
to facilitate dissolution.

Figure 3.3: Diagram of Soxhlet apparatus.
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The sequence of solvent extractions used for washing of 30 g of ground reservoir
rock was: 40 mL of dichloromethane (DCM) and methanol (93:7), 40 mL
DCM/MeOH (93:7), 40 mL tetrahydrofuran (THF) / acetone / MeOH (50:25:25),
40 mL THF/acetone/MeOH (50:25:25), and finally 40 mL THF/acetone/MeOH
(50:25:25). [34,87]

For 30 g of ground outcrop rock, a large quantity of organics is not expected to be
extracted and therefore less solvent was needed. Thus, only the last extraction of
40 mL THF/acetone/MeOH (50:25:25) was used. Details of chemicals and suppliers
and extraction processes are listed in Table 3.1.

Chemical Supplier Purity / % Batch Number
Dichloromethane Sigma Aldrich ≥ 99.5 BCBQ1661V
Methanol Sigma Aldrich ≥ 99.9 SZBF166FV
Tetrahydrofuran Sigma Aldrich ≥ 99.5 BCBN5103V
Acetone Sigma Aldrich ≥ 99.9 MKBK0156V

Soxhlet Extraction of Reservoir Rock
Chemicals Volume / mL Ratio

Extraction 1 DCM and MeOH 40 93:7
Extraction 2 DCM and MeOH 40 93:7
Extraction 3 THF, acetone and MeOH 40 50:25:25
Extraction 4 THF, acetone and MeOH 40 50:25:25
Extraction 5 THF, acetone and MeOH 40 50:25:25

Soxhlet Extraction of Outcrop Rock
Chemicals Volume / mL Ratio

Extraction 1 THF, acetone and MeOH 40 50:25:25

Table 3.1: Details of chemicals used for Soxhlet extraction.

3.5 Micro Computed Tomography
(Micro-CT)

Micro computed tomography (Micro-CT) is a non-destructive technique which uses
X-rays which are partially absorbed by the sample and can be used to determine
the spatial distribution of material in the sample (Figure 3.4). The attenuation of a
beam passing through a sample is given by the Beer-Lambert law in Equation 3.6,
where I0 is the X-ray intensity initially, I is the X-ray intensity after passing through
the object, µ is the X-ray attenuation co-efficient, and t is thickness of absorbing
material. The transmitted X-rays fall on a 2D detector to create a projection image
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of an object. Generally, because the electron density of an atom determines its X-ray
absorption, the denser the material, the more X-rays are absorbed and the darker
the area produced in the image. Materials with a high atomic number, such as lead,
may absorb X-rays too much and therefore cannot be readily imaged. Conversely,
low atomic number elements such as beryllium are difficult to image due to low
attenuation rates. [26]

The object of interest is rotated in 0.5◦ intervals and another projection image is
taken. This is repeated until 360◦ rotation of the sample is reached. Careful analysis
of this group of transmitted images can be used to produce a 3D model of the sample.
The reconstruction requires significant computational power.

Figure 3.4: Micro-CT scan sample preparation. Low density packing material used to
differentiate sample and background. A high density source is used to differentiate between

top and bottom segments. Side (left) and aerial (right) view shown.

I = I0exp−µt (3.6)

Micro-CT was conducted with Mr Jaap Saers at The Cambridge Biotomography
Centre on a Nikon XT H 225 ST industrial scanner. Figure 3.4 shows the sample
preparation. A high-density material (blue tack) was placed on-top of the packing
material, providing spatial reference. The boundary between density of ‘dividing’
material can be observed on the images; thus allowing ‘stitching’ of images to create
a full stack.
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3.6 Energy Dispersive X-rays and Back-Scattered
Electrons

Energy dispersive X-rays (EDX) is an analytical technique where an excitation
source (electron or X-ray beam) is focussed onto the sample. The beam interacts
with the low energy level electrons of the elements present in the sample and eject a
low energy electron, causing a vacancy that is subsequently filled by a higher energy
electron to stabilise the atom. When the higher energy electron fills the lower energy
vacancy, excess energy is emitted in the form of X-rays. The X-rays are element
specific allowing the identification of the atom. EDX is a common feature of many
electron microscopes.

Back-scattered electrons (BSE) are formed when an electron beam is focussed onto
the sample, and electrons from the specimen atoms are scattered back, essentially
along the incident beam direction, into a detector (Figure 3.5). As heavy elements
with higher atomic numbers will backscatter electrons more strongly than lower
atomic number elements, the BSE map will show heavier elements as brighter, and
lighter elements as darker areas.

Figure 3.5: Generation of backscattered electrons and X-rays that are characteristic of
each element.
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Both EDX and BSE are used in scanning electron microscopy (SEM) methods as
analytical ‘add-ons’ to identify the elements present in a sample and couple it to an
electron microscopy image of a sample.
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3.7 X-Ray Fluorescence

X-ray fluorescence (XRF) is a technique which utilises X-rays for elemental analysis
of a bulk material. X-rays are generated from a suitable X-ray source and directed
at the sample (Figure 3.5). The X-rays interact with the low energy level electrons
of elements present and eject a low energy electron, causing a vacancy which is
subsequently filled by a higher energy electron to stabilise the atom. When the
higher energy electron fills the lower energy vacancy, excess energy is emitted in the
form of secondary X-rays. The secondary X-rays wavelength are element specific,
allowing the identification of the atom. [159] The difference between XRF and EDX
(via an electron microscope )is the excitation source: XRF uses an X-ray beam
whereas electron microscopes use an electron beam excitation source, but essentially
reveal similar element specific information.

Sample preparation to identify the major elements (most abundant in the sample)
requires a fused bead of the sample to be produced. Results are typically reported
in wt %. Sample preparation for trace element analysis is via production of pressed
powder briquettes, with results reported in ppm. Fused beads give a homogeneous
sample and minimal matrix effect (X-rays produced from lighter elements are
absorbed by heavier elements in the sample, thus lowering their observed intensity;
heavier elements can enhance lighter elements’ intensity by secondary fluorescence),
buffered by the melting reagent, and no correction is required: the intensity of
emitted X-rays is directly proportional to the concentration of element in the fused
bead. Pellets are used when the trace element is incompatible with the fused bead
production. [160,161]

XRF was conducted using the PANalytical Axios Advanced X-Ray Fluorescence
spectrometer which runs a 4 kW rhodium anode end window super charp ceramic
technology X-ray tube at the University of Leicester. Samples were created for
reservoir core as received, outcrop core as received, solvent-washed reservoir core,
and solvent-washed outcrop core.
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3.8 Qualitative Evaluation of Minerals with
Scanning Electron Microscopy

Quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN)
is a fully automated technique that involves a scanning electron microscopy
(SEM) platform to establish the mineralogy of a sample. The approach
utilises an electron beam source, with a combination of four energy-dispersive
spectrometers to generate EDX spectra. BSE that are measured are coupled with
the electron-induced secondary X-ray emission spectra that can classify sample
mineralogy. Figure 3.6 shows the QEMSCAN image analysis of a sample. [162,163]

QEMSCAN allows determination of mineralogy, grain size, shape, and porosity
(that aids understanding of fluid flow through the rock, although not the focus
of this work). Analyses were performed by conducting scans which provide a
chemical spectrum of the sample (Figure 3.6 b). An EDX spectrum for each
pixel was generated and processed using species identification protocol (SIP, Figure
3.6 c) files that compares the peak positions against a database of known mineral
species to identify the minerals present at each point based on their characteristic
X-ray and backscatter intensities from an ideal mineral in the database. (Figure
3.6). [162,163]

Figure 3.6: Generation of a QEMSCAN image. (a) under optical microscopy, (b) using
back scattered electrons from SEM, (c) shows sample identification procedure (SIP) where

energy dispersive X-rays characterise elements, and (d) shows the final mineral map.

QEMSCAN was conducted in the University of Cambridge, Department of Earth
Sciences with Dr Iris Buisman on a Quanta 650F SEM. Samples were prepared by
stabilising particles of the ground rock in resin blocks and sputtering with carbon
to prevent charge build-up during detection.

3.8.1 QEMSCAN Data Analysis

Mineralogy was determined using iDiscover software and the database of known
minerals and matching each pixel to a mineral, which uses the identification
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approaches outlined above. This software has a range of image analysis options
available; however, it is unable to determine minerals that line the pore boundaries,
which is the focus of this work. To determine which minerals coat the pores, the
mineral-pore boundary composition was determined using a script written with
the help of Patrick Welch (Computer officer at BPI, University of Cambridge) in
C++ (Appendix A). In addition, new images were specifically created to assess the
interpretation and likely errors from the code.

Figure 3.7 shows proof-of-concept images for the (a) input and (b) output for
mineral-pore boundary determination. Figure 3.7 (a) shows the input with two
different minerals, 33 % quartz (pink) and 66 % kaolinite (purple), lining pores
(white).

Figure 3.7: Test images of (a) input and (b) output for image analysis of QEMSCAN data
to determine mineral-pore boundaries.

Before the script is run, the areas of interest need to be assigned. Colour #1 should
be the pore colour (e.g. white, RGB value 0, 0, 0), colour #2 should be the mineral
of interest (in the case of the test image, kaolinite purple, RGB value 192, 63, 0).
Any other minerals that are not the colour of colour #2 will be assigned a light
blue.

When the script begins, it determines whether the input image has a white border,
which is highlighted as a black border on the output image: this is to differentiate
the white image border from a white pore space.

The script starts at the first pixel, analysing in a clockwise loop for contact with a
white space (pore) that is not the boundary and will assign each edge of the pixel
with a 1 (yes, the edge is in contact with a pore) or 0 (no, the edge is not in contact
with a pore). The output image visually depicts a ‘1’ as a red line, and a ‘0’ as
a blue line, so the output pore-mineral edge can be easily observed. Once all four
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edges of a pixel are assigned, the script moves left to right, top to bottom, onto the
next pixel.

Figure 3.7 (b) shows the output image for the test image in Figure 3.7 (a). Kaolinite
is the focus of the image as it has retained its original colour and quartz has been
labelled as ‘other’ mineral, depicted by a light blue. The edges of the kaolinite that
are in contact with a white space (assigned as a pore) are highlighted in red, whereas
the non-kaolinite ‘other’ mineral-pore boundaries are highlighted in dark blue. A
ratio of the total pore-edge of the mineral of interest and the total pore-edge of all
minerals is then calculated, shown in Equation 3.7

pore-mineral edge %coverage = total pore-edges of mineral

total pore-edges of all minerals
× 100 (3.7)

A flowchart in Figure 3.8 goes through the process of pore-edge identification and
assignment and the percentage pore-edge coverage determination.
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3.9 Solution 1H and 13C Nuclear Magnetic
Resonance

Solution phase nuclear magnetic resonance (NMR) was evaluated as a method
to determine the chemical composition of organics washed off the mineral
samples.

NMR considers the behaviour of a sample nuclei in a magnetic field. The classical
model relies on non-coupled nuclei that possess a spin of ± ½. When no magnetic
field is applied, the 1H (or 13C) nuclei are orientationally disordered. Upon
application of the magnetic field, the magnetic moments of the nuclei are aligned
with or against the applied field and the energies of the up and down spin states are
now different. The field experienced at the nuclei also depends on the local electron
distribution.

An electronegative group attached to a proton will cause the electrons to be removed
from the hydrogen nucleus and the field experienced will be larger than one where
the electrons shield the proton of interest. This behaviour results in protons in
different chemical environments experiencing different external magnetic fields and
hence the nuclear energy levels have different separations. This means different
energies are required to excite the nucleus. This behaviour is visualised in NMR
spectra as a chemical shift downfield from a standard (usually tetramethyl silane –
TMS). The chemical shifts for different functionalities are tabulated. In addition,
the proton NMR spectra allows quantification of amount of protons in these different
environments from the peak height and area.

Solution NMR was conducted at the University of Cambridge Department of
Chemistry with MeOH-d4 on a Bruker 500 MHz DCH Cryoprobe Spectrometer.
Samples used for analysis were taken from the solvent extractions of organics
recovered from the reservoir and outcrop rock samples, as discussed above.

3.10 CHN Elemental Analysis

A CHN analyzer (carbon, hydrogen and nitrogen) allows for determination of C, H
and N levels in a small amount of sample via flash combustion. The sample (∼ 5 mg)
is rapidly heated to 900 ◦C in oxygen to promote complete combustion, producing
carbon dioxide, water, and nitrogen. The gases are passed over columns, which
measure thermal conductivity. The first column absorbs carbon dioxide and water.
A second column separates nitrogen from residual carbon dioxide and water. C, H
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and N content are determined by conductivity relative to a calibration standard of
known C, H and N levels. The precision is typically 0.1 % of the initial sample mass.
It is important to note that this method cannot determine the amount of oxygen in
a sample.

CHN analysis is a destructive technique used for both powders and liquids and
was conducted at the Department of Chemistry by Stephen Young and Dr Nigel
Howard.

3.11 Thermogravimetric Analysis Mass
Spectrometry

Thermogravimetric analysis (TGA) provides information about mass loss of a sample
over time upon the application of heat to a sample (Figure 3.9). In this work
the main interest was the amount and chemical nature of the evolved components,
representing the organics on the reservoir and outcrop rocks.

Figure 3.9: Simple schematic of a TGA-MS showing gas entry, sample pan in furnace,
port to the mass spectrometer, and TGA balance.

The sample (minimum 30 mg) is loaded onto a sample pan—usually ceramic or
platinum metal—before being loaded into the furnace and purged with nitrogen or
air, ready to begin heating at a predetermined rate. The high precision balance
accurately measures any mass loss over time (temperature) and the purging gas
sweeps volatile compounds from the balance and sample. Therefore, loss of material
is captured by a loss of mass. On some rare occasions the sample mass can
increase, for example, metals forming oxides by picking up oxygen from the air.
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The TGA used in this study was coupled with a mass spectrometer (TGA-MS) so
any volatile compounds were swept into the MS for fragmentation detection and
identification. After reaching the target temperature, the furnace is allowed to cool
to room temperature before removal of remaining ‘char’. If desired, the char can
be analysed via PXRD for a complete picture of what is lost and what is left after
thermolysis.

3.12 Stable Isotope Analysis

Stable isotope analysis is used to determine the distribution of specific stable
isotopes of an element in the sample. This study focuses on the two stable and
naturally occurring isotopes of carbon: 12C and 13C (naturally occurring in a
98.89 % and 1.11 % abundance respectively). Firstly, there are two fractionation
mechanism’s to consider that might lead to a change in this natural abundance ratio:
kinetic and equilibrium. Kinetic fractionation is the process which separates stable
isotopes during particular processes. An example is assimilation of atmospheric
CO2 during photosynthesis preferentially takes up 12C, thus making plant material
depleted in 13C relative to other inorganic carbon on Earth. [164] Equilibrium
isotope fractionation is the partial separation of isotopes from processes that are in
equilibrium; the effect is greatest at low temperatures. An example of equilibrium
fractionation is water vapour condensation. The heavier water isotopes (H2

18O and
D2O) stay in the liquid phase, whereas the lighter isotopes remain in the vapour
phase. [165,166] As both the kinetic and equilibrium fractionation effects are very small,
they are reported in per mil (‰) and represented as a ratio of heavy to light isotope
in the sample, over the ratio of a standard (Equation 3.8):

δ13C =


( 13C

12C

)
sample(

13C
12C

)
standard

− 1

 × 1000‰ (3.8)

The standard used for δ13C was a marine fossil from the Pee Dee Formation in South
Carolina. It has a high 13C:12C ratio of 0.0112372 and was assigned to be the δ13C
zero value. Using this standard, known as the Pee Dee Belemnite (PDB), a sample
will usually yield a negative δ13C. As all of the original fossil was used up, a new
reference standard is used, known as the Vienna PDB (VPDB) and calibrated to
the PDB to indicate normalised values to the PDB. [165–167] According to Equation
3.8, assuming kinetics/photosynthesis is the main mechanism in determination of
δ13C, a sample that is based on plant based sources (photosynthesis) results in more
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atmospheric 13C being captured in the sample, leading to a higher ratio and thus
more positive value of δ13C, compared less photosynthesising plant content. The
greater the atmospheric 13C content means more is absorbed by the ocean during
its carbon cycle. From this, marine sediments will be expected to have a small
negative or small positive δ13C relative to terrestrial sediments, which will have a
more negative δ13C. [168–170]

Stable isotope analysis was also used to determine the total organic carbon (TOC)
content of samples. This is achieved by measuring the total carbon content,
then measuring inorganic carbon (through degradation of the carbonates) from
an acidified aliquot of sample. Total organic carbon is the difference between the
total carbon measurement and the total inorganic carbon measurement (equation
below).

Total carbon = (inorganic carbon) + (organic carbon) (3.9)

Carbon isotope analysis was performed using a Costech Elemental Analyser (ECS
4010) connected to a Thermo Scientific Delta V Advantage isotope ratio mass
spectrometer, at the University of Durham. Carbon isotope ratios were corrected for
17O contribution and reported in standard delta (δ) notation in per mil (‰) relative
to Vienna Pee Dee Belemnite (VPDB), as discussed above. Analytical uncertainty
in δ13C was ±0.1 � or better for replicate analyses of the international standards.
Total organic carbon was obtained as part of the isotopic analysis using an internal
standard (Glutamic Acid, 40.82 % C). [171]

3.13 Pyrolysis Gas Chromatography Mass
Spectrometry

Pyrolysis gas chromatography mass spectrometry (Py-GCMS) is similar to TGA-MS
(Section 3.11) as heat is applied to the sample, material is lost and MS detects
fragments. The main difference is the rate of heating: Py-GCMS is flash heating; the
rate of heating is very high—typically 120 000 times quicker than TGA. Rapid/flash
heating versus the slower rate of heating of the TGA is considered to avoid any
chance of fragments reacting with each other and/or exposed surfaces in a TGA
environment. This means that the fragments detected may be more representative
of the species on the surface. Py-GCMS is used to investigate molecules that will
not come off the surface after a solvent wash (irreversibly bound molecules).
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Figure 3.10 shows a schematic of Py-GCMS. 0.5 mg of sample is packed in a quartz
tube between two pieces of quartz wool. The quartz tube with the sample is loaded
into the heating element of a pyroprobe. The pyroprobe is inserted into an airtight
chamber where helium purges the system and it is brought to a thermal equilibrium.
After 10 minutes, power is supplied to the heating element and heats the sample to
a pre-defined temperature, which is held for a short period of time whilst pyrolysis
occurs. Any volatile molecules are moved from the chamber to a trap by the purging
carrier gas. The trap contains a material which has an affinity for several functional
groups and is maintained at a low temperature to promote condensation. Any fixed
gases such as CO2, CO, H2 and N2 which are not absorbed will go directly to a fixed
gas analyser (a GC coupled with a thermal conductivity detector).

Figure 3.10: Py-GCMS schematic.

After pyrolysis has completed, products collected on the trap are allowed to desorb
upon application of heat to the trap, and the carrier gas is redirected to the
GC causing a small amount of material to be sent for analysis. The complex
material is swept along a GC column and retained depending on its affinity to the
column stationary phase. Further enhancement of separation is achieved via method
development of the gas flow rate and GC oven temperature. After the compounds
have eluted from the GC column, they are detected by a mass spectrometer: high
energy electrons bombard the eluted molecules. The positively charged ions are
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accelerated and deflected in a magnetic field before being detected (separation
occurring based on their mass-to-charge ratio m/z). The GCMS results are a
presented as a plot of the ion fragments detected over time and are assigned via a
library of known compounds. The char after pyrolysis can be weighed and accurate
losses calculated from integration of GCMS peaks.

Standard pyrolysis procedure will flash heat a sample to a single temperature, but it
is possible to use two or more temperatures: A method for producing fractionations
of biomass components, such as sugars and lignins, has been developed, known as
a ‘two-step’ process. The first stage in the process heats the sample to a ‘low’
temperature (usually 300–350 ◦C), which usually pyrolyses low molecular weight
oxygenated compounds (organic acids, aldehydes, ketones). The second stage heats
the sample at 400 ◦C and pyrolyses lignin biomass. [172–174] The benefit of the two-step
process is the first heating step ‘pre-treatment’ where lignin-derived intermediates
are not pyrolysed, and remain for the higher pyrolysis temperature, resulting in a
clearer spectrum of smaller molecular weight compounds (from the first step) and
lignin-derived intermediates (second step).

When conducting Py-GCMS, the one step process of heating to a single temperature
was used. Settings used for this study are shown in Table 3.2:
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Parameter Setting Comment
Pyroprobe (CDS 5200)

Pyroprobe heating Heating at 10 ◦C ms-1 to
temperature and held for time

Trap Tenax®TA
(poly(2,6-diphenylphenylene oxide)) 150 mg, 20–35 mesh

Trap absorb / desorb 50 ◦C (2 minutes) /
280 ◦C (2 minutes)

Purge gas flow Helium, 15.0 ± 0.5 ml min-1 By Ellutia 7000 Flowmeter
Transfer line temperature 300 ◦C
Quartz sample tube CDS (L = 25, ID = 1.9, OD = 2.5 mm) Cleaned at 1000 ◦C in air
Quartz wool H. Baumbach, 4 /mum diameter Cleaned at 1000 ◦C in air

Sample size 0.2–0.5 mg Weighed on a Sartorius SE2
microbalance

Gas Chromatograph (Agilent 7820A GC)

Column
Thermo Scientific TraceGold:
capillary TG-1701MS
(60 m X 250 /mum X 0.25 /mum)

14% cyanopropylphenyl
86% dimethyl polysiloxane

Inlet temperature 300 ◦C
Septum Agilent CrossLab 9.5 mm inlet septum

Oven program
40 ◦C (hold 2 mins),
heat at 10 ◦C min-1 to 250 ◦C
(hold 10 mins). Total = 33 mins

Column head pressure Initial = 10.7 psi (40 ◦C)
Final = 24.36 psi (250 ◦C)

Column flow rate Constant flow = 0.68 mL min-1

Mass Spectrometer Detector (Agilent 5977E MSD)
MS source temperature 230 ◦C
MS quad temperature 150 ◦C
Electron ionisation (EI) 70 eV
Mass detection range 1.6–300 amu 0.1 amu incements
Analysis Agilent MassHunter B.06.00 NIST 11.L (MS library)

Fixed Gas Analyser (TCD CDS 5500)

Oven parameters
35 ◦C (hold 5 mins),
heat at 20 ◦C min-1 to 250 ◦C
(hold until end of GCMS run)

Column Carboxen 1000 (60–80 mesh): packed I.D. = 1/8”, L = 9’
TCD bridge current 150 mA

Carrier gas flow Helium (CP grade, BOC),
15.0 ± 0.5 mL min-1 By Ellutia 7000 Flowmeter

Analysis ChromPerfect 6.0.10

Table 3.2: Parameters used for pyrolysis gas chromatography mass spectrometry.
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3.14 Time of Flight Secondary Ion Mass
Spectrometry

Time of flight secondary ion mass spectrometry (TOF SIMS) is a surface sensitive
analytical technique used to analyse composition of a surface. The method uses
an ultra-high vacuum chamber where the sample is bombarded by ions from a
primary beam. The primary ion beam produces several sputtered fragments from
the molecules at the sample surface such as mono- and polyatomic species. There
may also be re-sputtering from the primary ions. Secondary ions formed from the
sample can be positive or negative and will be detected by a mass spectrometer. Peak
assignment is then conducted to determine which ions / fragments are produced from
the surface. TOF-SIMS is ideal to investigate irreversibly bound organics. However,
it may rip molecules to pieces and could yield a false positive.

TOF-SIMS also has the capability to depth profile a sample: a primary ion beam
generates secondary ions from the sample as discussed above, whilst a secondary ion
beam is used to etch away at the sample surface, enabling the primary ion beam to
simultaneously aid production of secondary ions from the new surface (Figure 3.11).
This is destructive as it removes layers from the surface. The variation of intensity of
a specific m/z ratio peak is measured as a function of ‘sputter time’. Theoretically,
the more time spent sputtering the sample, the greater the depth in the sample
which will be analysed. However, the depth scale requires calibration. [175]

Figure 3.11: TOF SIMS schematic showing the main components of a dual beam setup.

One key problem is the contamination of poly-dimethyl-siloxane (PDMS) in
TOF-SIMS which is present in essentially all datasets, even if not consciously in the
sample of interest. This is often attributed to use of any tape (i.e. to secure samples
when mounting, the procedure utilised here) or ineffective cleaning of silicon wafer
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substrates. [176] Cleaning methods conducted in hexane have been found to remove
such siloxane contaminations, but can only be used on ceramics, metals, and some
polymers. [177] PDMS signals may confuse any signals for silica based compounds,
which are of interest here.

TOF-SIMS was conducted at Imperial College London, using the IONTOF
TOF-SIMS V instrument in the Department of Materials. Both raw and solvent
washed samples were analysed and prepared by adhering the particles to a mounting
stub for analysis. The samples were placed under ultra-high vacuum in a field of
2500 V as to minimise sample charging, with a dual beam (Cs+ sputter beam and
bismuth probe beam) arrangement. A sputter time of 0.5 seconds was used when
depth profiling.

3.15 High Resolution Mass Spectrometry

High resolution mass spectrometry (HRMS) is a used to detect molecular species to
the nearest 0.0001 atomic mass unit. This very high precision enables identification
of each component of even very complex multicomponent mixtures. It is a relatively
new approach in this area of work. Therefore, data reported using this technique is
very important and holds a lot of new information in the field.

It is notably used in electrospray ionisation (ESI) mode as the sample does not
separate or undergo esterification leading to successful analysis of organic acids
((−)ESI) and organic bases ((+)ESI). [178] ESI is an electrospray where a high voltage
is applied to a liquid to create an aerosol before entering the mass spectrometry
chamber.

For ESI experiments, the oil/extract sample is dissolved in toluene-methanol (6:4
v/v solution). The solution was doped with 0.1 wt % ammonium hydroxide prior
to the negative electrospray ionization measurement (−)ESI. The high-resolution
instrument used for the analysis is a QExactivePlus Orbitrap Mass Spectrometer
(from Thermo Scientific) which was operated from m/z range of 133–2000. The ESI
conditions were spray voltage of 3 kV, and transfer capillary temperature of 350
◦C. Thermo Xcalibur (version 3.0.63, from Thermo Scientific Inc.) and PetroOrg
(version 18, from Florida State University) were used for the data processing.

HRMS was run at BP Pangbourne, Reading, by Nathalia Tessarolo with data
analysis help from Huang Zeng at BP Houston, Texas.
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3.16 X-Ray Reflectivity

X-ray reflectivity (XRR) may be used to determine detailed information concerning
surface features including thickness and roughness of thin film layers, following
optimisation of theoretical models to fit experimental data. As X-rays interact
with electron density, XRR will only detect elements with a significant atomic
mass, and thus cannot easily measure the hydrocarbon adsorbed layers of interest in
this work, unlike neutron reflectometry. However, it is a useful method to confirm
the structure of deposited inorganic films. Furthermore, the instruments used here
cannot penetrate a solvent environment, and so measurements are restricted to the
solid/air interface.

Experiments at the solid/liquid interface are possible but the pathlength of the
X-ray beam must be as short as possible to stop total attenuation of the X-ray
beam when passing through the liquid medium. The application of synchrotron
radiation to XRR has allowed the study of a wide range of soft matter systems,
including surfactants, membranes and proteins. [179–181] However, due to the high
brilliance of current synchrotron X-ray sources the study of organic molecules is
hampered by radiation damage, which can destroy the sample being analysed.

X-ray reflection experiments were used to characterise the surface of substrates used
in neutron reflection before neutron beam time experiments to test for roughness,
film thickness and cleanliness. X-ray reflectivity is calculated in a similar way to
neutron reflectivity using the Abeles matrix method and classical optics (Section
3.17.5). [182]

n = 1 − σ + iβ (3.10)

σ = λ2

2π
reρe (3.11)

β = λ

4π
µx (3.12)

The X-ray refractive index (n) is related to the electron density of the material
(ρe) and the classical electron radius (re) as shown in Equations 3.10 and 3.11. The
imaginary part of the refractive index (iβ, where β is calculated from Equation 3.12)
plays a more significant role in XRR compared to neutron reflectivity, as the X-ray
absorption cross-section is much larger.
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XRR experiments were carried out in the Materials Characterisation Lab at ISIS
using a Rigaku SmartLab X-ray diffractometer in reflectivity mode. Data was fitted
using GenX 2.0.0.

3.17 Neutron Reflectometry

Neutron reflectometry (NR) is a powerful surface-specific technique which allows for
determination of adsorbed layer composition, thickness, and roughness. Neutrons
are subatomic particles that can penetrate most materials because they have no
charge, interacting with the nuclei of a sample’s atoms, rather than surrounding
electrons (in contract to when X-rays are employed). Here the elastic scattering of
neutrons is considered. The section below covers a brief description of mathematical
and practical considerations of NR data analysis. [183–187]

3.17.1 Neutron Refractive Index

Neutrons have a wave-like nature, which allows neutron reflectometry to be treated
similarly to reflection of visible light from a surface, following the laws of classical
optics. Although in classical optics the angles are conventionally defined relative
to the surface normal (Qz), the angles in neutron and X-ray reflectometry are
traditionally defined with respect to the surface plane (Figure 3.12).

In specular reflectometry, the angle of incidence and the angle of the reflected beam
are the same; in this geometry, the scattering reveals the structure perpendicular to
the surface. Off-specular scattering can be observed when there is a structure parallel
to the interface, and incident and reflected angles are not the same. Off-specular
scattering will not be discussed in this thesis.

All materials have a neutron refractive index, n, which dictates the speed and
momentum with which a neutron passes through a material, given as a ratio between
neutron wavevectors k and k0, which are wavevectors in the medium and in a vacuum
respectively (Equation 3.13):

n = k

k0
(3.13)

3.17.2 The Critical Angle

When a neutron passes from one medium to another it can either be reflected or
transmitted. If the neutron is transmitted, it will speed up or slow down depending
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Figure 3.12: Diagram of neutron reflectometry geometry. n0 and n1 are the neutron
refractive indices of phase 0 and 1. ki and kr are the incident and reflected wave vectors.
θ0, θr and θ1 are the angles of incidence, reflection and transmission. Qz is the momentum
transfer normal to the surface, which is the difference of the two wave vectors and leads

to the method giving structural information in the z-direction

on the relative refractive index of the new medium. This changes the angle of the
transmitted beam, θ1, resulting in refraction. Snell’s Law (Equation 3.14) describes
the direction of the neutrons as changed by the different media due to varying indices
of refraction:

n0

n1
= cosθt

cosθi

(3.14)

At a very low angle of incidence, total reflection may occur. The angle below
which total reflection occurs is called the critical angle. The critical angle is a
bulk material-dependent property (not surface-dependent) and relates to the ratio
of scattering length densities (SLD) of the two bulk phases. The SLD of a material
is the sum of scattering lengths divided by the volumes and is essentially another
representation of the refractive index of the phase.

At the critical angle, θt is equal to 0, therefore cosθt equals 1, hence cosθc = n. Total
reflection occurs until a critical value, Qc, beyond which transmission of neutrons
into the layers begins and the reflected intensity starts to decay.

In neutron reflectometry, the reflectivity—defined as the fraction of incident light
reflected from a surface—is acquired as a function of the momentum vector Qz.
Using trigonometry, the z-component of momentum transfer from Figure 3.12 can
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be calculated:

Qz = 4πsinθ

λ
(3.15)

Neutron Wavevectors in a Medium

The neutron refractive index can be expressed as Equation 3.16.

n = 1 − λ2ρ

2π
(3.16)

where λ is the incident wavelength of neutrons and ρ is the SLD of the medium.

For strong neutron-absorbing and thick materials, there is an imaginary component.
However, neutrons are generally very penetrating and the imaginary component is
considered to be negligible for this work.

There are two key features that impact experimental neutron reflectometry data:
the presence of thin (< 100 Å) adsorbed layers and interfacial roughness. A thin
adsorbed layer will cause constructive and destructive interference from neutrons
reflected from the top and bottom of the layer, resulting in an increase or decrease
of the experimental reflectivity. A rougher surface will cause a lower intensity at
higher Qz. In very extreme cases, the roughened surface causes the specular beam
to become diffuse. This will be evident in particular examples in data in Chapter
7.

3.17.3 Reflection from a Surface and Thin Layer

The reflectivity, R, from a single interface can be described using Fresnel coefficients,
r. These coefficients describe the fraction of reflected and transmitted radiation
across the interface, given in Equation 3.17. [188]

r01 = n0sinθ0 − n1sinθ1

n0sinθ0 + n1sinθ1
(3.17)

R will be equal to 1 at values of θi ≤ θc as all radiation is reflected. R is found
from the squared modulus of Equation 3.17, known as Fresnel’s Law. However, the
square relation of this expression prevents the inversion of experimental data to give
adsorbed layer structures directly because the phase is unknown. Intensities are
measured, but this means the calculation cannot go back to amplitudes required
for structural solution. Therefore, the structure is usually solved by fitting the
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calculated intensity from a model to the experimental data that is discussed
later.

R01 =
∣∣∣∣∣n0sinθ0 − n1sinθ1

n0sinθ0 + n1sinθ1

∣∣∣∣∣
2

(3.18)

As illustrated by Figure 3.13 there are lots of rays that will propagate through the
system. The incident, reflected and transmitted waves are described by a wave
function, Ψ:

Ψ = reikr (3.19)

Where r is the amplitude which can be expressed as a combination of reflected
(r01) and transmitted (t01) components. ikr is the phase. In Figure 3.13, the wave
reflected at the first interface has an amplitude of r01.

Figure 3.13: Diagram showing reflection and transmission of light by a layer into Layer 0
from Layer 1.

Waves that are reflected more than once will have a phase-lag due to variation of
speeds travelling through different media, denoted by β in Equation 3.20:

β =
(2π

λ

)
ndsinθ (3.20)

where d is the layer thickness. The phase-lag causes constructive or destructive
fringes known as Kiessig fringes. These are helpful when characterising thicker
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films: the spacing of the fringes is equal to 2π/d and the height of the peaks is
related to the difference in SLD between two materials.

By the time a wave is reflected by an interface between a film (Layer 1) and the bulk
material (Layer 2) and has arrived back at the original layer, the wave would have
travelled across the film twice and therefore the amplitude becomes t01r12t10e-i2β.
The total amplitude for the reflected wave can be expressed as the sum of a geometric
progression:

rtotal = r01 + t01r12t10e
−i2β + t01r12

2t10e
−i4β + ... (3.21)

Considering -r01 = r10, the resulting reflected amplitude can be calculated and on
squaring results in the reflected intensity R012 in Equation 3.22. This notation means
the total reflected intensity of a thin layer of material 1 between two bulk phases 0
and 2 where the incident beam is phase 0.

R012 =
∣∣∣∣∣ r01 + r12e

−i2β

1 + r01r12e−i2β

∣∣∣∣∣
2

(3.22)

By expanding Equation 3.22 and using Euler’s theorem, the following equation is
generated:

R012 = r2
01 + r2

12 + 2r01r12cos2β

1 + r2
01 + r2

12 + 2r01r12cos2β
(3.23)

The trigonometric functions give a periodic oscillation that can be used to find
the thickness of the layer (Figure 3.14). Now the thickness of the layer can be
determined, d, after assuming the SLD and measuring the reflectivity.

3.17.4 Layer Roughness

Preparing a surface for neutron reflectometry requires it to be polished to ensure
minimal roughness on an atomic scale. Roughness introduces a gradual change
in the SLD across an interface (Figure 3.15), commonly calculated by applying a
Nevot-Croce factor (Equation 3.24) to the Fresnel reflectivity coefficient, where R0

is the reflectivity for a perfectly smooth surface with no roughness.

Equation 3.24 only holds true when the roughness is less than one-third of the
two adjacent layer thicknesses. If that condition is not met, the interface must be
constructed from a series of smaller layers with varying SLDs and low roughness.
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Figure 3.14: Simulated neutron reflectometry data of thin layers at the calcite / d-toluene
interface of thickness 25, 50, and 100 Å.

This method is employed later in the thesis because the calcite mineral surface could
not be obtained as flat as desired.

R = R0 exp2σj2kjkj+1 (3.24)

3.17.5 Matrix Method

To describe reflection from multiple layers, a matrix method is used to
solve the reflectivity. This approach is widely available on software such as
RasCAL. [189–191]

In the matrix method, each layer is described by a characteristic matrix, Cj, for a
layer j, where rj is the reflected amplitude at the j and j+1 interface.

Cj =
 e(iβj−1) rje

(iβj−1)

rje
(−iβj−1) e(−iβj−1)

 (3.25)
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Figure 3.15: Schematic showing the change in SLD for a theoretical flat interface with no
roughness and a realistic interface with roughness characteristics.

Multiplying the matrices of each individual layer results in a 2 by 2 matrix which
describes the entire system (Equation 3.26):

[C1] . [C2] . [C3] . . . [Cn+1] =
a b

c d

 (3.26)

C1 is the reflectivity of the incident phase and the first layer. Cn+1 is the reflectivity
from the final layer. The reflectivity of the system can then be found (Equation
3.27):

Rtot = c.c∗

a.a∗ (3.27)

3.17.6 Reflectivity Calculations for Rough Surfaces

When the roughness of an interface is less than approximately 1/3 of the adjacent
layer thicknesses, the Gaussian roughness approximation, coded in RasCAL, can be
used. Where the roughness of the interface is comparable to the layer thicknesses,
another approach is required. Here, the surface normal profile has been considered
as a series of thin slices. Each slice has different amounts of the different materials,
depending on the roughness. By combining these contributions the effective SLD
of the slices can be determined and the stack of slices used to determine the
reflectivity.
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The figure below illustrates a substrate (black) with two layers (in shades of blue)
and the solvent (in white). The roughness is illustrated by the wavey interfaces.
The horizontal grey lines represent the slices. Each slice is used to calculate the
contents of the different materials present (ie how much black, dark blue, light blue
and white) and hence the effective SLD of that slice

Figure 3.16: Neutron reflectivity calculation using slices when a sample is very rough.

The figures below illustrate the error function profiles used to perform these
calculations (left-hand side), the volume fractions of each material with distance
(middle) and the SLD profile (right-hand side).

Figure 3.17: SLD of Figure 3.16: the three boundaries of the system (left-hand side), the
fraction of each component (middle) and the overall SLD distribution as a function of the

z coordinate, the surface normal (right-hand side).

These illustrations have used conformal layers with the roughness at each interface
being the same. However, the code is not restricted to this and can use any roughness
of each interface, as long as the interface of one boundary does not cross that of
another. This approach has been included as a macro in the RasCAL fitting routine
based on original code written by Prof. Stuart Clarke for the groups initial studies
of adsorption onto calcite for previous group members. Due to the complexity
of the code, Prof. Clarke also fitted the experimental data. However, the main
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conclusions were found to be in reasonable broad agreement (given the limitations
of the model) with the direct RasCAL fitting based on the gaussian roughness
approximation.

3.17.7 ISIS TS2 Reflectometer

The neutron reflectometry results recorded in this study were measured at the ISIS
facility in Oxford. Neutrons are produced at a spallation source, where a tungsten
source is bombarded with high-energy protons to produce a neutron pulse that is
resolved via time-of-flight.

Target Station 2 (TS2) reflectometer INTER was used in this study. INTER receives
a pulse of neutrons with a long wavelength, and a large range (1–15 Å) accessing a
large Q range at low Q required for reflection. The beam enters the INTER sample
position at an adjustable angle of 2.3 °and reflects from an essentially horizontal
interface before being detected upwards. Sample cells are mounted on an optical
board with magnets to easily locate and realign samples. Alignment was carried out
to check position of the specular peak before measurement.

INTER uses a point detector, which detect neutrons by bombardment of a 3He
gas-filled tube: when a neutron hits a helium atom, it decays to 1H and 3H. This
produces an electrical signal, which is recorded as a function of time. The pulsed
nature of the beam is used to determine the wavelength based on the time taken
between the pulse forming at the source (cut by choppers to give a well defined
pulse) and the detector.

3.17.8 Data Analysis

Data is recorded as intensity as a function of neutron wavelength at a given incident
angle of the neutron beam at the sample. A transmission run is used to measure
beam shape and intensity without reflection by passing the beam through the
substrate. The measured reflected signal is divided by that of the transmission
run to give the reflectivity.

Data from reflectivity in this study was analysed using the RasCAL fitting program
provided by ISIS Spallation Neutron Source, Rutherford Appleton Laboratory.
As mentioned above, RasCAL uses the matrix method to build a model of a
number of roughened layers and calculates reflected intensity. A best fit to the
experimental reflectivity can be found by constraining multiple fitting parameters
simultaneously. [182,192]
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Each layer is described with the following parameters: SLD, roughness, thickness
and hydration (or solvation). The hydration term is calculated as a percentage
and changes the SLD of the layer towards that of the solvent subphase, giving an
indication of the coverage of adsorbate within a layer.

3.17.9 Neutron Cells

Sample cells were designed specifically for calcite crystals. The sample cells allow a
solid-liquid interface to form. Key to forming the interface is to ensure good contact
of the liquid on the solid, and minimise organic contaminant from entering the cell.
A complete seal is required. The use of a Teflon trough with thin chamfered sides
that deform under pressure allows a seal to form against the crystal or block. Teflon
is chosen because it is hydrophobic and inert, allowing it to be cleaned with nitric
acid without leaching.

For calcite crystals, details of the steel sample holder are given by Stocker et al.
(Figure 3.18). [193] The updated calcite sample cell has a rectangular o-ring rather
than a circular o-ring. The rectangular o-ring on a rectangular crystal allows
a more even distribution of pressure on the crystal when clamping the crystal:
calcite crystals are very brittle under compression and will crack and cleave to
the rhombohedral shape, rendering them unusable. A torque wrench set to 0.2 Nm
and calipers were used to ensure the same pressure was applied to each bolt. The
torque was slowly increased to 0.35 Nm on each bolt. The clear housing with
embedded o-ring was used for a visual guide to observe uniformity of pressure
through deformation of the o-ring.

The subphase liquid in the Teflon troughs was exchanged by pipette: an inlet hole
and outlet holes are drilled into the side of the trough to remove air bubbles. In-situ
exchange via HPLC pump was not possible as this requires many cell volumes of
solution and due to the costs of the deuterated solvents, this was not feasible for the
non-aqueous solvent of interest here.

3.17.10 Substrate Preparation

Prior to each experiment, any Teflon (troughs and plugs), glassware and silicon
block substrates were submerged in nitric acid for a minimum of four hours and
soaked overnight in ultrapure water (18.2 MΩ.cm). The items were thoroughly
rinsed with more ultrapure water to ensure no nitric acid was remaining, especially
in the cavities of the troughs that are used to syringe the liquid phase. The items
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Figure 3.18: Aerial and side view of sample cells used in neutron reflectometry
measurements.

were air dried under a beaker and troughs were immediately placed against a clean
crystal. The trough inlets were plugged with clean Teflon plugs, cleaned within the
method outlined above.

For equipment such as spatulas, pipettes and plastic bottles, which are incompatible
with nitric acid, surface active cleaning agent Decon 90 was used. This is a low
adhesion surfactant mixture readily removed by rinsing. Items were soaked in 10 %
Decon 90 for 2 hours minimum before removing and rinsing in ultrapure water ten
times. Items were then air dried under a glass beaker.

Silicon blocks were cleaned using the nitric method mentioned above, dried in air,
and finally placed in a UV-ozone cleaner for 10 minutes to remove any remaining
surface contamination. Calcite crystals do not undergo a nitric acid treatment, but
are simply placed in a UV-ozone cleaner for 20 minutes. Clean substrates were
immediately clamped against clean Teflon troughs.
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3.18 Sum-Frequency Generation

Sum frequency generation (SFG) is a surface-specific, non-linear, optical technique.
To produce an SFG signal, a fixed-frequency visible laser beam and a
variable-frequency infrared (IR) laser beam are temporally and spatially overlapped
on a surface or interface. In addition to reflection and transmission of the visible
and IR lasers, the non-linear process of SFG results in light being emitted at the
sum of their frequencies:

ωSF G = ωV IS + ωIR (3.28)

Where ω is the frequency of the beam. By varying the frequency of the IR beam and
measuring the output SFG beam intensity, the SFG response of the molecules at
the surface can be obtained through a range of frequencies, producing a vibrational
spectrum analogous to that produced by conventional IR spectroscopy. SFG has
been used to gain information on the polar orientation, tilt angle and degree of
conformational ordering of alkyl chains adsorbed at a surface.

3.18.1 Selection Rules

In the bulk of a substrate or a solvent, the environment is centrosymmetric and
there is no SFG signal. However, the isotropic nature of a system is broken at the
interface, resulting in SFG being a surface-specific technique.

Observing an SFG signal requires that a molecular vibration is both IR and Raman
active and only species that are not centrosymmetric have that capability. C-H
vibrational modes fulfil this requirement and therefore can be assessed via SFG
spectroscopy. The C-H resonances are often observed and occur between 2800–3000
cm-1. For molecules that contain a long alkyl chain there are two significant
groups—the methyl (CH3) group at the end of the tail and the methylene (CH2)
groups that form the backbone.

SFG spectra were recorded in SSP and PPP polarisation combinations
(sum-frequency, visible, infrared). For the methyl group vibrational modes, the
selection rules for SSP and PPP polarisations are:

• For the symmetric mode, the SSP intensity is always many times that for PPP.

• For the antisymmetric mode, the PPP is always many times that for SSP, and
both peak when the tilt angle of the group is 54.7°.
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• In SSP spectra, the antisymmetric and symmetric modes will negatively
interfere where their frequencies overlap.

For the CH2, the relevant selection rules are very similar:

• For the symmetric mode, the SSP intensity is always many times that of PPP.

• For the antisymmetric mode, the PPP is always many times that for SSP. If
there are any peaks which are stronger in the SSP than the PPP spectra, it
cannot be from the antisymmetric mode.

• In SSP spectra, the antisymmetric and symmetric modes will negatively
interfere where their frequencies overlap when their orientations are similar.

SFG spectra were recorded using a picosecond spectrometer (EKSPLA, Vilnius,
Lithuania). The second harmonic of a mode-locked Nd:YAG laser (Ekspla PL4431B)
provided the visible beam at 532 nm (30 ps pulses at 50 Hz). Tuneable infrared
beams in the 1000–1800 and 2700–4000 cm-1 regions were produced by an optical
parametric generator (Ekspla PG401). The input IR and visible laser beams were
overlapped in a copropagating geometry at angles of 53° and 60°, respectively, to
the surface normal. Calcite crystals are rotated on the sample stage by increments
of 15° (Figure 3.19) about an axis parallel to the surface normal.
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Figure 3.19: Photograph of the SFG spectrometer sample stage with calcite crystal during
analysis. The sample is irradiated with visible (green) light. Incident visible (green), IR

(red) and resultant SFG (blue) beams are superimposed.
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Chapter 4

Characterisation of Outcrop and
Reservoir Rock

4.1 Background

In the oil industry, reservoir and outcrop rock are loaded into vessels under the
temperature and pressure of a specific oil well and flooded with crude oil for a
duration, referred to as ‘ageing’ the rock. It is intended that in this way a porous
matrix with surface chemistry similar to the ‘real’ reservoir rock can be obtained and
used to optimise commercial fluids for recovery. As discussed in Chapter 1, outcrop
rocks are used for crude oil ageing as model rocks for reservoir rock—outcrop rocks
are usually matched via mineralogy to try and provide similar minerals. However,
some evidence in the commercial space has indicated that ageing outcrop rock in this
way does not yield the same result as re-ageing of reservoir rock: water flooding of
an outcrop and reservoir rock in the same crude oil under the same conditions leads
to different amounts of crude oil released under the same methods of oil recovery.
It is desirable and commercially important to understand the process and identify
what does happen in the ageing process and how to capture key characteristics of
the real reservoir rock.

It is generally unknown what minerals of an outcrop sample are most useful to
promote effective ageing and recreation of the real rock behaviour. For example,
pores may be lined with the most common mineral of the rock (quartz or calcite,
depending on well-type). However, if the surface adsorption is significant, then
minor minerals that cover pore walls (clay such as mica or kaolinite) may be more
significant.
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This chapter discusses results from techniques used to characterise and compare the
two real rock samples (outcrop and reservoir) with the aim of understanding the
key physical and chemical differences. Results from this chapter directly impact the
substrates chosen in Chapter 5 and 6 where crude oil ageing studies were conducted
to analyse chemistries present on a range of minerals.

4.2 Porosity Measurements

To understand the the physical difference between outcrop and reservoir rocks, the
porosity was measured. Two techniques were used to assess porosity of the two rocks
provided. Due to the destructive nature of mercury porosimetry, micro-CT of the
core were conducted first before the fragments of the same core were analysed by
mercury porosimetry.

4.2.1 Micro-CT

For the outcrop plug, a total of 2827 cross-section images were taken from top to
bottom of the core. The core height was 79 mm; thus each image covers a slice of
thickness 27.9 µm. For the reservoir plug, a total of 3390 images were taken from top
to bottom of the core. The core height was 82 mm; thus each image covers a depth of
24.2 µm. The image analysis software ImageJ was used to reconstruct the 3D image
from which one can determine empty spaces (porosity) in the sample and solid phase
distribution. This is achieved by identification of a threshold intensity, measured
relative to the background surrounding the sample, above which represents solid
and below which represents void/pore spaces. The same threshold values were used
for both images. The total number of solid pixels and void pixels can be used to
determine the void fraction/porosity. The porosities of outcrop and reservoir were
determined to be 18 ± 2 and 7 ± 1 % respectively. These values correlate with the
expected values from BP colleagues given their knowledge about the reservoir core
and literature values of the outcrop Castlegate (15–20 %). [194]

Figure 4.1 shows cross-section images taken at image number 1345 for two samples,
which are 38 and 33 mm from the top of the plug for outcrop and reservoir plugs
respectively. The image shows differences in grayscale that can be interpreted as
either minerals of different electron density or blends of high contrast minerals with
space between them in each voxel. Here the variation in greyscale is a measure
of electron density that can be interpreted to arise from different minerals. The
black spaces between these light regions were interpreted as void space in the
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materials.

Figure 4.1: Micro-CT images of a segment of (a) outcrop plug and (b) reservoir plug.

Interestingly, defects/fractures can be observed via the micro-CT scan. Figure 4.2
shows two image stacks moving through the reservoir plug where a clay section has
a crack defect through it, highlighted by a red circle in the image. During the scan,
the crack is not vertical through the ‘clay’, but at an angle, and tends to penetrate
further into the bulk material as the image slices from one end of the sample to
the other. How these defects impact porosity needs further investigation from the
perspective of fluid flow and nature of the physical factors governing oil recovery,
but is not the focus of this work.

4.2.2 Mercury Porosimetry

Mercury porosimetry was run externally due to safety requirements associated with
large volumes of mercury. The porosity values for outcrop and reservoir fragments
were 24.21 and 10.38 % respectively. For outcrop rock, the value is at the higher
end of the literature values. Reservoir rock values are within the range of values
anticipated. [194]

The porosity values obtained from micro-CT were approximately 30 % lower than the
porosity value that mercury porosimetry yields. This difference could be attributed
to a thresholding problem: some pores could be too small and evade micro-CT image
analysis. It could also be due to mercury flooding destructively creating a porous
network within the rock. [195]
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Figure 4.2: Micro-CT defects: Reservoir plug at image (a) 534 and (b) 967 showing
movement of a defect (black line) through a clay surface and spreading to the bulk.

Comparing the two rocks, it was immediately obvious there was a difference in
physical properties with over double the porosity in the outcrop rock. This is not
surprising as they are taken from strata miles apart. If they were from the same
strata, there can be differences in porosity within edge versus middle of a reservoir.
If the reservoir rock is located to the side of the reservoir it would not be as porous
as the main reservoir. Outcrop rock has a higher porosity due to weathering: the
rock is exposed to wind and rain and some minerals may dissolve or erode away,
such as carbonates. Erosion of minerals will cause an increase in porosity.

The next step was to assess the mineral nature of the surface lining the pores as
this is expected to dominate the fluid/rock interactions. This mineralogy govern the
possible chemical functionalities that can bind to the rock and provide insight into
the binding mechanism of oil/wettability.
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4.3 QEMSCAN

There are three samples for each rock which are to be considered in this work:

1. The rock as received (intact fragment).

2. The crushed-up rock.

3. The solvent-washed crushed-up rock.

The sections below will discuss the bulk mineralogy and mineralogy of the pore
surfaces of these samples. The pore surfaces are the surfaces of interest in this work
because these are the surfaces to which oil will be exposed and to which components
may bind. Analysis of the crushed sample and solvent-washed sample is required so
we can understand the impact on surfaces exposed when trying to investigate organic
irreversibly bound. Only one QEMSCAN image of each sample was taken due to
the long scan time (up to 6 hours per scan) and limited access to the facility.

4.3.1 Intact Fragment

Analysis of the intact fragment is of interest because the intact rock is the only
sample expected to show the minerals that are in contact with the pores/voids, which
are of most interest here (however, crushed-up rock is still of interest as a ‘powder’
is required for some techniques later, and the difference in minerals exposed was
analysed using QEMSCAN to verify which surfaces were being investigated). The
mineral-pore interface is where the mineral-organic interaction will occur and thus
the organic species to contact the rock/mineral will line the pores. Other organics
may also form on top of this initially adsorbed organic layer. Figure 4.3 shows the
degree of resolution possible with QEMSCAN.

Figure 4.4 shows the QEMSCAN of the outcrop and reservoir rock fragments. The
white regions are pores.
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Figure 4.3: QEMSCAN of reservoir rock fragment zoomed in to showcase the resolution
achieved. The top left hand image shows the rock stabilised in resin prior to the scan.

Figure 4.4: QEMSCAN of outcrop and reservoir rock intact fragments.

Through image analysis (as described in Section 3.8.1) the different mineralogy of
the bulk and pore lining materials can be identified. Figure 4.5 shows examples of
the output images that are generated from the pore lining calculation described in
Section 3.8.1. As an example, analysis for four minerals of particular interest in an
outcrop rock sample are shown. However, all minerals on both outcrop and reservoir
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rock were investigated. The pore-mineral-boundary of interest is highlighted in red,
with the mineral of interest coloured as shown in the key; other minerals that are
not the focus are highlighted in bright blue, with the pore-‘other-mineral’ boundary
in dark blue.

Figure 4.5: Examples of images output from image analysis of QEMSCAN data, showing
the outcrop rock with mineral and pore mapping. Each image shows an individual mineral

under analysis: (a) quartz, (b) kaolinite, (c) K-feldspar, and (d) calcite.
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Data shown in Figure 4.6 are generated by the QEMSCAN data analysis. These
numbers are used in Figure 4.7 to highlight differences in the bulk sample
composition versus the mineral-pore boundary mineralogy.

Figure 4.6: QEMSCAN data analysis of (a) outcrop and (b) reservoir fragments, showing
the difference between bulk mineralogy and pore-coated ‘edge’ mineralogy.
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Figure 4.7 presents the mineralogy determined from the QEMSCAN as a difference
of the pore lining minerals, relative to the bulk composition. This highlights how
the pore linings are very different to the bulk. It is noted that the data for the
quartz (far left of the chart) shows that there is significantly less quartz coating the
pores in both outcrop and reservoir rock than there is quartz in the bulk by 15 and
21 % respectively.

For reservoir rock, the remaining minerals identified by QEMSCAN that are also
less abundant around pores than in the bulk are K-feldspar and albite, evident by
the blue bars below the horizontal axis. Possibly of more significance here are the
minerals that occur around pores more abundantly than in the bulk for reservoir
rock that are evident in this figure as blue bars above the horizontal line. These
are: illite (7.0 %), biotite (4.3 %), kaolinite (6.6 %), and chlorite (12.3 %).

For outcrop rock, Figure 4.7 shows only one mineral has a red negative bar.
Therefore, it can be concluded that there are no minerals other than quartz that
occur significantly less in pores than in the bulk. The main interest are the minerals
that occur around pores more abundantly than in the bulk. For outcrop these are:
illite (3.0 %), kaolinite (7.9 %), and pyrite (1.5 %).
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Figure 4.7: QEMSCAN analysis of outcrop and reservoir fragments, showing the weight
percentage difference between total mineral present in bulk and total mineral lining pores.
Negative values show less mineral around pore than in bulk. Positive values represent

mineral that are present around pores more than it is present in the bulk.

Summary:

From the QEMSCAN analysis of the intact rock fragments, the minerals of interest
that line the pores are: a) for outcrop rock: quartz, kaolinite, K-feldspar, illite,
muscovite and pyrite, and b) for reservoir rock: the minerals of interest are quartz,
albite, illite, chlorite, kaolinite, biotite, and K-feldspar.

Hence, it will be interesting to determine if organics interact similarly or differently
with these classes of minerals due to the range of chemical natures of each mineral.
For example, the interaction between oil on mica or kaolinite is interesting due to
the surface charge of each system: at neutral pH mica has a net negative surface
charge. Research that considers the interaction of each mineral individually with
crude oil will be presented in Chapter 5 and 6.
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4.3.2 Crushed Sample

The crushed rock samples are of interest as the outcrop and reservoir rocks will be
crushed to maximise extraction from their surfaces with subsequent analysis of any
organic on the rock; it is difficult to analyse small amounts of organic within pores of
rock whilst a rock is intact. Analysis of the crushed sample is intended to show the
amount of minerals exposed during the crushing procedure and can be compared to
the intact rock.

Figure 4.8 shows the QEMSCAN images for crushed outcrop and reservoir
rock.

Figure 4.8: QEMSCAN of (a) outcrop and (b) reservoir rock. Ground particles were
stabilised in a resin block and carbon coated before scanned. Scale bar shows 1 mm.

Figure 4.8 presents the mineral composition of the crushed outcrop and reservoir
rock samples. The figures are dominated by the salmon colour, showing that both
samples are dominated by quartz, as expected and in good agreement with the intact
fragments above. The mineralogical composition of the bulk crushed reservoir rock
shows a lower amount of quartz and thus greater percentage content of the different
minerals compared to the outcrop rock, which is mainly quartz with smaller pieces
of different minerals—as pictured by the micro-CT scan images (Section 4.2.1). The
reservoir rock contains significantly more calcite and albite. There is double the
amount of kaolinite in outcrop compared to the reservoir sample; this could be due
to location differences: the outcrop rock is not geologically linked to the reservoir
rock and will therefore have different minor-mineralogies.

The same method of image analysis (Section 3.8.1) was used to determine the pore
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coverage. Figure 4.9 shows the difference between outcrop and reservoir bulk and
pore edges. As above, negative values in Figure 4.9 identify less mineral around the
pore than in the bulk. Both reservoir and outcrop crushed edges contain significantly
more illite, kaolinite, and Feldspar-mixtures (labelled as ‘unclassified’). Crushed
reservoir rock edges contain more chlorite and pyrite, whereas the bulk contains
more apatite than the pore edges. Crushed outcrop rock edges contain significantly
more muscovite and pyrite.

Figure 4.9: QEMSCAN analysis of crushed outcrop and reservoir rock, showing the weight
percentage difference between total mineral present in bulk and total mineral lining pores.
Negative values show less mineral around the pores than in the bulk. Positive values

represent mineral that are present around pores more than it is present in the bulk.

Wettability Discussion
The presence of different minerals in outcrop and reservoir rocks matters to this
study as discussed in Section 4.1. The key data is that the rocks, although broadly
classed as silicates, might have been expected to behave similarly in terms of
wettability. However, minor minerals have been shown to line the pore
walls of the rocks and these are different to the bulk silicate composition.
These are expected to be the dominant materials interacting with the
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pore fluids. It may be that these minerals all behave the same with the pore fluids.
However, it is know that these different minerals interact with fluids differently and
lead to different adsorption behaviour.

There is evidence for this in the literature. It is reported that kaolinite booklets have
been implicated in making a water wet system. [196] These booklets’ are confirmed
in this work visually and elementally from SEM images coupled with EDX of
outcrop and reservoir rock samples (Figure 4.10). Compared to the outcrop rock,
the reservoir rock contains significantly more albite, chlorite and biotite which are
reported to be minerals that tend to be oil-wet driving minerals. The reservoir rock
also contains significantly more feldspar and illite, which are considered ‘water-wet’
minerals.

Figure 4.10: SEM image with EDX analysis of kaolinite booklet on (a) outcrop and (b)
reservoir rock.

Hence, using the quantitative nature of the mineral analysis given above it can
be concluded that there is a similar mineral wt % of both water-wet and oil-wet
mineralogy within the reservoir rock. Although there are equal amounts of oil-wet
and water-wet minerals present, this does not mean that the wettability of the
reservoir rock will be approximately neutral. There could be heterogeneous regions
of strongly water-wet and strongly oil-wet minerals, which is not the same as a
uniform neutrally wet system.

Summary:
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As expected in the crushed rock, bulk and pore lining materials are very similar to
the fragments discussed above (Section 4.3.1). There are some modest differences.
This may be attributed to the process of crushing, which will break weakly bound
mineral bonds, whereas the more strongly bound minerals will remain in place.

4.3.3 Solvent Washed Crushed Sample

The outcrop and reservoir rock undergo a Soxhlet extraction (Section 3.4) to remove
as much organic as possible. In this section the exposed mineralogy is assessed for
comparison between the intact and crushed samples. The solvent washed sample
mineralogy is of interest to see whether different minerals are exposed (for example,
if they become separate particles) as a result of solvent washing.

Figure 4.11 shows the QEMSCAN images for crushed and solvent washed (a) outcrop
and (b) reservoir rock. Figure 4.12 shows the difference between mineralogy around
pores compared to the bulk.

Figure 4.11: QEMSCAN of crushed and solvent washed (a) outcrop and (b) reservoir rock.
Ground particles were stabilised in a resin block and carbon coated before scanned. Scale

bar shows 1 mm.

The solvent washed reservoir rock, shows 50 % less quartz around the pore-edges
compared to the bulk; as well as significantly less K-Feldspar. There are also greater
amounts of illite, chlorite, biotite, mixed-feldspars, kaolinite and pyrite around the
edges than in the solvent washed bulk.

The crushed and solvent washed outcrop rock shows less quartz around the
pore-edges than in the solvent washed bulk, as seen for both the intact fragment and
crushed up sample (Figure 4.9). There are greater amounts of illite, mixed-Feldspars,
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Figure 4.12: QEMSCAN analysis of crushed and solvent washed outcrop and reservoir
rock, showing the weight percentage difference between total mineral present in bulk and
total mineral lining pores. Negative values show less mineral around the pore than in the
bulk. Positive values represent minerals that are present around pores more than present

in the bulk.

kaolinite, muscovite, rutile and pyrite around the edges than in the bulk, which is
also observed in the sample of outcrop rock that is only crushed.

The solvent extraction is believed to only enable movement or release of ‘fines’ type
particles. Fines are particles with diameters in the range of 5 to 50 µm and include
quartz and fine clays such as kaolinite and illite. The migration of fines inside a
porous system can lead to blocking of pore throats and reduce oil recovery. Due
to the nature of the solvent extraction via a Soxhlet extraction, the fines particles
are not lost, and will be retained with the bulk of the sample, unless dissolved in
the solvent. The solvent wash releases fines in the outcrop and reservoir
rock.
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4.3.4 Discussion

This work has exploited QEMSCAN to determine the types of minerals coating the
pores of the rock. A new code has been used to identify these minerals.

In this respect the as received large rock fragments should be expected to be most
representative of an oil reservoir. However, there are also some modest changes
to mineralogy after crushing and solvent washing the samples, which may capture
changes following pre-treatment of samples prior to core-flood tests. If undetected,
these changes may lead to different behaviour and hence incorrect conclusions.

Comparison of pore edge mineral composition exposed in an intact rock
and after crushing and solvent washing

Figure 4.13 shows the comparison of mineral-pore coverage for intact rock, after
crushing and solvent washing for reservoir and outcrop rock respectively. An initial
assumption is that all three samples show the same minerals lining the pores.

Changes in exposed minerals upon crushing may be expected as some minerals may
be mobilised. However, it is not expected to see significant changes between a
crushed sample and a solvent washed sample because the only loss from the system
when crushing the rock is believed to be organics, with essentially no dissolution of
the minerals and any mineral losses being only physical detachment; these minimal
variations were observed in the data for the reservoir rock treatment progression
(Figure 4.13 b).

Focussing firstly on the reservoir rock, the treatments show a loss in quartz at the
pore edges when the intact fragment is crushed, which does not change further upon
solvent wash. There is also a loss in chlorite, biotite, and kaolinite pore-edges upon
crushing, and a similar pore edge coverage present in the solvent washed sample.
An increase in material appearing at pore edges after crushing and solvent wash is
seen for albite, K-feldspar, illite, mixed-feldspars, and pyrite. From the data it can
be concluded that albite, illite, feldspars and pyrite might be loosely bound to the
overall rock structure and are freed during the crushing of the rock.

The outcrop rock progression in Figure 4.13 (a) is a bit more complex. A loss from
the pored edges of quartz, biotite and pyrite is observed. There is an increase in pore
lining for illite, mixed-feldspars (labelled as unclassified) and muscovite. However,
for kaolinite there is a loss in pore lining edges of almost 10 % after crushing, but the
solvent washed sample shows an increase of 10 % coverage, returning the coverage
back to the intact fragment coverage of kaolinite edges.
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Figure 4.13: QEMSCAN analysis of intact fragment, crushed, and crushed and solvent
washed (a) outcrop and (b) reservoir rock.

Throughout this analysis, it must be recalled that analysis of more samples was
not possible. Only one image was taken for each sample and other sections of the
crushed rock could contain more/less of other mineralogy. However, there are no
other minerals that exhibit this change in coverage, suggesting a single image is a
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reasonable representation. A second explanation could be the release of fines from
the solvent wash as kaolinite and other clays, are often referred to as fines, have
been reported to be mobilised under certain conditions. From the data it can be
concluded that illite, mixed feldspars and muscovite are loosely bound and able to
be freed during crushing of the rock.

4.3.5 Impact of QEMSCAN Resolution

A higher resolution QEMSCAN image is produced when a longer time is spent
scanning the sample. There is concern that a coarse (low resolution) image may
not be able to resolve small mineral particles liming the pore spaces. Hence, one
might incorrectly deduce the wrong minerals are lining the pores. In the limit of a
very high-resolution image we should be able to ‘see’ all the mineral particles and
correctly deduce the pore lining composition. However, at lower resolution, small
mineral lumps may not be identified and the lining of the pore might be incorrectly
taken to be the bulk mineral, such as quartz in this work. Hence, in this section
reassurance is given that our deductions about the pore lining minerals are correct
by considering manufactured and real images at different spatial resolutions.

Finding the optimum resolution where minerals of interest are still correctly
represented will increase throughput for QEMSCAN analysis. Here we look at the
reservoir and outcrop complete untreated fragments with a 2 µm per pixel resolution
versus a 15 µm per pixel resolution. Figure 4.14 shows the area of the 15 µm per
pixel image that was extracted for characterisation and comparison to the higher
resolution image.
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Figure 4.14: QEMSCAN images of extraction of 15 micron resolution section for
comparison to 2 micron image.

Figure 4.15 shows the difference between high- and low-resolution fragments of
(a) reservoir and (b) outcrop rock. There is a total of 13 and 11 % difference
in mineral-pore boundaries in reservoir and outcrop rock respectively as resolution
is decreased. Decreasing resolution shows an increase in quartz-pore boundaries.
This is expected as a lower resolution scan would not pick up smaller ‘fines’ such
as kaolinite, which is shown to decrease in both. With decreasing resolution, the
reservoir rock shows an increase in albite, K-feldspar, chlorite and muscovite; outcrop
rock shows an increase in quartz and the mixed feldspars labelled as ‘unclassified’
which contain a combination of potassium, sodium and/or calcium endmembers in
the feldspar.

It can be concluded that the resolution of the image can alter the perceived
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Figure 4.15: Comparison of 2 µm (high-resolution) and 15 µm (low-resolution) for (a)
outcrop and (b) reservoir untreated fragment.

composition of the pore walls: mineral pieces smaller than the resolution limit of
the image cannot be seen, and in those cases, it will be taken for bulk mineralogy.
For example, an image with 15 µm resolution will not resolve particles with a size
of 14 µm or less.

The smallest sizes of mineral particle in the rocks that are considered to be influential
in recovery are fines, that are 5–50 µm in diameter. This suggests that a 4 µm per
pixel image may be sufficient to observe true pore-mineral coverage. However, some
pores are smaller than 4 µm; therefore a higher resolution may still be required.
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4.3.6 Conclusions

1. The amount of the non-bulk materials determined at the pore linings are a
lower estimate of what is there. Increasing the resolution will tend to suggest
less quartz than other minerals.

2. The natural sizes of the rock mineral crystallites tend to be 4 microns or
bigger (deduced by SEM). Therefore, it is reasonable to suggest there is not a
significant population of smaller minerals that have been omitted.

Reservoir and outcrop rock have been analysed as intact fragments, crushed samples
and solvent washed samples via QEMSCAN. Analysis of both the bulk mineralogy
and minerals lining pore space was conducted to determine the minerals that line
pores in outcrop and reservoir rock. QEMSCAN data has shown differences between
bulk mineralogy of both reservoir and outcrop rock, showing a statistically significant
reduction in quartz between the bulk and pore lining edges in all cases (the fragment,
the crushed sample, and the solvent washed sample). The composition of the
pore-edges includes a range of clay and silicate-containing minerals, rather than
just quartz. However, quartz represents the greatest coverage of pores walls in both
cases.

Considering pore lining minerals, the minerals which are of interest here and hence
for subsequent ageing to assess organics adsorbing for the reservoir rock are: quartz,
albite, feldspar, illite, and pyrite. Minerals of interest for the outcrop rock are
quartz, illite, mixed feldspars, kaolinite, and muscovite.

If minerals such as kaolinite and illite, or fines-type minerals are to be investigated,
a resolution greater than 4 µm, ideally 2 µm, is required. A lower resolution image
is potentially sufficient for mineral-mineral boundary analysis, but the base mineral
in the bulk will be over-represented.

For further testing, quartz will be used as the main silica source. Kaolinite and
muscovite mica will be used as representative clays covering low and high surface
charges. Calcium carbonate will also be included as the dominant mineral in
carbonate reservoirs.
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4.4 XRF

XRF is used for elemental analysis of major oxides and trace elements. Figures
4.16 and 4.17 show the XRF results for the major oxides (in wt %) and the trace
elements (in ppm) of outcrop and reservoir rock as received and following a solvent
wash.

Focussing on outcrop and reservoir rocks as received, reservoir rock shows a greater
wt % of all major elements apart from SO2 than the outcrop rock. Volcanic
activity and weathering of exposed rock can increase sulphur content. Regarding
the remaining major oxides, reservoir rock contains a greater proportion of minerals
containing Al, Fe, Mg, Ca, Na, K, (in good agreement with QEMSCAN and
literature). [197]

Figure 4.16: XRF of outcrop and reservoir rock major element oxides.

These trace elements such as Co, Cr, Pb, Sn, Cu, Ni, Zr and V may indicate the
presence of coordination complexes, such as when a metal ion binds to naturally
occurring organic groups such as amino acid ligands, particularly those forming
a porphyrin-like structure. The metal ion in a porphyrin usually has a +3 or
+2 charge as shown by (Equation 4.1), where M is the metal ion, and L is a
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ligand. The porphyrin structure is formed from an amino acid starting material
and is transformed via an enzymic reaction. Natural formation of porphyrins, or
geoporphyrins, is known to occur in oil locations. [198]

Porphyrin chemistry could be prevalent for (but not limited to) the following trace
elements: Co, Cr, Pb, Sn, Cu, Ni, Zr and V. [199–201]

H2[porphyrin] + [MLn]2+ −−→ M(porphrinate)Ln−4 + 4 L + 2 H+ (4.1)

The main geoporphyrins found in oil are Ni and V based. Investigation into presence
of Ni and V compounds is assessed in Chapter 5.
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4.4.1 Irremovable Compounds

Focussing on the solvent washed outcrop and reservoir rock in Figure 4.16, there is
a decrease in major element oxides present in the outcrop, but a small increase in
K2O and Na2O for the reservoir sample after solvent washing. Outcrop rock shows
a decrease in trace element content for the majority of elements, but a significant
drop in lead. Reservoir rock also shows a general decrease in trace element content
for the majority of elements, but significant drops for tin and copper.

Porphyrins or other organometallic complexes may provide the link between the
reductions in major element oxides and trace elements and the expected loss or
organic content. Most porphyrins in oil are either nickel or vanadium based. Figure
4.17 shows that in the reservoir rock samples, the vanadium and nickel content has
dropped by 0.42 ppm and 1.5 ppm respectively.
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4.5 Solution NMR

The core plugs underwent a grinding and a solvent wash process as discussed in
section 3.4. The extracted solvent mixture, containing any dissolved organics, was
used for analysis via solution 1H and 13C NMR. The extracted mixture is of interest
as it may suggest which surface groups are present or the composition of the adsorbed
layer, depending on how the extracted groups are bound.

Figures 4.18 and 4.19 show 1H and 13C NMR data for outcrop (red) and reservoir
rock (blue) extracts collected after Soxhlet extraction with methanol, THF and
chloroform. Both figures indicate several peaks that are difficult to assign
individually so have been grouped by environments shown in Table 4.2 and 4.3 for
proton and carbon NMR respectively, as discussed in the experimental section.

For ease of interpretation, Table 4.1 shows the functional groups present in the
extracts, as detected by NMR.

There is evidence of lots of alkyl carbons that are expected in all samples.
However, it is the peaks at higher chemical shift that are of more interest as these
represent chemical functionality. Interestingly, outcrop extract shows no peaks
to that correspond to aromatic carbons (125–175 ppm) in Table 4.3. Therefore,
it is uncertain whether the 1H NMR peak at 8.1 ppm is truly an aromatic
proton. [202–204]

The outcrop 1H NMR results show more peaks than the reservoir 1H NMR data
results, whereas the 13C NMR show reservoir rock to have more peaks than outcrop
rock. The number of peaks is proportional to the number of different moieties
present: more peaks suggests a wider variety of organic species. The reservoir rock
extract has peaks on the 13C NMR spectra at around 100 ppm, which suggests ether
groups. The outcrop rock does not have peaks at 100 ppm.

Overall, a number of chemical environments and groups were successfully assigned
from the samples obtained by Soxhlet extractions of outcrop and reservoir rock
via solution 1H and 13C NMR. Both outcrop and reservoir rock extracts show
alkyl, alcohol, amine (primary, secondary and tertiary), ether, acid, ester, and
ketone groups present in the extract. As expected, a greater variety and number
of moieties are present in reservoir extract than outcrop. Table 4.1 shows the same
functionalities are present in both extracts, but we can visually see the quantities
are different from the spectra.
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Functional
Group

1H NMR 13C NMR
Outcrop Reservoir Outcrop Reservoir

Alkyl ✓ ✓ ✓ ✓
Alcohol ✓ ✓
Ether ✓ ✓ ✓ ✓
Halogen ✓ ✓
Aromatic ✓ ✓ ✓ ✓
Alkene ✓ ✓
Ketone ✓ ✓
Primary amine ✓ ✓ ✓ ✓
Alkyne ✓ ✓
Acid ✓ ✓

Table 4.1: Components of outcrop and reservoir rock soxhlet extraction detected by 1H
and 13C NMR.

1H NMR
Outcrop
/ ppm

Reservoir
/ ppm Assignment

0.9 0.9 R−CH3
1.1–1.3 R2CH2

1.6 R2C−−CR(CH3)
1.7–2.0 2.1–1.7 C−NH, C−OH

2.1 2.2 CH3OR, CH3NR2
2.3 R2C−−CR(CH2R)

2.4 CH2COR
3.2 3.2 CH3OR
3.3 3.3 CH3OR

3.4 RCH2OR
3.6–3.9 3.9–3.5 HCO, HCX

4.0 HCO, HCX
4.2 HCO, HCX

4.3 4.3
4.6 4.6 C−−CH, Ar−OH, Ar−NH, C−OH

5.0 C−−CH, Ar−OH, Ar−NH, C−OH
5.1 C−−CH, Ar−OH, Ar−NH, C−OH

5.4 5.5 C−−CH, Ar−OH, Ar−NH, C−OH
5.5 5.6 C−−CH, Ar−OH, Ar−NH, C−OH
8.1 8.1 ArH, ArOH

Table 4.2: 1H solution NMR results for outcrop and reservoir rock
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13C NMR
Outcrop
/ ppm

Reservoir
/ ppm Assignment

9.4 9.5 RCH3
21.7 21.8 R2CH2
23.1 23 R2CH2
24 23.4 R2CH2

25.2 25.2 R3CH, CH3CO–

27 26.9 R3CH, CH3CO–

27.6 27.5 R3CH, CH3CO–

28.9 28.8 R3CH, CH3CO–

29.4 29.1 R3CH, CH3CO–

31.3 31.4 R3CH, CH3CO– , RCH2NH2
32.3 R3CH, CH3CO– , RCH2NH2
47.7 47.8 CH3CO– , RCH2NH2
48.8 48.3 CH3CO– , RCH2NH2
53.5 53.8 RCH2NH2, RCH2O–

57.8 58.1 RCH2NH2, RCH2O–

60.6 60.9 RCH2NH2, RCH2O–

65.2 RCH2O– , C−−−C
66.5 RCH2O– , C−−−C
66.9 66.8 RCH2O– , C−−−C
67.1 67.3 RCH2O– , C−−−C
68.9 69.3 RCH2O– , C−−−C
72.4 72.6 RCH2O– , C−−−C

92.2 C−−−C
100.7 C−−C

104.8 105 C−−C
106.2 106.3 C−−C
107.5 107.4 C−−C
161.7 162.2 C−−O (acid and ester)
163 C−−O (acid and ester)

179.3 180.1 C−−O (acid and ester)
208.5 210.2 C−−O (ketone)

Table 4.3: 13C solution NMR results for outcrop and reservoir rock
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4.6 TGA-MS

The solution washing analysis above can only probe chemical species that desorb
from the minerals upon solvent extraction. However, possibly more important than
desorbing molecules are the molecules that remain on the rock after solvent washing.
These ‘irreversibly bound’ materials may be attributed to determining wettability
and adsorption/absorption of other oil species. It is important to note that it is more
challenging to assess the organics that are not removed by solvent extraction.

TGA-MS and Py-GCMS (Section 4.9) were used in this study to identify which
fragments were released from the cores when heating at a constant rate to a high
temperature and comparing it with a flash heating. This is a drastic step to remove
otherwise irremovable compounds (compounds that are strongly-adhered to the
surface) from the silica substrate. The process will be expected to break the bound
organics into fragments. The rate of heating is also expected to alter the extent of
fragmentation.

Figure 4.20 shows TGA data for raw outcrop, solvent washed outcrop, raw reservoir,
and solvent washed reservoir rock at 10 ◦C per minute up to 900 ◦C. The results show
an initial drop in mass below 100 ◦C which is attributed to loss of water (i.e. drying
of sample). At around 500 ◦C a further loss of mass begins for all samples. The raw
outcrop rock has a mass drop from 500–600 ◦C which continues to slowly decline
until 900 ◦C, similar to the solvent washed reservoir rock. This is a similarity due to
the levels of organic present in both samples. Solvent washed outcrop rock shows a
constant decline in mass from 500 to 900 ◦C. The raw reservoir rock shows the drop
before 100 ◦C, and no change until 500 ◦C where a first loss in mass occurs, followed
by a second large drop in mass at 650 ◦C before plateauing at 750 ◦C until 900 ◦C.
The raw reservoir rock shows the biggest mass loss of 2.5 %, whereas both raw and
solvent washed outcrop have a loss of 1.5 % and solvent washed reservoir rock loses
1 % of its mass. Therefore, more volatile compounds from the raw reservoir rock
are released during TGA than the other rock samples.

Figure 4.21 shows the mass spectrometry results for (a) raw reservoir, (b) solvent
washed reservoir, (c) raw outcrop, and (d) solvent washed outcrop rock. The data
show there is a greater amount (intensity) of fragments released for the reservoir
rock samples compared to outcrop rock. There is a greater number of fragments
from the outcrop rock with a higher molecular mass than the reservoir rock. The
higher molecular mass fragments from the outcrop could be due to plant-based
biomarkers, namely resin-type structures with C20 backbones resulting in ∼250 g
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mol-1 fragments, which are discussed below when coupling TGA-MS data to stable
isotope analysis. [205] The lack of high molecular weight fragments in the reservoir
rock could be due to fresh oil not entering the rock and not refreshing the organics on
the rock. [206] One would assume that initially small molecules diffuse and adsorb onto
the rock. Over time, it would be thermodynamically favourable for large molecules
to adsorb. However, if the large molecules are not present (no fresh crude oil), there
is no opportunity for large molecules to bind.

The aim of this experiment was partly to determine if the application of heat will
remove adsorbed compounds from reservoir and outcrop rock samples. Overall, the
TGA-MS data has shown that the reservoir rock has more material removed (2.5
wt % loss) when heat is applied compared to the solvent washed reservoir rock and
outcrop samples. The remaining three samples, solvent washed reservoir rock, as
received outcrop rock, and solvent washed outcrop rock all show a loss of 1.5 wt
%, suggesting smaller amounts of material are removable by application of heat, as
opposed to solvent washing.

Figure 4.20: TGA data showing TGA results of raw outcrop, solvent washed outcrop, raw
reservoir, and solvent washed reservoir rock at 10 ◦C per minute up to 900 ◦C.
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4.7 Elemental Analysis

Two types of elemental analysis were conducted on the reservoir and outcrop rocks:
CHN analysis and stable isotope analysis. The stable isotope analysis includes a
measurement of the total organic carbon (TOC) content. The stable isotope TOC
can be compared with total carbon (TC) analysis from CHN after it is normalised
to show TOC with QEMSCAN data to remove inorganic carbon (IC) contribution
from carbonates.

4.7.1 Carbon Analysis

Figure 4.22 shows the total organic carbon content from stable isotope analysis and
TC content from CHN analysis of outcrop and reservoir rock samples.

Focussing firstly on the rock samples as received that has also been crushed: Outcrop
rock raw (as received) has 0.015 ± 0.001 wt % and reservoir rock is shown to have
0.791 ± 0.055 wt % TOC from stable isotope TOC. For outcrop rock, there is
very little difference between stable isotope TOC and elemental TC as the carbon
content is close to the limit of detection of the device. When looking at reservoir
rock, the elemental TC results show a lower amount of total carbon (by almost 0.2
%) when compared to the stable isotope TOC values; it might be expected to see a
larger amount of TC due to IC arising from mineral carbonates present. Comparing
outcrop to reservoir rock, the greater TOC content might be expected from the
reservoir rock compared to the outcrop due to the expected oil content in reservoir
rock. This is indeed observed.

Irremovable Organics

The solvent washed outcrop shows no difference from the raw outcrop—this is
expected as we do not anticipate much organic on the outcrop rock. The reservoir
rock shows a loss of organics upon solvent washing: there is no statistically significant
drop between TOC levels due to large error (∆average TOC suggests a 0.2 % loss of
removable), however the TC show a 0.1 % loss.

Finally IC that are present as carbonates are considered. To remove carbonates
from the system, a simple wash in HCl was conducted until effervescence ceased.
This yielded a TOC content of 0.135 ± 0.005 %, and TC content of 0.12 ± 0.03
%. To verify this result it can be compared with QEMSCAN data. QEMSCAN
showed 3.5 % CaCO3 in reservoir rock, which equates to 0.42 % carbon, therefore
a drop is expected from a TC content of 0.63 % to 0.21 %. The H2O2 washed
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Figure 4.22: Total organic carbon content from stable isotope analysis and total carbon
content from CHN analysis of outcrop and reservoir rock samples.

TC data measured a similar reduction although a slightly lower value than 0.21 %
was obtained, which may suggest this particular sample was slightly enriched in
carbonate. Interestingly, a similar percentage loss is seen for TOC (solvent washed
to H2O2 washed = ∆0.44 %). This could suggest carbonates are binding organics
strongly.

To support the TOC measurement technique, TGA can be employed using the mass
loss between 150 to 550 ◦C (assuming any mass loss below 100 ◦C is water, and above
600 ◦C is decomposition of carbonate minerals). Figure 4.22 shows the TGA samples
display similar profiles to the TOC and TC results. This confirms successful removal
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of organics via soxhlet extraction and reduction of carbonates via HCl treatment
has occurred.

BET Surface Analysis

BET was conducted to deduce the thickness of the organic layer on the reservoir rock.
The total amount of adsorbed organic is divided by the surface area. The sample
of interest is the ‘solvent and H2O2 washed’ reservoir rock, as the majority of the
carbon had been removed; around 90 % of the organics are removed. [207] This sample
was selected to avoid potential complications in the BET analysis of absorption of
nitrogen into any adsorbed organic layers. Table 4.4 shows an overview of the BET
surface area results and the calculations for thickness of the ‘organic carbon layer’
present. Below is an example of how the calculations were conducted.

Sample BET / m2 g-1 Wt % C Thickness / Å
Reservoir rock as received 2.825 ± 0.053 0.791 11.4
Solvent washed reservoir rock 1.049 ± 0.011 0.570 22.1
Solvent and H2O2 washed reservoir rock 3.114 ± 0.040 0.140 1.8

Table 4.4: BET surface area analysis of reservoir rock as received, after a solvent wash,
and after a solvent and HCl wash.

The ‘solvent and H2O2 washed reservoir rock’ has a BET surface area of 3.114 m2

g-1. Considering the 0.14 wt % of carbon from Figure 4.22, the percentage of carbon
in 1 g of ‘solvent and H2O2 washed reservoir rock’ is 0.014 g. The density of reservoir
rock is 2.46 g cm-3 (calculated from the plug as received with a mass of 176.6583
g, length of 6.50 cm, diameter of 3.75 cm). Therefore, a volume of carbon, 5.69 x
10-10 m3, is calculated. Using the BET surface area and the mass used in the BET
experiment (rounded to 1 g of rock sample), the thickness of the remaining ‘carbon
layer’ on the mineral is 1.8 Å thick. The length 1.8 Å is comparable to a single
molecular layer. [208] It is important to note that this is a very crude estimate and is
used to illustrate how much organic is present.

The ‘reservoir rock as received’ has a layer thickness of 11.4 Å that also corresponds
to an adsorbed molecular layer. Similarly, but quite interestingly, the ‘solvent
washed reservoir rock’ shows a layer thickness of 22.1 Å that corresponds to a
molecular layer but one that is larger––the solvent washed rock shows a layer that is
approximately double the thickness of the organic carbon layer on ‘reservoir rock as
received’. This interesting result in the calculation assumptions are heavily due to
the small BET surface area produced from larger particles in the sample measured.
The measurement could not be repeated due to access to the kit. For the solvent
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washed sample, a BET surface area of 3 m2 g-1 would yield a carbon thickness of 7
Å, which is more inline with expectations.

In summary, BET surface area has shown that a H2O2 wash will dramatically reduce
the organic carbon layer present by 84 % and hence can be used to approximately
‘clean’ the mineral surfaces. The organic layer thickness has been determined to
be one molecule thick. This may imply that there is a particular layer of strongly
adsorbed molecules that are key to controlling the surface wetting, which is a novel
insight.

4.7.2 Stable Isotope Analysis

Figure 4.23 shows stable isotope analysis of outcrop and reservoir rock after solvent
washing. The initial stable isotope analysis shows a very high value for raw reservoir
rock, suggesting carbonates are present. To remove carbonates from the system, a
simple wash in HCl was conducted until effervescence ceased. This yielded a δ13C
of -30.7 ± 0 ‰.

The δ13C values of approximately -22 and -31 ‰ for the outcrop and reservoir
respectively would suggest a terrestrial source of the bound organics (a value typical
of -24 to -28 ‰). It is known that Castlegate outcrop is a non-marine sediment and
hence our results are in good agreement with this provenance.

A δ13C value of ∼24–27 corresponds to hydrocarbons and bi- and tri-cyclic
compounds that are referred to as diterpenoids and sesquiterpenoids. These are
common plant-based biomarkers with a resin-type C20 backbone that results in a
molecule weight of over 250 g mol-1. [205] It is understandable that the outcrop rock
would contain plant-based biomarkers. The δ13C value of outcrop rock is only 2
below this range and linking back to the higher molecular weight values obtained
in the TGA-MS (Figure 4.21), it is understandable that the molecular weight of
fragments remains high due to the stable cyclic backbone of the biomarkers.

After solvent washing, δ13C remains the same whereas the HCl wash reduces the
ratio from -6.76 ± 0.50 ‰to -30.69 ± 0.02 ‰. It is expected that the δ13C remains
the same after a solvent wash as the solvent wash should not preferentially remove
12C or 13C.

Some organic carbon was successfully removed by a solvent wash as confirmed by
the TOC data (Figure 4.22) and the presence of carbonate was proved, coupled with
QEMSCAN data, as a HCl wash reduces the TOC dramatically and changes the
δ13C.
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Figure 4.23: Stable isotope analysis of outcrop and reservoir rock after solvent washing.

It can be concluded that the irreversibly bound organic is of terrestrial origin and
0.15 wt % irreversibly bound organic is left on the rock.
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4.8 TOF-SIMS

As mentioned above, there are key organic components that are irreversibly bound
on the mineral surfaces and few approaches to try and characterise them. The
results outlined below were obtained via TOF-SIMS, which can remove important
organics and identify them. However, there is likely to be significant fragmentation
of the species.

TOF-SIMS was conducted on outcrop and reservoir samples, both raw and solvent
washed, to try to identify groups present on the surface, using the approach outlined
in the experimental section. A series of MS data were measured (Figure 4.24).
However, identification of the organic fragments is difficult and complex.

A procedure was adopted to identify the most likely groups that matched the MS
data with possible fragments. The m/z value of each peak can be used to infer
possible molecular species. The range of possible fragments for each peak was
kept very tight to minimise the possibilities. The presence of other isotopic related
species was also investigated as an additional constraint and hence several possible
fragments eliminated. In this way, the peaks could be assigned to a limited number
of specific functionalities.

Figure 4.25 shows the data for aliphatic hydrocarbon matches on raw
outcrop, solvent washed outcrop, raw reservoir, and solvent washed reservoir rock.
Assignment was conducted using IonTOF software inbuilt library of aliphatic
hydrocarbon peaks. The majority of results show a decrease in detected ion intensity
when moving from raw to solvent washed sample in both reservoir and outcrop rock –
confirming successful removal of organics. Simple hydrocarbons will not be strongly
bound to the surface and hence easily removed by solvent. Outcrop rock shows a
greater intensity of hydrocarbon ion detected compared to reservoir rock, which is
unexpected. The difference in intensity could be due to ease of removal of ions on
outcrop rock, if they are not strongly bound. TGA-MS data also shows a higher
intensity of high molecular weight molecules.

Figure 4.26 shows the data for siloxane matches on raw outcrop, solvent washed
outcrop, raw reservoir, and solvent washed reservoir rock. The data shows that
at increasing amu the solvent washed samples show a lower intensity than the raw
samples for both outcrop and reservoir rock. However, at low amu, there is an
increase in siloxane fragments from the solvent washed reservoir rock. The increase
may be attributed to removal of organics and subsequent removal of the organic-free
and uncovered silica surface due to the highly destructive nature of bombarding the
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sample with ions that effectively depth profile the sample. A key issue with the
siloxane data is the PDMS impurity discussed in Section 3.14. Like the aliphatic
hydrocarbon data, the siloxane fragments have not been matched with their isotopic
neighbours.
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The data in Figure 4.27 (a) and (b) show the amino acids serine and threonine
fragment matches respectively, on raw outcrop, solvent washed outcrop, raw
reservoir, and solvent washed reservoir rock. Both the amino acid peaks are
from a database of known compounds. The known raw material is measured via
TOF-SIMS and the molecule and its fragments are input into a database. The
known fragments for the molecule are compared versus a measured sample spectra
and compared to see if the molecule and its associated fragments are present. The
measured sample data were successfully matched isotopically on IonTOF software
and show a decrease in intensity moving from raw to solvent washed sample in
both cases, with outcrop rock scoring a higher intensity than reservoir rock. This
is attributed to less organic present in solvent washed samples compared to raw
samples. The increase in intensity for outcrop compared to reservoir rock could link
to the resin-type molecules present as mentioned in the stable isotope analysis and
TGA-MS data.

Figure 4.28 shows data for poly(2-vinylpyridin) fragment matches on raw outcrop,
solvent washed outcrop, raw reservoir, and solvent washed reservoir rock. Once
again, moving from raw to solvent washed samples, the intensity of ion detected
decreases for both outcrop and reservoir rock. The outcrop rock generally has a
higher intensity than the reservoir rock, with a few deviations from the trend at
low amu values. As amu increases, intensity of the ion detected tends to decrease.
The highest intensity peaks are from hydrocarbons, whereas nitrogen containing
fragments show a lower intensity. This could be attributed to where the nitrogen is
bound: the energy required to break a Si−N bond (439 kJ mol-1) is higher than the
energy required to break a Si−C bond (435 kJ mol-1). Therefore, it will be more
favourable to break the Si−C than Si−N, hence why there may be less intensity for
nitrogen containing fragments.
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Figure 4.27: TOF-SIMS data of raw outcrop, solvent washed outcrop, raw reservoir
and solvent washed reservoir rock showing (a) serine and (b) threonine fragments with

increasing m/z ratio. Total ion intensity has been normalised for sample comparison.
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Conclusion

TOF-SIMS was used to conduct surface analysis of raw outcrop, solvent washed
outcrop, raw reservoir, and solvent washed reservoir rock. This approach yields
evidence for surface bound organics, even after solvent washing, revealing possible
irreversibly bound material. The m/z values suggest the types of functionality
present.

Evidence for the presence of aliphatic hydrocarbon presence, siloxanes, amino acids
and polymeric fragments has been shown. However, this approach requires further
investigation to specifically match hydrocarbons, siloxanes, and other groups of
interest isotopically to confirm their presence.
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4.9 Py-GCMS

Py-GCMS flash heating was conducted on the same four samples (outcrop rock (1)
as received and (2) solvent washed; reservoir rock (3) as recieved and (4) solvent
washed), as shown by the MS data in Figure 4.29 of the species released from the
surface. All samples have a similar intensity background noise due to presence of
the helium carrier gas. The data show a smooth line for both outcrop samples,
suggesting no molecules are released, whereas the reservoir samples show clear
additional peaks after 15–20 minutes.

Interpretation of the m/z values of the fragments collected allows inference that
reservoir rock as received contains fragments from: carbamic acid (Figure 4.30 (a)),
5–ethyl, 2–methyl heptane, tridecane, dodecane, and tetradecane with more than
90 % certainty. Solvent washed reservoir rock contained the following fragments at
90 % certainty: carbamic acid, 2,3,7–trimethyl octane, tridecane, 2,6,10–trimethyl
dodecane, and tetradecane. The occurrence of hydrocarbon compounds is expected
in the reservoir rock as there may be residual oil. Interestingly the carbamic acid
group present is the only nitrogen containing group eluted which may suggest this
type of structure is the most stable as it has withstood high heat. The presence
of carbamic acid could originate from a carbamate H2NCOO– , which are known
to alter wettability of silica systems. [209] From the peaks in the MS from TGA-MS
(Figure 4.21) the Py-GCMS is expected to tag peaks from the outcrop samples but
none are tagged.

The fragmentation that is an inherent part of Py-GCMS makes it complex to identify
the species on the mineral surfaces. For example, it is uncertain whether the long
chain hydrocarbons observed in Py-GCMS data, such as tetradecane are eluted
as themselves or as fragments of a larger molecule. In addition, differences may be
expected in the extent of fragmentation between physisorbed organics with no formal
chemical bond to the substrate and chemisorbed species where at least one chemical
bond must be broken to release the species for detection. Hence, more fragmentation
for chemisorbed species than physisorbed species may be expected.

To understand the results gained from TGA-MS and Py-GCMS, a further study was
conducted, concerning deliberately functionalised silica and molecules adsorbed on
silica (section 4.10). In this way, chemisorbed and physisorbed species on minerals
are known and can be compared in Py-GCMS. Ideally the Py-GCMS would be
re-run at 800 ◦C, taking into consideration the raw reservoir rock mass loss at 750
◦C (Figure 4.20).
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Figure 4.29: Py-GCMS raw data results of raw reservoir, solvent washed reservoir, raw
outcrop, and solvent washed outcrop. Samples were flash heated to 550 ◦C at 10 ◦C per
mS and held for 1 minute at temperature. Results show no peaks detected for outcrop
raw and outcrop solvent, whereas peaks were detected (compounds eluted) for reservoir

raw and reservoir solvent samples.

Figure 4.30: (a) Carbamic acid and (b) a carbamic acid style molecule which satisfies the
TOF SIMS peak at 90 m/z.

Comparing Py-GCMS and TOF-SIMS data is very complex. Firstly, outcrop data
from Py-GCMS showed no peaks eluted, yet TOF-SIMS removed fragments from
the sample surface, suggesting there is some removable chemistry present and that
TOF-SIMS is better at removing the strongly adsorbed species. Reservoir rock
data for Py-GCMS in this work have shown that long chain hydrocarbons eluted,
and TOF-SIMS solvent washed reservoir rock data and ‘as received’ rock supports
the data with the presence of long chain hydrocarbons within the spectra that are
matched isotopically. The presence of carbamic acid which was eluted in Py-GCMS
is a lot harder to confirm with TOF-SIMS as there could be several functional groups

116



Characterisation of Outcrop and Reservoir Rock

that give rise to a nitrogen signal. When looking at the TOF-SIMS data, carbamic
acid is not present as a +NCOOH fragment but a similar structure may be present
at 90 m/z where a C2H5N2O2 peak is matched isotopically. The peak at 90 m/z
suggests a carbamic acid-type molecule with a methyl group and nitrogen (Figure
4.30 (b)).
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4.10 TGA and Py-GCMS of Model Adsorbed
Systems

Section 4.6 and 4.9 discussed TGA-MS and Py-GCMS results for the as received and
solvent washed outcrop and reservoir rock samples. In this section, functionalised
silica and silica with adsorbed complex surfactants are analysed via TGA-MS
and Py-GCMS. The advantage of this approach is that the adsorbed system is
known, allowing a clear distinction between data generated by the chemisorbed and
physisorbed silica. Experiments that vary the TGA rate of heating were run in order
to measure the enthalpy of adsorption. [210–212]

4.10.1 Results and Discussion

Figure 4.31 shows the TGA data for (a) octadecyl functionalised silica, (b) silica
with CTAB, (c) silica with NaAOT, (d) silica with CaAOT at 10, 20, and 30 ◦C per
minute. Pure CTAB, NaAOT, and CaAOT are also included for comparison.

Pure Material TGA Data

The pure CTAB (Figure 4.31 (b)) shows a large mass loss at 250 ◦C due to the
melting point of CTAB (218–247 ◦C). [213] Figure 4.31 (c) shows pure NaAOT
decomposing at 250 ◦C, which does not correspond with the literature melting point
of NaAOT (153–157 ◦C), suggesting there are some impurities in NaAOT as received.
Figure 4.31 (d) shows pure CaAOT decomposing at a similar temperature as NaAOT
with a very small amount of water loss.

Adsorbed Material TGA Data

Figure 4.31 (a) shows a loss of mass of 20–21 %. This is attributed to the loss of C18
chains and satisfies the manufacturer’s suggestion of 20–22 wt % functionalisation.
Figure 4.31 (b) shows a similar mass loss of 12 and 15 % for the rates 10 and 20 ◦C
per minute respectively, compared to the 20 % loss in mass for 30 ◦C per minute.
The decomposition of adsorbed CTAB is at the same temperature of pure CTAB.
The large difference in mass loss is due to more CTAB being present—i.e. there
is more than would be expected for a monolayer around the silica. There is no
consistency with a higher heating rate revealing more adsorbed material, therefore
this is deviation in the sample that may have occurred from incomplete washing of
the excess.
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Figure 4.31 (c) shows silica with NaAOT at heating rates 10, 20, and 30 ◦C per
minute with mass losses of 9, 11, and 8 % respectively. Other than loss of water
below 100 ◦C, the main loss of mass occurs at 250 ◦C . [214] This could be due to
impurities known to be associated with the NaAOT as it was not purified before
use. Interestingly, there is a greater amount present on the sample run at 20 ◦C per
minute, possibly due to heterogeneous sampling.

Figure 4.31 (d) shows silica with CaAOT at heating rates of 10, 20, and 30 ◦C per
minute with mass losses of 16, 16, and 14 % respectively. The main mass loss occurs
at around 275 ◦C, which is the decomposition temperature of pure CaAOT used in
this study.

Figure 4.31: TGA data showing results for (a) octadecyl functionalised silica, (b) silica
with CTAB, (c) silica with NaAOT, (d) silica with CaAOT at 10, 20 and 30 ◦C per minute.

Pure CTAB, NaAOT and CaAOT are included (black) for comparison.
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The main focus of this section is to try and identify what species are desorbed from
organics coated on silica substrates and what fragments form.

Figure 4.32 shows TGA-MS data for (a) pure CTAB (black) and silica with CTAB
(red), (b) pure NaAOT (black) and silica with NaAOT (red), (c) pure CaAOT
(black) and silica with CaAOT (red), and (d) octadecyl functionalised silica. Only
MS data from the TGA run at 10 ◦C per minute up to 900 ◦C is displayed for
simplicity.

A greater number of peaks are observed for the pure Ca/NaAOT compared to
silica with the respective additive (Figure 4.32 (b) and (c)). This could be due to
inadvertent removal of the additive during the adsorption process—-solvent washing
with water or drying at 40 ◦C may cause the removal of some components.

For all samples, no very large molecular weight fragments (i.e. 250+ amu) are
detected (CTAB = 364.45 g mol-1, NaAOT = 444.56 g mol-1 and CaAOT =883.14
g mol-1), suggesting the molecules are broken down first rather than the entire
molecule staying intact. Most peaks appear below 50 amu.

For (d) the silica with C18 chains has a peak at 169 amu which corresponds to
C12H +

25 . It is interesting to consider where this fragmentation occurs; it could be
any one of the C−C bonds along the chain or C−O−Si group holding to alkyl chain
to the substrate. The mass of the fragment suggests there are no carbon chains with
Si correspond to this peak. C−C and C−O have a lower bond energy (343 and 358
kJ mol-1) than the Si−O bond (535 kJ mol-1), suggesting it’s more likely to break
mid-chain or at the C−O connecting to the silica surface. [215,216]

Overall, the interpretation suggests the presence of alkyl chain fragments will occur
even when more complex functionalities are present. Hence, the alkyl species
observed such as tetradecane may well have originated from more complex species
with other groups binding to the substrate, but only the alkyl fraction is readily
released.
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Figures 4.33, 4.34, 4.35 and 4.36 show Py-GCMS results for octadecyl
functionalised silica, silica with CTAB, silica with NaAOT, and silica with CaAOT
respectively.

Figure 4.33 shows octadecyl functionalised silica flash heated at 550 ◦C to assess
differences in peaks eluted from GCMS. The data shows peaks are eluted at similar
time intervals. Considering if the whole molecule comes off, the largest fragment
suggested is nonadecene (C19), which is bigger than the C18 side chain on the
molecule. However, there are no C18 fragments detected. Focussing on other
fragments detected, the mass spectrum assigned a homologous series of primary
alkenes: 1–octene to 1–nonadecene eluted between 7–21 minutes, with increasing
chain length. Interestingly, there are small peaks either side of the central alkene:
the left-hand peak is the corresponding alkane and the peak after is dodecadiene.
This is concluded to be characteristic of long hydrocarbon chains for Py-GCMS
is a small alkane peak, followed by large alkene peak, and a small dodecadiene
peak.

Figure 4.34 shows Py-GCMS CTAB data at 550 ◦C. Similar to Figure 4.33, as
retention time increases, chain length eluted increases. The pure compound shows
similar peaks. At the start and finish of retention, compounds are detected with
different molecular weights. Figure 4.35 shows Py-GCMS data for pure NaAOT
and silica with NaAOT at 550 ◦C. Compounds with similar molecular weights are
released by both compounds. The NIST data library matches them as different
isomers. Figure 4.36 shows Py-GCMS data for pure CaAOT and silica with CaAOT
at 550 ◦C. At 7 minutes retention time, more compounds are detected for silica
with CaAOT compared to the pure CaAOT. Throughout, similar molecular weight
compounds are detected in both samples. Overall, this suggests the fragmentation
is not specifically related to the molecular adsorption, but an inherent aspect of the
Py-GCMS of large, involatile molecules.

Summary TGA-MS and Py-GCMS data from octadecyl functionalised silica, silica
with CTAB, silica with NaAOT, silica with CaAOT, pure CTAB, pure NaAOT,
and pure CaAOT have been successfully collected. In each case there is no evidence
for the release of the intact molecule. Even when not bound to the substrate, very
significant fragmentation is observed. It is concluded that it is unlikely to observe
the intact chemical species on the outcrop and reservoir rock samples above.

The fragmentation and species that have been released have been important to
characterise the fragments that are released. Evidence for trends in the fragments
with the pure material (if applicable) is presented, and trends in the nature of the
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species arising from the presence of species with long hydrocarbon chains (i.e. alkane
peak, alkene peak and diene peaks).

Figure 4.33: Py-GCMS of octadecyl funtionalised silica gel flash heated to 550 ◦C.
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Figure 4.34: Py-GCMS of GCMS of raw CTAB (black) and silica with CTAB (red) flash
heated to 550 ◦C.
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Figure 4.35: Py-GCMS of GCMS of raw NaAOT (black) and silica with NaAOT (red)
flash heated to 550 ◦C.

Figure 4.36: Py-GCMS of GCMS of raw CaAOT (black) and silica with CaAOT (red)
flash heated to 550 ◦C.
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4.11 Conclusions

Two different sandstone based plugs, outcrop and reservoir rock samples, from BP
were intensively studied using an extensive range of modern analytical techniques.
In brief, we aimed to (i) characterise the mineralogical and structural nature of the
rock samples and (ii) the nature of the organic material irreversibly bound to the
rock. Table 4.5 shows a compilation of results from all techniques.

This data will be used to guide analysis of crude oil adsorption on model mineral
substrates to capture the key components of reservoir rock.

1) Characterisation of Rock

Micro-CT and mercury porosimetry showed a difference in porosity and distribution
of density throughout both samples: the reservoir sample showing a greater density
and less porosity compared to the outcrop plug. The micro-CT values are lower than
the mercury values, thought to be due to mercury porosimetry destructively creating
a porous network. QEMSCAN confirmed the difference in density, which could
be attributed to mineralogical differences; a greater proportion of a wider variety
of minerals was observed in the reservoir rock. Literature has shown correlations
between the mineralogical differences to favour either oil- or water-wet systems.
Hence, this alone may partially explain some differences of behaviour.

XRF was conducted and helped us to gain further understanding of the major
and trace elemental composition that suggests organometallic complexes or
porphyrin-type structures. XRF showed a greater amount of elemental variety in
reservoir rock than outcrop rock. Stable isotope analysis was used to determine that
the origin of the carbon in both samples was terrestrial,

2) Removable Organics

The samples were extensively solvent washed to remove ‘unbound’ or ab/adsorbed
materials, particularly organic carbon species, confirmed by the drop of TOC present
after washing. XRF identified a wider range of elements, which reduced after the
solvent wash: losses occurred for most elements, but significant drops for tin and
copper were observed, suggesting these elements are bound to organic species, which
may help to solubilise them in the non-aqueous solvent used to wash.
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3) Irremovable Organics

Characterisation of irreversibly bound organics is a significant experimental
challenge. By definition they are not easy to remove and more aggressive methods
tend to lead to fragmentation and damage. Novel innovative methods were
considered, but the amounts present on the surface seems to be too small to observe
above background.

TOF-SIMS was used to analyse elemental fragments released from the surface after
ion bombardment. The MS data has been matched with many possible species
that may be present, such as aliphatic hydrocarbons, siloxanes, amino acids, and
polymeric groups. Finally, TGA-MS and Py-GCMS have been used to assess organic
fragment removal on the application of heat. TGA-MS data showed a 1.5 % mass
loss for raw outcrop rock, solvent washed outcrop, and solvent washed reservoir
rock; a mass loss of 2.5 % was observed for raw reservoir rock, suggesting there is an
additional material present in the reservoir rock, as might be expected. Complex MS
were produced from this data which similarly showed a greater amount of fragments
released from reservoir rock samples compared to outcrop rock.

A separate study to understand chemisorbed and physisorbed organic components
adsorbed on silica and how molecular desorption/fragmentation changes the
molecular structure observed was conducted using TGA-MS and Py-GCMS to
understand behaviour of key functional groups. A series can identified where
chemisorbed long chain hydrocarbons produce a series of related species including
alkane, alkene and dienes when studied by Py-GCMS. Pure materials show
similar molecular weight peaks eluted with their silica-additive counterpart in the
Py-GCMS, suggesting this is a feature of the molecules, rather than the binding to
the substrate.

TGA-MS was successfully conducted and a range of desorbed fragments were
identified. Interestingly, very sever fragmentation occurs and most MS peaks occur
below 50 amu, which is much smaller than the intact molecule. However, the
technique is not sensitive enough to determine enthalpy of adsorption.
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Technique Results Use Again
For Model?

Mercury
porosimetry

Outcrop porosity = 24.21%, reservoir = 10.38%
Outcrop and reservoir porosity in agreement with BP and literature No

Stable isotope
/ TOC

/ elemental
analysis

Reservoir raw = 0.791 wt % carbon Yes: elemental
analysis.

No: stable
isotope.

Reservoir solvent = 0.135 wt% carbon
Outcrop raw = 0.015 wt % carbon
Outcrop solvent = 0.014 wt% carbon

BET
Surface

Area

Reservoir raw = 2.82 m2 g-1

NoReservoir solvent washed = 4.11 m2 g-1

Reservoir solvent and H2O2 washed = 3.11 m2 g-1

Organic layer thickness = 9.6 Å
QEMSCAN Reservoir rock has larger amount of diff. minerals than outcrop rock. No

Solution
NMR

Reservoir extract:

No.
Difficult to

deconvolute.

1H: alkyl groups, alcohol, ether, halogen, aromatic
13C: C-C alkyl, ether, acid, ketone, primary amine, C−−−C, aromatic
Outcrop extract:
1H: alkyl shifts, alcohol, ether, halogen, aromatic
13C: C-C alkyl, ether, acid, ketone, primary amine, C−−−C, aromatic

XRF

Reservoir rock = greater proportion of major oxides NOT silica,
significantly more Zr. Loss of tin and copper on solvent wash. NoOutcrop rock = significantly more Pb
Loss of some metals on washing

TOF-SIMS

Reservoir and Outcrop have complex MS results No.
Spectra

too
complex.

Reservoir solvent washed has less fragments detected
(low counts) showing successful solvent wash.
Hydrocarbons, ring structures with decreasing saturation,
nitrogen-carbon species present which agree with literature (pyrroles)

TGA-MS

Outcrop raw, outcrop solvent, reservoir solvent = loss of 1.5 wt% Yes. Chemi/
physisorbed,

quantity
removed.

Reservoir raw showed 2.5 wt% loss: more species to remove
MS shows a greater intensity of species from both raw and solvent
washed reservoir rock.

Py-GCMS

Outcrop rock (raw and solvent extracted) showed no peaks eluted.

Yes
Reservoir raw: carbamic acid, heptane, tridecane,
dodecane, tetradecane
Reservoir solvent: carbamic acid, octane, tridecane,
dodecane, tetradecane

Table 4.5: Compilation of results from all techniques used with a key stating whether the
technique will be used for analysis of isolated minerals.
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4) Comparison with Literature

Table 4.6 shows a comparison between the findings in this thesis and how they
compare to literature of the same techniques and similar samples.

Micro-CT appears to underestimate porosity. [217] However, some suggest mercury
porosimetry creates pores that were not originally in the rock structure by
pushing clay out leading to porosity over estimation. [195] QEMSCAN has been used
previously by the oil industry to assess mineralogy distribution and mainly coupled
with micro-CT and NMR to calculate pore lining minerals. [27–30,163] QEMSCAN has
not been used in the way presented in this thesis previously. Solution NMR is not
used to characterise oil, possibly due to the complex nature of crude oil. NMR is
mainly used for porosity and permeability inference. [218–221]

XRF has been commonly used to assess the same bulk minerals in this thesis and the
data presented matches that of the literature. [197] TOC and stable isotope analysis
data also agree with literature. [222,223] Asphaltene extracted from oil was adsorbed
onto stainless steel discs in toluene and analysed via TOF-SIMS. Here, carboxylic
acids, pyrrolic, pyridinic, thiophenic and sulfite groups were observed. [92,224] This
compliments results observed here on the real rock. Similarly, TGA shows a mass
loss similar to that observed on dolomite rock aged in crude oil in the literature. [225]

Finally, Py-GCMS has been used to investigate kerogen origin on source rock,
showing differences based on carbon chain length detected. [226] Carbamic acid that
was observed in this thesis was not observed in literature.
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Technique Finding in thesis Finding in literature Citation

Micro CT 30 % lower porosity
than mercury porosimetry Micro CT underestimates porosity [195,217]

QEMSCAN

Use of QEMSCAN on
bulk mineralogy Similar mineralogy distributions [30,163]

New and novel way
to assess pores

Coupled with micro CT and
NMR to calculate clay pore lining
rather than purely via QEMSCAN

[27–29]

Solution
NMR

Range of functional groups
in all soluble extracts

Not used on soluble extract. Mainly
used for ideal materials or porosity
and structural measurements

[218–221]

XRF Overall % distribution
of minerals

Very similar distributions observed
for major minerals

[197,227]

TOC / stable
isotope)

Outcrop -23 ‰ δ13C Agrees with literature [222]

0.8 % C on reservoir rock TOC 1–10 % on ‘mudstone’ [223]

TOF-SIMS Hydrocarbons, ring structures,
nitrogen containing compounds

TOF-SIMS not used for reservoir rock.
Asphaltene on kaolinite showed
as asphaltene deposit increased,
contact angle on kaolinite increases

[92,224]

TGA-MS 1.5 % organic mass
loss on reservoir rock

2 % organic mass loss on dolomite
aged in model oil

[225]

Py-GCMS Carbamic acid present Kerogen carbon chain length assessed [226]

Table 4.6: Table of findings in thesis and respective comparisons in literature.
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4.12 Future Work

The aim of this study was to characterise the two cores of interest mineralogically
and the organic layer adsorbed on to quartz based reservoir and outcrop rocks, as
it is believed to be adhering to bound oil that inhibits recovery. Understanding the
interactions between (i) the mineral-organic and (ii) organic-crude is intended to aid
enhanced oil recovery in the search for an ideal additive/chemistry to release the oil.
Lab based experiments developed on a small scale to inform use in the field. This
chapter has presented a characterisation of the rock samples and the organics on
them using a wide range of experimental methods, including several never considered
previously. It is found that mineralogy can be extracted from the data. However,
the chemistry of the irreversibly bound organics remains a significant challenge but
there is indication of the chemical nature of the key species.

In the next stage of the work, a number of the methods used in this chapter will be
used to understand what happens in the commercial process of ageing that is used
to try and produce rock samples that mimic real reservoirs by adsorbing species
from crude oil. The simple concept is that the molecules that adsorb underground
to the rock will similarly adsorb onto outcrop rock. In this way, representative
behaviour for testing is achieved. The process aims to capture the ‘real’ system by
using elevated temperature for ageing. However, the key goal is to establish the
correct surface chemistry without having to wait geological periods.

It is not possible to determine the chemical identity of specific molecules present in
the irreversibly bound layer using the methodology adopted so far in this work. The
best approach was to rip molecules off the surface, reducing them to fragments. This
implies they are chemisorbed. Novel methods have been used to assess adsorption
in situ, but without success.

Initially a systematic study is proposed in which approaches already used in the oil
industry to modify rock and characterise which materials are actually deposited are
explored.

1) Ageing of silicon wafers and powders in crude oil

Several selected crude oils with different levels of saturates, aromatics, resins and
asphaltenes (SARA) will be used to soak/age relevant mineral substrates, such as
silicon wafers/quartz substrates, under conditions and durations used commercially.
After a suitable period of ageing and equilibrating, the substrates will be ‘rinsed’ in
a solvent such as toluene, before the organic layer is quantified and characterised.

131



Characterisation of Outcrop and Reservoir Rock

The use of well-defined, flat, and polished silicon wafers should allow more of the
state of the art techniques available to be used.

2) Functionalisation of a quartz sample with small molecules
with relevant chemical groups to generate the model rock

One suggested next step that will not be discussed further in this thesis is creating a
model functionalised rock, assuming you know the key functionality that drives oil
adsorption. One example is adsorption of organic materials to the rock similar to the
silanes. These react with the quartz to give very strongly bound organics. However,
these are considered to be too hydrophobic to represent a comparable surface to the
one of interest.

Hence, a combination of chemical groups on the silanes may present a preferable
approach. This could include some alkyl species to produce some hydrophobicity
but other more polar species to elevate the polarity of the prepared surfaces. Similar
models can be constructed using a blend of thiols on a gold substrate.
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Chapter 5

Understanding the Ageing
Process: Powders

5.1 Background

To help formulate appropriate enhanced oil recovery methods, it is important to test
the formulations on mineral systems that capture the properties of the real reservoir.
Cores can be extracted from reservoirs or outcrop structures. However, extracting
a core from a reservoir requires drilling thousands of feet below the surface and
recovering the core without changing its properties, which is an expensive procedure
and therefore commercially undesirable. Outcrop rocks are much more accessible
and could provide a convenient substitute. The challenge is that the mineralogy
and chemical nature of the cores are generally not the same as the reservoir core,
even thought broadly equivalent strata may be accessed. To try and recapture the
chemistry of the reservoir rock, one might think of repeating the processes that lead
to the surface chemistry of the real reservoir rock (such as cooking the material at
elevated temperature).

However, to capture the real process would take geological timescales. Hence,
outcrop cores are aged within vessels with crude oil at the temperature and pressure
of the reservoir. The ageing process and what the process actually does to the
minerals and their surface chemistry is complex. The complexity is partly due
to the crude oil composition but also the wide variety of minerals that might be
involved.

In this study, the aim is to replicate the ageing process by looking at isolated
mineral samples, rather than in a complex multi-mineral rock. Analysis of organics
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depleted from the ageing crude oil solution and organics adsorbed onto individual
minerals will help understanding of how each mineral interacts with crude oil and
potentially drives wettability changes within the oil well. Recombining the minerals
in appropriate amounts should indicate the expected behaviour of the aged outcrop.
In this work, the key idea is that ageing leads to deposition of chemical species on
minerals that determines their recovery behaviour.

As discussed in the QEMSCAN results (Section 3.8.1), the global mineralogy of the
rock is not actually the material representative of the mineral surface. The surface
mineralogy is where the changes in behaviour due to organic ageing is expected to
occur. Deconstructing the ageing process of the minerals aims to consider minerals
representative of those exposed on surfaces.

This work will focus on substrates of quartz, calcite, kaolinite and mica to capture
most of the mineralogy lining the pores of real rock. The involvement of pretreating
the minerals with low or high salinity water is also investigated to understand how
water impacts organic adsorption from crude oil.

5.2 Crude Oil Characterisation

As discussed in Section 2.1.3, crude oils are very complex mixtures of a range of
chemical components. A full molecule by molecule breakdown would be an immense
amount of work, if even possible. A molecular breakdown would not necessarily
help understanding of the broader behaviour as the next crude oil considered would
have similar complexities. Therefore, general rules are potentially more powerful.
However, it is common to characterise the crude oil composition into classes of
components, particularly by SARA analysis. SARA analysis captures the key
variations of interest without the complexity of a full molecular composition.

In this study, three crude oils are used: high asphaltene content oil from a silicate
well (HA oil), low asphaltene content oil from a silicate well (LA oil) and low
asphaltene content oil from a carbonate well (LA-carb oil). These cover the main
parameters of interest at this stage. This section discusses characterisation of the
three crude oils.

5.2.1 SARA Analysis

SARA analysis of HA oil and LA oil was conducted by BP upon initial acquisition of
the oil. SARA of LA-carb oil was not conducted by BP prior to sending the crude oil
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sample to Cambridge. SARA was re-run for HA and LA oil using the samples sent
to assess any changes between batches and LA-carb was tested at the same time.
The same company and method was used in both cases to reduce any error in the
SARA analysis—as discussed in Section 2.1.3 there are varieties of SARA analysis.
The results for SARA of all three oils is shown in Figure 5.1. Firstly, there is a
similar amount of aromatics are present in all oils (∼26 %). Focussing on HA oil, it
has a lower number of saturates are more resins than LA oil with a similar amount
of resins to LA-carb oil and a significantly greater amount of asphaltenes than the
other oils. This similar amount of aromatics is based on data from BP data and
supported by the re-runs. For LA oil, it has more saturates than both other oils.
Interestingly, the LA oil has low resins in the results from BP, but similar levels of
resins seen when the sample was re-run. There was also a significantly low amount of
asphaltenes. The LA-carb oil shows a middle range of saturates—between the levels
of HA and LA oils—resins of the level of HA oil and significantly lower asphaltene
content.

Figure 5.1: SARA analysis of HA, LA and LA-carb crude oils.

Figure 5.2 shows a difference map comparing the values of the received data for
HA and LA oil versus re-run samples from the sample batch received. For both
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oils, the data show the samples supplied to Cambridge have less saturates, an
increase in resins and an increase in asphaltenes compared to the BP analysis of
the same oils. HA oil shows an increase and LA shows a small (<2 %) loss of
aromatics. The difference between data from BP and re-run samples could be for
several reasons:

Figure 5.2: Difference map of SARA analysis for HA and LA crude oils, data received
from BP and re-run analysis.
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1) Batch-to-Batch Discrepancy

SARA analysis is conducted on the oil that is sent to BP Sunbury from the oil well.
SARA analysis is not conducted in-house; it is outsourced to an external company.
The tests are costly and time consuming due to the steps mentioned in Section 2.1.3.
The SARA data are used for the oil in-house experiments and the same data are
passed on to other researchers who are investigating oil properties. Re-testing of
SARA is rarely conducted. The bottom of a barrel of oil may contain more dense
molecules such as resins and asphaltenes. Ensuring the container is mixed before
decanting is important to retain the same amounts of components, although seldom
performed. Even if a crude oil comes from the same well, there may be variations in
properties as different regions of the well are depleted. In addition, a typical facility
usually pulls fluids from several wells that are mixed below ground. The flow from
different channels can also change over time.

2) Degradation

Crude oil will degrade if exposed to air and light over time. It is unknown if the
sample received was kept under nitrogen during its time at BP Sunbury (therefore
possibly generating different results to the SARA analysis directly from the oil
well). Degradation in the form of oxidation increases the acid content. This is
observed with an increase in total acid number (TAN). The acid content increase
may come as a result of resin/asphaltene cores oxidising and possibly releasing their
long hydrocarbon side chains, resulting in a larger saturates weight %. However,
a larger saturates weight % is not observed. Therefore, a batch-to-batch difference
seems more likely for these samples in this case.

Crude oil samples received in Cambridge from BP Sunbury were all stored under
nitrogen to limit degradation. [194] Whether the difference in SARA analysis comes
from minor degradation from exposure during decanting of crude oil from the main
bottle when pouring or if there is batch-to-batch discrepancy, the above graphs
suggest that SARA analysis must be conducted for the batch of crude oil being
used, irrespective of if SARA has been conducted on oil from the oil well previously.
Any use of SARA analysis in this study will use the values obtained from the rerun
analysis as opposed to data supplied by BP.
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5.2.2 Vanadium and Nickel Content

Vanadium and nickel are two elements of interest in crude oil as they link to kerogen
structures and thus source rock type and deposition environment. [88] Both elements
are reported to appear in porphyrin structures where the nickel or vanadium is a
central atom surrounded by the organic porphyrin backbone. Detection of either
metal ion could suggest porphyrins present. Porphyrin and kerogen-type molecules
are most likely to be present in the high molecular weight resin and asphaltene
fractions. [228] V and Ni are usually reported as a V:Ni ratio. [88,229,230]

Figure 5.3 shows the Ni and V content for all three crude oils run via organic solvent
inductively coupled plasma (ICP) externally by the company SGS Ltd. For HA, LA
and LA-carb oil, the V:Ni ratio is 3.98, 0.48 and 3.29 respectively. The data suggest
it is more likely for HA oil to contain complex kerogen-like molecules as well as
porphyrins compared to the LA and LA-carb oils. This is reinforced by the SARA
analysis above (Figure 5.1) showing lower numbers of resins in LA oil and lower
asphaltenes in LA and LA-carb oil compared to HA oil.

Vanadium and nickel content was also assessed by aqueous solvent (both via different
solutions of 2 % nitric and 2 % piranha solution) ICP-OES (optical emission
spectroscopy) at Cambridge. However, neither element was present in the analysis,
suggesting vanadium and nickel are only dissolved into organic solvents as used in
the above method and hence complexed to organic species.
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Figure 5.3: Nickel and vanadium content of crude oils.
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5.2.3 Elemental Analysis

CHN elemental analysis was conducted on the crude oils and is shown in Figure
5.4. Carbon levels for HA and LA oil are similar (∼85 %) whereas the carbon for
LA-carb oil is significantly lower (67 %). Hydrogen and nitrogen levels are shown
on the right-hand y-axis: for hydrogen, LA oil has 1 % more hydrogen than HA oil,
and HA oil has 1 % more than LA-carb oil. The nitrogen levels for HA and LA oil
are the same, whereas LA-carb oil has almost 6 times the nitrogen content. The
nitrogen content is of interest as asphaltenes are thought to drive wettability on oil
and asphaltenes contain heteroatoms such as nitrogen. Nitrogen is also present in
porphyrins. Porphyrins can have a nickel or vanadium central atom, and may bind
to surfaces via the metal ion or possibly via van der Waals interactions with the
nitrogen. More nitrogen suggests more porphyrins; however, considering Figure 5.3
and Figure 5.4 although HA oil has a high amount of nickel and vanadium, it does
not have a high nitrogen content, suggesting the metals may not be present solely
as porphyrins. Nitrogen can also be present in a range of forms, such as pyridines,
pyrroles and carbazoles. [66,92,231,232]

Figure 5.4: C, H and N content of crude oils.

Interestingly, CHN analysis only accounts for 95.97, 98.27 and 77.65 % of the weight
% content of HA, LA and LA-carb oil respectively. For HA and LA oil one would
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assume the remaining percentage might consist of heteroatoms (O and S), halides
(F, Cl, Br and I) and metal atoms. Accounting for LA-carbs missing 22.35 %
of chemistry is more difficult. However, given the high resin content (25 %), a
substantial amount of the weight % could be found in the resin structure through
heteroatoms and metals.

To determine the number of rings and π-bonds of an organic species with a known
molecular formula, a calculation that analyses the degree of unsaturation, also known
as the double bond equivalent (DBE), is used (Equation 5.1). [233] DBE for HA, LA
and LA-carb are shown in Table 5.1.

DBE = (a + 1) − b − c + f

2

= C − H

2 − X

2 + N

2 + 1

(5.1)

where

a = number of carbon atoms in the compound

b = number of hydrogen atoms in the compound

c = number of nitrogen atoms in the compound

f = number of halogen atoms in the compound

Oxygen and other divalent atoms do not contribute to the degree of unsaturation,
as 2 - 2 = 0.

If the exact molecular formula is unknown, a second way to compare organics
that was devised for this study is via the degree of saturation (DoS)—how many
protons surround a carbon or nitrogen atom. This is different from a DBE where
C−−C bonds are considered. Equation 5.2 shows how the DoS is calculated. This
equation takes into considering the quantity of hydrogen as a function of carbon
and nitrogen content. Methane would have a DoS of 4 (maximum) and a porphyrin
or benzene ring has a saturation level of 1. Table 5.2 shows common molecular
components of the crude oil in this study and their DoS and unsaturation (DBE)
levels. Importantly, although the model asphaltene displayed in Table 5.2 shows a
very high DBE due to the polyaromatic backbone, the DoS is higher than that of
benzene due to the hydrocarbon side chains. DoS for HA, LA and LA-carb are shown
in Table 5.1. This result suggests all oils contain significantly more polyaromatic
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Oil DBE DoS
HA 1.67 0.59
LA 1.78 0.55

LA-carb 1.85 0.53

Table 5.1: DBE and DoS values for crude oil, assuming CHN results produce one fragment.

molecules than long chain hydrocarbons. Obviously this result does not consider
other hydrogen binding elements such as oxygen, sulfur or halogens as the focus is
on C, H and N content, which is a contributing factor to the low DBE value in Table
5.1.

Degree of Saturation =

(
wt%Hsample−wt%Hinitial

HRMM

)
(

wt%Csample−wt%Cinitial

CRMM

)
+

(
wt%Nsample−wt%Ninitial

NRMM

)

= ∆wt%H

∆wt%C + ∆wt%N

(5.2)

Overall, elemental CHN analysis reveals some significant differences in carbon and
nitrogen content that could lead to understanding what is binding on the surface.
The levels of degree of saturation suggest similar polyaromatic molecules dominate
all the oils considered here.
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Ratio Molecule Formula RMM /
g mol-1

Degree of
Saturation

Double Bond
Equivalent

CnH2n+2 C5H12 72 2.40 0

CnH2n C5H10 70 2.00 1

CnH2n-2

C6H10

C10H18

C4H6

82.1

138.2

54.1

1.67

1.80

1.50

2

CnHn C6H6 78 1.00 4

Polyaromatic C12H9N1 167 0.75 9

Porphyrin C20H14N4 310.12 0.70 16

Asphaltene C49H61NOS2 744.15 1.24 20

Table 5.2: Structures and values of common molecules with their DoS and DBE.
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5.2.4 High Resolution Mass spectrometry

High resolution mass spectrometry (HRMS) is a recent technology that has been
utilised by BP to assess the content of the crude oil. Here, crude oil is dissolved into
xylene or toluene and run through the MS. The main use for HRMS is investigating
extractions of solvent washes of aged samples (solvent washes are discussed in Section
5.3). The principle benefit is that the very high resolution of m/z means that organic
species can be readily and unambiguously identified.

HRMS is able to establish the identity of essentially all the species that can
be visualised in different ways such as by carbon number, DBE and ratios of
NOS. [55,56,94,234] It has been used in this study to investigate molecules removed by
solvent washing of substrates after ageing. Due to access limitations, only organics
exposed to mica were investigated.
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5.3 The Ageing Process

Figure 5.5 shows the schematic for the ageing process. Crude oil was stored at room
temperature under nitrogen prior to use. The substrate (15 g powder or 15 flat
substrates)—pretreated with (1) ultrapure 18 MΩ.cm or (2) brine (Table 5.3) or (3)
no pretreatment—was loaded into a 100 mL glass bottle fitted with a PTFE cap.
Within a nitrogen purged glove bag, room temperature crude oil (∼20 mL) was
added and the bottle purged with a stream of nitrogen using a seal and needle for
60 seconds to produce a positive pressure within the bottle. The bottle was sealed
and placed in an oven at 70 ◦C for the allotted time.

The standard operating procedure for crude oil ageing of minerals in industry
requires removal of old crude oil and fresh crude oil to be added to the system
every week—this is suggested to promote adsorption of any components that have
not already adsorbed. One idea is that a component adsorbs initially, for example
asphaltenes, and this is depleted in the initial crude oil. Subsequent crude oil
replenishments would contain more asphaltene and would adsorb more until a
plateau is reached. [20,100,235]

Figure 5.5: Schematic of ageing process.

Salt g / L
CaCl2 · 2 H2O 13.2051
MgCl2 · 6 H2O 2.0075

KCl 0.7436
NaCl 57.8840

Table 5.3: Composition of brine.

To replenish the crude oil, the sample bottle was opened in a glove bag and excess
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crude oil supernatant was removed and stored in a vial under nitrogen. If required, a
sample of substrate (2 g powder or 3 flat substrates) was removed too. Fresh crude
oil was added—enough to cover the substrate (∼5 mL)—and the bottle resealed
under the stream of nitrogen as described above.

Extracted aged substrates were washed in toluene to remove any bulk oil remaining.
When the toluene ran clear, the substrate was washed in fresh methanol until the
washings ran clear. The washings of fresh toluene followed by fresh methanol were
continued until each solvent had been run through the sample nine times. Samples
were air dried before being stored. Any extracted samples (liquid, powder substrates
or flat substrates) were stored under nitrogen until analysis was conducted.
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5.4 Ageing Particles

A number of analytical methods were used to characterise the adsorption. In some
cases, quantification of amount of material bound to a surface is assessed. To
facilitate that measurement and have a significant absolute amount to measure,
it is usually convenient to use high surface area powders. In contrast, other
characterisation techniques (SFG, AFM and DSA) to be considered, require a large,
single flat substrate surface. This section is focussed on the results from particles
that were aged in crude oil. Section 6.1 discusses results from flat substrates.

5.4.1 Bare Particle Characterisation

Prior to characterisation of the materials after various stages of ageing, it is
important to characterise the bare starting materials, which is described below.

CHN

Figure 5.6 shows the CHN results for quartz, calcite, kaolinite and mica particles
used for ageing.

Calcite has a significant amount of carbon present, However, a large amount of
carbon is expected from the inorganic carbon (12.0 %) within the crystal structure
from the carbonate ion. Given that this amount of carbon is observed, it can be
implied that there are no other significant carbon contaminants. There was no
significant nitrogen or hydrogen in the calcite sample.

Kaolinite also indicates hydrogen present. This is in good agreement with
expectations, although 0.4 % less hydrogen is observed than expected from the
archetypical structure Al2Si2O5(OH)4 (1.5 %). This is attributed to small variations
typical of a naturally occurring mineral. There is no evidence of other significant
contaminants.

Mica CHN data indicate hydrogen again in very similar amounts to that expected
from the structure KAl2(AlSi3O10)(OH)2 (0.5 %), although again slightly less by
0.2 %, attributed to natural variations of a mineral. There is no evidence for other
contaminants.

Quartz CHN data is found to contain hydrogen, attributed to surface silanol
groups and small carbon contamination (0.2 %) with no formal origin, attributed to
atmospheric impurities. No nitrogen content is evident within the precision of the
measurement.
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Figure 5.6: CHN of quartz, calcite, kaolinite and mica used for crude oil ageing.

BET

Table 5.4 shows the specific surface area of these powdered substrates determined
by BET analysis and adsorption of nitrogen for quartz, calcite, kaolinite and mica
particles used for ageing. Given the manufacturer data for quartz of diameter 1.0
µm and knowing the density of quartz is 2.65 g cm-3, a specific surface area of 2.26
m2 g-1 is expected. [236] The measured value is 2.4 m2 g-1, showing the data is in good
agreement with manufacturer data.

It is important to note that the quartz used in this study is monodisperse, spherical
and non-porous—removing porosity removes the opportunity for molecules to adsorb
within the pores and become trapped via capillary forces rather than chemical
adsorption. Molecules trapped by in pores, rather than chemically adsorbed, would
give false results when combusting samples to determine the amount of organic
species irreversibly bound.
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Substrate BET Surface
Area / m2 g-1

Quartz 5.04
Calcite 18.20

Kaolinite 7.99
Mica 1.87

Table 5.4: BET surface area of quartz, calcite, kaolinite and mica.
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5.4.2 Ageing Quartz

This section summaries the elemental analysis results from the exposure of quartz
to the three crude oils of interest, with and without aqueous pretreatment and over
an extended ageing period of up to 6 weeks. As outlined in Section 5.3 above, these
experiments exposed a powdered substrate to these fluids/pretreatments at 70 ◦C
under nitrogen. The resulting aged solids were separated by filtration and washing
with toluene and methanol and characterised by CHN elemental analyses. The data
presented here are the elemental analyses of the aged powdered quartz and any
adsorbed layer it has gained as part of the ageing process.

CHN Analysis of Quartz

1) HA Oil

Figure 5.7 shows the elemental carbon results for quartz aged in HA oil with and
without the pretreatments (see Section 5.3 for the details of these treatments).

1.1) Untreated Substrate
Figure 5.7 shows that for the untreated quartz overall there is a significant rise in
carbon content over the ageing process.

There is a very small amount of carbon (0.2 %) in the original quartz (attributed
to impurities of the sample and/or adsorption of adventitious carbon from the
atmosphere). There is a 0.5 % increase in carbon from the starting material to
the 1 week aged quartz and further increase until the data may indicate a plateau
at 4–6 weeks. The plateau corresponds to 1.4–1.6 % carbon. This value and the
specific surface area of the powdered quartz can be used to estimate the organic
layer thickness. The specific surface area of quartz used is 5 m2 g-1, therefore a 1.4
% carbon content of a 100 g sample corresponds to 1.4 g of carbon (0.117 moles)
on 500 m2. Hence, there are 0.00023 moles m-2 or 1 Å2 per carbon. The van
der Waals radius of a carbon atom is 1.7 Å (or a footprint area of 9 Å2 atom-1).
Hence, there is approximately a 10-atom thick layer. This is a very crude estimate
of the layer thickness and assumes the carbon is spread uniformly across the whole
exposed quartz surface. Hence, it can be concluded that the adsorbed materials
is comparable to molecular dimensions, approximately a molecular monolayer, or
slightly more.

This crude oil, HA, has been confirmed to have a reasonably high asphaltene content.
These molecules have often been associated with adsorption and surface activity,
which is in good agreement with the results presented here. [82,85,237]
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Figure 5.7: Carbon analysis of quartz, aged in HA oil, with pretreatments (no
pretreatment, DI water or brine). Error shows standard deviation of 2–3 repeats. Dotted

lines are added to guide the eye between starting substrate and aged substrate.

Interestingly, this result agrees with the CHN result from the estimated thickness
on the as received reservoir rock that also suggest the presence of an adsorbed layer
of approximately molecular dimensions (Section 4.7.1). In this sense, this approach
appears to be successful for recreating aspects of a real core.

1.2) Treated Substrate
The data in Figure 5.7 show that after quartz is treated with DI or brine, the amount
of carbon present does not change significantly (given the size of the error bars).
There is a slight rise after the first week of ageing, but this is only slightly above the
estimated error and hence it is assumed this is not statistically significant.

This is an interesting, possibly unexpected and significant result. One might have
expected these crude oils to be very ‘sticky‘ and would adhere to any solid surface
they are exposed to, particularly if for a significant period. Hence, it must be
concluded that the water, with or without added salts prevents the adhesion of the
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crude oil.

The surface nature and charge of quartz is discussed in Section 2.3.2. Given the
strongly hydroxylated nature of the surface, one might expect that quartz would
rather be in contact with water than oil. Generally, quartz-based sandstones are
begin as water-wet. This confirmed later in the chapter (Section 5.5) with Castlegate
and Berea sandstone outcrop spontaneously imbibing water whilst untreated. It is
therefore not surprising that the pretreatments of DI and brine have caused no oil
to bind to the quartz surface: water binds first, repelling the hydrophobic oil, and
causing no further binding even after a 6 week ageing period (Figure 5.8).

Figure 5.8: Schematic of water binding onto quartz and preventing crude oil binding.

However, this simple picture may not capture the complexity of the crude oil, which
is expected to contain a good number of hydrophilic groups (fatty acids, alcohols etc.)
that might have been expected to bind to the quartz substrate. The results presented
here suggest these functionalities cannot outcompete the presence of water. This
may also be a concentration effect: adsorption tends to increase when more of a
species is present and there will be a lot of water.

Without exposure to water, the quartz surface would rather be covered by any
condensed phase than nothing. Considering only van der Waals forces, the number
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of interactions is much higher for the quartz in contact with the crude oil than with
air/gas. Hence, adsorption of the crude oil is observed on the untreated quartz.

An important note of caution is that the CHN analysis is not able to detect very
small amounts of adsorbed layers compared to the bare initial substrate if the
amount is smaller/comparable to the inherent error of the method. The data above
demonstrate detection of a molecular layer of a few atoms thick. However, the
presence of smaller amounts of organic (estimated to be a third of a monolayer)
cannot be excluded.

2) LA Oil

Figure 5.9 shows the CHN carbon results for quartz aged in LA oil with and without
pretreatments. HA oil data are included for comparison. LA oil is an oil from a
silicate well and, importantly, has relatively low asphaltene content compared to HA
oil.

Figure 5.9: Carbon analysis of quartz aged in HA or LA oil, with pretreatments (no
pretreatment, DI water or brine). Error shows standard deviation of 2–3 repeats. Dotted

lines are added to guide the eye between starting substrate and aged substrate.
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The untreated quartz shows a significant percentage of carbon adsorbing to the
quartz even after one week. Interestingly, there is not a statistically significant
rise with further ageing time. This contrasts with the more asphaltenic HA oil
crude, which kept adsorbing until 4–6 weeks. This suggests that the asphaltenic
components are important in long term, high levels of adsorption.

It is interesting to consider why the HA oil takes so long increase the adsorbed
amount and then reach a plateau. It is easier for a small molecule to diffuse through
a liquid and adsorb to a surface compared to a large molecule (asphaltene). A
combination of the results from HA and LA oil might suggest a mechanism where
lighter molecules (long chain hydrocarbons, saturates, the smaller of the SARA
group) can more easily diffuse through the oil and bind to the surface first. This is
followed by asphaltenes, which are bigger and slower and adsorb preferentially over
time, where present in the oil. Figure 5.10 shows a crude mechanism. As outlined in
the introduction, larger molecules tend to adsorb preferentially due to the entropic
gain from release of several solvent molecules. This method could be proved with
model crude oil that contains smaller long chain fatty acids or alkanes and model
asphaltenes from literature. [64]

The data in Figure 5.9 also show that the amount of carbon adsorbed for the DI and
brine pretreated quartz is essentially unchanged from the original quartz. This is
similar behaviour to that observed with HA oil. Hence, it again can be hypothesised
that the hydrophilic nature of the quartz surface preferentially adsorbs the water
over the crude oil components, even though they may have some polar groups. This
is again subject to the sensitivity caveat that very small, sub-monolayer amounts
may not be detectable relative to the experimental error.

3) LA-carb Oil

Figure 5.11 shows the CHN carbon results for quartz aged in LA-carb oil. The data
for HA and LA are included for ease of comparison. Similarly to the untreated
aged quartz previously discussed, the untreated quartz aged in LA-carb oil (pink)
shows an adsorbed amount that is consistently above zero, from week 1 onwards.
The data show a trend matching the low asphaltene content LA oil, although
with a slightly lower adsorbed amount than LA oil. This may not be considered
surprising, hypothesising that asphaltenes are key to adsorption, as SARA results
for LA-carb oil also showed a low asphaltene content, similar to LA oil. There are
some fluctuations in the carbon content, e.g. at week 6, however this is comparable
to the error, and this is not considered a significant feature here.
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Figure 5.10: Example of molecules binding on to quartz surface. Initially, smaller
molecules diffuse through crude and adsorb. Overtime, more entropically favoured larger

molecules adsorb to the surface.

For the DI and brine pretreated quartz in LA-carb oil (light red and dark red):
these samples show a small fluctuation of carbon content around ‘zero’. Values for
DI pretreated (light red) show no significant change in carbon content compared
to the starting material. This is in very good general agreement with pretreated
samples for HA and LA oil discussed above. The brine pretreated (dark red) data
show a fluctuation/increase at week 2 followed by a return to the starting material
value at week 4. Hence, the week 2 data is attributed as a statistical anomaly and
this is not contributing to any significant adsorption changes.

Considering all 6 samples pretreated with water or brine to represent a constant
level corresponding to zero additional carbon, this suggests that the fluctuation in
the data is around 0.2 %.

This 0.2 % level is the level at which any small amount adsorbed would be taken as
equal to zero. In fact, there may be a small amount of organic adsorbed, but it is
not considered statistically significant with regards to elemental analysis data.
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Figure 5.11: Carbon analysis of quartz aged in HA, LA or LA-carb oil, with pretreatments
(no pretreatment, DI water or brine). Error shows standard deviation of 2–3 repeats.
Dotted lines are added to guide the eye between starting substrate and aged substrate.

4) Degree of Saturation

This section considers the C:H ratio determined by elemental analysis of the aged
rock/organic samples as an indication of the nature of molecules that adsorb,
particularly the degree of saturation. As outlined in section 5.2.3 a C:H ratio can
vary from approximately 2.4, which indicates a saturated hydrocarbon, whereas 0.6
is typical of fused polyaromatic systems/asphaltenes. The difficulty with the data
presented here is that the changes to be measured are relatively small, and this can
lead to large, unphysical, apparent variations in the C:H ratio. Hence, the data and
interpretation in this section should be treated with some caution.

Figure 5.12 shows the degree of saturation of the organics adsorbed on untreated
quartz from ageing in HA, LA and LA-carb oil. Importantly, it is noted that DI
and brine pretreated samples are not included in this data. This is due to results
discussed above where it is concluded that water preferentially binds to the surface
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preventing a significant amount of the organics from sticking. Hence, it is not
possible to discuss the C:H ratio of organics that are not present. Similarly, there is
also the possibility that any amount of water present on the surface (H containing)
will also confuse any estimate of the C:H ratio that is otherwise attributed to any
organics present.

Figure 5.12: Degree of saturation for untreated quartz in HA oil (blue), LA oil (green) or
LA-carb oil (pink).

Note that TGA data may be used to identify bound water considering the mass loss
below 100 ◦C may be assumed to be water. This value would need to be subtracted
from the CHN hydrogen, to produce organic hydrogen. A similar concept regarding
organic carbon is discussed for calcite in Section 5.4.3 to separate inorganic and
organic carbon. However, as noted here, in the presence of water pretreatment, the
water prevents any significant binding of the organics.

Figure 5.12 indicates that the data for HA (blue line) is in the range 0–1 saturation
level essentially independent of ageing time. This saturation value is typical of
benzene ring species. This is slightly different from what might have been expected
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Outcrop
Rock

Outcrop
Solvent

Reservoir
Rock

Reservoir
Solvent

DoS 23 11 2 7
DBE 0.98 0.99 1.00 1.00

Table 5.5: Degree of saturation and double bond equivalent for outcrop and reservoir rock
in Chapter 4 normalised to take into account hydrogen-containing minerals.

from adsorption of an asphaltene poly aromatic ring (more C to H). However, a
real asphaltene is usually a combination of aromatic cores and alkyl side groups.
Hence, this saturation level may not be unreasonable and could be consistent with
the deductions made above.

Considering solvent washed outcrop and reservoir rock characterised in Chapter
4, the expected DoS is 11 and 7 respectively (Table 5.5). This value is
significantly higher than the expected value for highly polyaromatic molecules such
as asphaltenes. However, the as untreated reservoir rock shows a DoS of 2 that
relates to alkene-type molecules. This shows the model aged quartz may be able to
replicate some of the functionality present on real reservoir rock.

Figure 5.12 indicates that data for LA-carb oil (pink) are also in the range of 0–1
saturation level typical of that associated with a benzene rings. The point at 4
weeks is very low and unphysical and can only be attributed to experimental error.
Similarly, to the HA data, this is consistent with asphaltene adsorption suggested
by elemental analysis above.

The LA oil data (Figure 5.12, green) show values that are much more dispersed than
expected with very high and a negative value. Due to the way degree of saturation
is calculated, a negative value suggests there is less hydrogen on the substrate than
at the start. For quartz this might be explained by formation of Si−O−Si bonds,
from SiOH formed via the release of H2O.

The peak at 2 weeks ageing time is above a degree of saturation of 4. This suggests
more hydrogen is present on the substrate than would be if a fully saturated
hydrocarbon were on the surface (notionally the upper extreme of the range of
possible values). This may be attributed to additional water content, although none
was specifically added.

In summary, although the majority of the data generally support the hypothesis
that asphaltenic species may dominate the adsorption, there is very significant
uncertainty in this conclusion. Although it can be rationalised for both the very high
and negative values, it is considered unlikely that a single system would oscillate
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so dramatically in this way with steady aging. Hence, at this stage definitive
conclusions about the unsaturation of the adsorbed species cannot be drawn from
this data.

5) Double Bond Equivalent

The method for calculating DBE is shown in Section 5.2.3. Figure 5.13 shows the
DBE for untreated quartz aged in HA, LA or LA-carb oil. All values are at ∼0.6,
which is between a saturated hydrocarbon and a single double bond containing
alkene. This result is somewhat unexpected as the previous CHN data suggest more
organic adsorbing over time for untreated quartz in HA oil (possibly via diffusion of
smaller molecules before larger molecules adsorb). However, the DBE data does not
show an increase in molecule complexity over time. DBE shows molecules remain
the same complexity and level of hydrogen deficiency throughout the 6 week ageing
duration.

Figure 5.13: Double bond equivalent for untreated quartz in HA oil (blue), LA oil (green)
or LA-carb oil (pink).
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Comparing the DBE of model quartz aged in crude oil to the values of outcrop and
reservoir rock in Chapter 4, Table 5.5 shows the DBE of both as received and solvent
washed samples is at 1, which is that of alkenes. This is slightly higher than the
model values. However, it is in very close agreement with suggested molecule-types
present.

6) Nitrogen

Figure 5.14 shows the amount of nitrogen adsorbed onto quartz aged in HA, LA,
or LA-carb oil. Note that the values are rather small but do appear to be larger
than the experimental uncertainty. The DI or brine pretreated samples have again
been omitted as there is very little organic adsorbed. For HA oil (blue) there
is a pronounced elevation in the amount of nitrogen relative to the starting bare
substrate. Once this amount is adsorbed, there is no statistically significant change
over time.

The data in Figure 5.14 for LA oil (green) indicates a clear increase in the adsorption
of nitrogen over the bare substrate. Interestingly, there is rather little adsorption
after one week and only after 2 weeks is there some suggestions of adsorption and
a plateau. It is interesting to speculate why there is a delay in nitrogen adsorption
when the carbon content rises immediately. This suggests an exchange is occurring
at the surface with initial adsorption of species with rather little nitrogen adsorbing
first, followed by exchange for species with more nitrogen. This may suggest initial
adsorption of one species followed by another with time.

Figure 5.14 indicates that the LA-carb oil (pink) shows an initial adsorption evident
after one week. There is some suggestion of a further rise after 6 weeks. However,
caution should be taken when basing a significant conclusion on a single data point,
although error is of standard deviation of three repeats. The increase at 6 weeks
may indicate further adsorption or exchange of non-nitrogen containing species for
nitrogen containing species with time. It is not obvious why this is expected to
occur after 6 weeks and not as a gradual exchange over time.

To rationalise the behaviour above, surface chemistry can be considered. The quartz
surface has a negative charge at the pH of crude oil (pH 9–11). However, technically
water should be present to impact the surface deprotonation of the SiOH groups.
There are several forms for nitrogen in the crude oils. Most significant here is
that several forms are cationic. Hence, it is anticipated that nitrogen adsorbed
onto the quartz surface will be in the form of a quaternary amine or other cationic
functionality such as pyridinium ion. These groups may be found in both alkyl and
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Figure 5.14: Nitrogen analysis of quartz aged in HA, LA or LA-carb oil, with pretreatments
(no pretreatment, DI water or brine). Error shows standard deviation of 2–3 repeats.
Dotted lines are added to guide the eye between starting substrate and aged substrate.

aromatic crude oil species.

The asphaltene and aromatic content of HA is greatest of all the oils in this study and
show the most carbon, hydrogen and nitrogen adsorbed. LA and LA-carb oil have
similar asphaltene contents and if asphaltene content was the dominant influence
they would be expected to be similar. However, the LA-carb oil has more resin by
7.3 % (as a reminder, resins are similar to asphaltenes as they are similarly doped
with heteroatoms) and fewer saturates by 7.5 %. This could explain the increase in
nitrogen at the end of the process, considering the suggested mechanism: smaller
saturates are diffusing and adsorbing first, followed by larger molecules that in this
case are resins.

Table 5.6 shows a comparison of the nitrogen content of adsorbed organics after 6
weeks to the nitrogen content in the crude oil. The weight % for nitrogen adsorbed
onto quartz aged in HA oil is 3.7 times greater than the weight % of nitrogen in
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Oil Nitrogen
in oil / weight %

Nitrogen
on substrate / weight % Increase

HA 0.16 0.61 x3.7
LA 0.16 0.27 x1.7

LA-carb 1.00 0.85 x-0.2

Table 5.6: Comparison of nitrogen in crude oil and adsorbed onto quartz after 6 weeks.

HA oil. This suggests molecules containing nitrogen preferentially bind onto quartz.
An increase in amount of nitrogen adsorbed compared to LA oil is seen, where 1.7
times the content is adsorbed. Interestingly, the LA-carb shows slightly less nitrogen
adsorbed than what is present in the starting LA-carb oil, contradicting the possible
mechanism of nitrogen containing molecules preferentially binding.

Overall, the nitrogen data enable a conclusion that nitrogen containing molecules
do adsorb. However, they do not appear to drive initial adsorption of the organics:
carbon containing molecules adsorb before nitrogen molecules adsorb. An increase
in nitrogen does not translate as an increase in carbon content. If nitrogen drove
adsorption, the carbon and nitrogen data would show a similar rate of increase.

7) Conclusions

For ageing quartz in crude oil the following conclusions can be drawn:

• Carbon species adsorb when water is not present.

• Water (DI or brine) out competes the organics for the quartz surface.

• Nitrogen containing species adsorb but do not direct initial carbon species
adsorption.

• Degree of saturation suggests aliphatic amines adsorb.
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5.4.3 Ageing Calcite

This section summaries the elemental analysis results from the exposure of calcite
to the three crude oils of interest, with and without aqueous pretreatment and over
an extended ageing period of up to 6 weeks. As outlined in Section 5.3 above these
experiments exposed a powdered substrate to these fluids/pretreatments at 70 ◦C
under nitrogen. The resulting aged solids were separated by filtration and washing
with toluene and methanol. The data presented here there are elemental analyses
of the aged powdered calcite and any adsorbed layer it has gained as part of the
ageing process.

CHN Analysis of Calcite

1) HA Oil

Figure 5.15 shows the elemental carbon results for carbon aged in HA oil with and
without the pretreatments.

Disentangling carbon content from carbonate and adsorbed
organics:

From initial analysis of HA oil ageing, around 13 % carbon is present in the untreated
(no water exposure) samples, whereas DI and brine treated contain 12 %. However,
the elemental carbon results for calcite will include both the organic and inorganic
carbon: organic carbon from any adsorbed organics and inorganic carbon from the
carbonate ions of the bulk crystal. The two can be deconvoluted using TGA. The
schematic Figure 5.16 presents representative TGA data from an aged calcite sample.
The decomposition of calcium carbonate into carbon dioxide and calcium oxide
(Equation 5.3) occurs at a known temperature (700–800 ◦C). The data in Figure
5.16 show a series of significant falls in sample mass. Each of these are attributed
to loss of some component from the sample on heating. Here it is assumed that the
decreases in mass over the temperature range 50–100 ◦C are attributed to weakly
bound water, from 100–550 ◦C are adsorbed organics desorbing/decomposing and
from 700–800 ◦C is the decomposition of calcium carbonate.

To estimate the amount of carbon in the sample the stoichiometry of the
decomposition reaction is used, in Equation 5.3 below. Hence, the fall in mass
over the calcite thermal decomposition range is stoichiometrically related to the
amount of CaO that remains and hence the original amount of CaCO3.

Employing the weight % change from the decomposition of calcium carbonate,
the total inorganic carbon can be calculated (Equation 5.4). Subtracting this
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Figure 5.15: Total carbon of calcite, aged in HA oil, with pretreatments (no pretreatment,
DI water or brine). Error shows standard deviation of 2–3 repeats. Dotted lines are added

to guide the eye between starting substrate and aged substrate.

experimentally determined value of the inorganic carbon in the sample from total
carbon measured in the elemental analysis, the organic carbon content can be
determined.

CaCO3 −−→ CaO + CO2 (5.3)

Total carbon = (inorganic carbon) + (organic carbon) (5.4)

The amounts of organic carbon in our samples and the variation with treatments
and ageing can be determined via this approach. Note that the amount of inorganic
carbon will always be very large as this is a very big fraction of the substrate mass.
However, the data and analysis do seem to indicate some interesting observations.
Figure 5.17 shows the organic carbon data for calcite aged in HA oil with and
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Figure 5.16: Schematic of TGA data showing decomposition of calcium carbonate with
bound organics and water. TGA is used to deconvolute elemental analysis data and

determine organic carbon and organic hydrogen values.

without pre-treatments (calculated using the TGA data as discussed above).

1.1) Untreated Substrate

The data in Figure 5.17 show that after untreated calcite is aged in HA oil there is
a significant rise in organic carbon content over the ageing process.

There is a very small amount of organic carbon in the original calcite (0.2 %),
which is similar to the levels seen in the quartz starting material used, attributed
to a small error in the calculation of the organic carbon content, impurities of the
sample and/or adsorption of adventitious carbon from the atmosphere. There is a
1.0 % increase in carbon from the starting material to the 1 week aged calcite and
further increase to a potential plateau at weeks 2 and 4. There may be a small
further increase at week 6, although this may be comparable to the plateau value
at weeks 2 and 4, possibly indicative of one long plateau (Figure 5.17, red dashed
line). The final organic carbon value (6 weeks) is 2.3 %. The specific surface area
of the calcite used is 18 m2 g-1. Therefore, 2.3 % organic carbon content of a 100
g sample corresponds to 2.3 g of carbon (0.192 moles) on 1800 m2. Hence, there
are 0.00011 moles m-2 or ∼0.5 Å2 per carbon. The van der Waals radii of a carbon
atom is 1.7 Å (or a footprint area of 9 Å2 per atom). Hence, there is approximately
a 5-atom thick layer. This result is approximately half the estimated thickness
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Figure 5.17: Organic carbon of calcite, aged in HA oil, with pretreatments (no
pretreatment, DI water or brine). Error shows standard deviation of 2–3 repeats. Black
dotted lines are added to guide the eye between starting substrate and aged substrate.

Red dotted lines are to guide the eye to a suggested plateau.

of the layer on quartz (Section 2.3.2). It must be stressed that these are indicative
calculations only. A lower amount adsorbed compared to the quartz discussed above
could be due to the lower surface energy of calcite compared to quartz, resulting in
weaker molecular interactions and more easily removable molecules during solvent
washing. [238,239]

1.2) Pretreated Substrate

Figure 5.17 also presents the organic content for the calcite with pretreated with DI
water or brine. DI and brine pretreated calcite aged in HA oil shows no significant
organic carbon adsorbing. However, it could be suggested that after 6 weeks the
brine pretreated sample begins to adsorb a small amount of organic carbon. This
result may not be statistically significant as previous data from quartz has shown a
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potential for 0.2 % error in the measured amount of carbon. Hence, there would be
no increase in carbon compared to the starting material. Overall, less organic carbon
adsorbs onto DI or brine pretreated calcite compared to untreated calcite.

The surface nature and charge of calcite is discussed in Section 2.3.3. Given that
the calcite surface will be populated with calcium hydroxide, it would be expected
to interact preferentially with water compared to oil. [240]

Similarly to quartz, it is not surprising that the water (DI and brine) pretreatments
have prevented oil binding to the calcite surface. This supports the mechanism
outlined above, where water binds first and repels the hydrophobic oil (Figure
5.18).

Figure 5.18: Schematic of water binding onto calcite and preventing crude oil binding.

2) LA Oil

Figure 5.19 (a) shows the total carbon from elemental analysis. The untreated
calcite stays at the same carbon content level until week 6 where it increases by 0.2
%. DI pretreated calcite shows a sharp increase at week 2 (+0.3 %) and tends to a
plateau for following weeks. The brine pretreated calcite starts off with significantly
less carbon content after week 1 and 2 by -0.3 %, before increasing to +0.2 and a
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further +0.25 % in week 4 and 6 respectively.

Figure 5.19 (b) shows the organic carbon content of calcite aged in LA oil,
normalised by TGA data. There is a similar trend and profile to those observed
in the non-normalised data: untreated calcite has a very small increase in carbon
content after 6 weeks, DI pretreatment tends to a plateau after week 2 and brine
pretreatment suggests loss of carbon initially before an increase and flattening out
to form a plateau.

Figure 5.19: (a) total carbon and (b) organic carbon on calcite aged in LA oil, with
pretreatments (no pretreatment, DI water or brine). HA oil is included for reference.
Error shows standard deviation of 2–3 repeats. Black dotted lines are added to guide the

eye between starting substrate and aged substrate.
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There may be adsorption for all calcite samples aged in LA oil, but the amount
adsorbed is less than untreated calcite in HA oil that contains asphaltenes (Figure
5.19 (b)). Asphaltene content in HA oil is over six times greater than in LA oil.
The amount adsorbed by untreated calcite in HA oil compared with all three calcite
samples aged in LA oil is four to five times higher. This suggests the amount
of asphaltene in the crude oil is almost proportional to the amount of adsorbed
organics.

The increased carbon content for DI and brine pre-treated calcite suggests water
may play a role in aiding adsorption of organics on calcite. This could occur via the
equilibrium between bicarbonate surface groups and protons in water that will lead
to an emission of CO2, which may explain the initial drop of carbon content with
DI pretreatment. The initial sharp increase from brine pre-treatment suggests ions
accelerate the organic adsorption process, possibly via ion bridging that outcompetes
the complex aqueous solution equilibria of calcite. [94,241,242] This effect could be
argued to be seen in the brine treated sample aged in HA oil.

3) LA-carb Oil

Figure 5.20 (a) shows the total carbon from elemental analysis and Figure 5.20 (b)
shows the organic carbon deduced with parallel TGA data. Both sets of LA-carb
carbon data show similar trends when compared to each other. Interestingly, all
values are below the starting content of the calcite substrate. The untreated calcite
begins with a loss of carbon on week 1 and this tends to a plateau, totalling a loss
of 0.5 % carbon. DI and brine pre-treated carbon also begins with a loss, but it is
far greater at almost 1.5 %; This loss is sustained throughout the ageing process.
A loss in carbon content must be due to a loss of carbonate anions in the calcite
(the only source of carbon in the original material). The ions could be replaced in
the crystal structure with another anion such as sulfate. [36] If there is bulk exchange
then a significant change will occur. However, ions exchanging at the surface will
be a very small contribution. One way to investigate whether the crystal structure
has changed is via PXRD.

Figure 5.21 shows the PXRD for calcite (red) and calcite aged in LA-carb oil
pre-treated in DI water (green) or brine (blue). There is no significant shift in
the peak positions expected if there was isomorphic substitution of one ion for
another in the crystal structure. Therefore, it is concluded that the carbonate ions
have not been replaced in the bulk. However, a drop of 1.5 % carbon observed
in Figure 5.20 corresponds to a very small amount, more typical of a surface layer
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Figure 5.20: (a) total carbon and (b) organic carbon on calcite aged in LA-carb oil,
with pretreatments (no pretreatment, DI water or brine). HA and LA oil is included for
reference. Error shows standard deviation of 2–3 repeats. Black dotted lines are added to

guide the eye between starting substrate and aged substrate.

removal/exchange of carbonate ions. Tentatively the conclusion is that only the
surface carbonate ions have been exchanged.
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Figure 5.21: PXRD of calcite (red), aged in LA-carb oil and pretreated in DI water (green)
or brine (blue).
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4) Degree of Saturation

In this section C:H ratio determined by elemental analysis is considered and
normalised into organic carbon and organic hydrogen, in combination with TGA
data.

Figure 5.22 shows the degree of saturation of untreated calcite in HA, LA and
LA-carb oil. DI and brine treated samples were not included as they are considered
noise.

Figure 5.22: Degree of saturation for untreated calcite in HA oil (blue), LA oil (green) or
LA-carb oil (pink).

The data for untreated calcite aged in HA (blue) and LA oil (green) are in the
range 2.5–1.9 that is typically associated with hydrocarbon aliphatic chains, moving
slightly towards more saturated aromatic molecules over the 6 weeks. However,
this range is also associated with asphaltenes as they have a polyaromatic core
with several long hydrocarbon chains (Table 5.2). The time dependent adsorption
data suggest small molecules may be adsorbing first and more complicated larger
molecules adsorb over time, similarly to the results of quartz, confirming the
mechanism of adsorption suggested in Section 5.4.2.
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The DI and brine pre-treated calcite data begin with a high unsaturation level before
arriving at a similar end saturation level to the untreated calcite. This suggests small
molecules are adsorbing first and asphaltenes are adsorbing last.

5) Double Bond Equivalent

Figure 5.23 uses the organic carbon, organic hydrogen and nitrogen values for
untreated calcite aged in HA, LA and LA-carb oil. The data for untreated calcite in
HA oil (blue) show an immediate increase to over 2 DBE (a decalin-type molecule)
and slowly increasing above 3 DBE (a benzene-type molecule). This result may
be expected as it reinforces the diffusion and adsorption of more complex molecules
overtime. LA oil (green) stays at a level of 1.5 throughout, reaffirming the suggestion
that the small number of asphaltenes in LA oil bind initially and form a layer and
no more is adsorbed.

Figure 5.23: Double bond equivalent for untreated quartz in HA oil (blue), LA oil (green)
or LA-carb oil (pink).

Interestingly, LA-carb oil DBE begins at 1 and decreases to 0.5 over 6 weeks. This
reduction directly relates to the loss of carbonate anions observed in the CHN
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data.

5) Nitrogen

Figure 5.24 shows the amount of nitrogen adsorbed onto calcite aged in HA, LA or
LA-carb oil. The DI or brine pre-treated samples have been omitted. As described
above, no significant amounts of organics are adsorbed.

Figure 5.24: Elemental analysis results for nitrogen on calcite in either HA, LA or LA-carb
oil. Error shows standard deviation of 2–3 measurements.

Figure 5.24 indicates that no additional nitrogen is detected in the adsorbed material
from HA or LA-carb on aged calcite. However, importantly calcite aged in LA oil
does show a significant amount of nitrogen adsorbed well above the as received blank
calcite value. This level of nitrogen is maintained throughout the ageing (0.15 %).
It is interesting that this value is similar to the nitrogen value of 0.2 % seen in quartz
also aged in LA oil.

The weight % level of nitrogen in LA oil is 0.16 %, which is the same weight % as
detected in the organics adsorbed. Hence it can be concluded that a component of

174



Understanding the Ageing Process: Powders

LA oil may drive nitrogen species to preferentially bind onto calcite.

6) Conclusions

For ageing calcite in the three crude oils of interest the following conclusions can be
drawn:

• Carbon species adsorb when water is not present.

• Asphaltene content of oil is proportional to organic carbon adsorbed onto
calcite.

• LA oil causes the highest proportion of nitrogen containing species to adsorb.
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5.4.4 Ageing Kaolinite

This section summarises the elemental analysis results from the exposure of kaolinite
to the three crude oils of interest, with and without aqueous pretreatment and over
an extended ageing period of up to 6 weeks. As outlined in Section 5.3 above, these
experiments exposed a powdered substrate to these fluids/pretreatments at 70 ◦C
under nitrogen. The resulting aged solids were separated by filtration and washing
with toluene and methanol. The data presented here are the elemental analyses of
the aged powdered mica and any adsorbed layer it has gained as part of the ageing
process.

CHN Analysis of Kaolinite

1) HA oil

Figure 5.25 shows the CHN elemental analysis for powdered kaolinite aged in all
three crude oils, with and without pretreatments. Figure 5.25 (a) shows untreated
kaolinite aged in HA oil having a significant (1.3 %) carbon adsorption. Considering
the BET surface area of kaolinite (7.99 m2 g-1), a 100 g sample of kaolinite has 1.3
g of carbon (0.108 moles) is adsorbed on 799 m2. Therefore, 0.000136 moles m-2 or
0.5 Å2 that corresponds to a 5-atom thick layer, concluding the amounts of organic
adsorbed are of molecular dimensions.

DI and brine treated samples peak at 0.2 % carbon after 1 and 4 weeks respectively.
These values could be significant, but they are also within the region of equipment
noise (0.2 %). All three untreated and treated HA oil aged kaolinite values have
plateaus that are similar with the results from ageing on quartz (Figure 5.7). This
is expected as the surface of kaolinite is similar to that of quartz with a surface
hydroxyl group.

Figure 5.25 (b) shows the hydrogen values for aged kaolinite. Kaolinite, chemical
formula Al2Si2O5(OH)4, should have 1.5 % hydrogen. However, 35 % less than
expected is observed in the raw kaolinite with only 1.1 % detected. As the error
margin for these results is 0.2 %, these results are not statistically different from
the values detected for the starting materials. Considering this, hydrogen content
of DI and brine pretreated kaolinite aged in HA oil aged samples may be considered
not to deviate from the raw material hydrogen content. The untreated kaolinite has
similar content adsorbed (1.3 %) before spiking to 1.8 % at 6 weeks. The spike after
6 weeks could be due to more saturated molecules adsorbing onto kaolinite: this
hypothesis goes against the previous suggestion of simple long chain hydrocarbons
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Figure 5.25: Elemental analysis results for (a) carbon, (b) nitrogen and (c) hydrogen
on kaolinite in either HA, LA or LA-carb oil. Error shows standard deviation of 2–3

measurements.

adsorbing first before larger polyaromatic moieties adsorb.

The spike in hydrogen could relate to the nitrogen-containing molecules adsorbing
at the same time. Figure 5.25 (c) shows a spike at 6 weeks for untreated kaolinite
in HA oil. The spike in hydrogen and nitrogen suggests that as the nitrogen
containing species have adsorbed, they have brought hydrogen possibly in the form
of a porphyrin or a long chain hydrocarbon with an amine terminating group. [243]

However, literature that considers ageing of substrates in crude oil suggests aliphatic
amines are unstable during the ageing process and turn into more stable pyrdines,
indoles and carbazoles. [66] The possible detection of aliphatic amines in the system
in this thesis could be due to the differences between the model system presented
and a real reservoir condition.

2) LA oil

Considering kaolinite aged in LA oil when untreated and pretreated in DI and
brine, Figure 5.25 (a), (b) and (c) shows there is no statistically significant change
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in carbon, hydrogen or nitrogen adsorption respectively. It could be argued that
after 6 weeks the untreated carbon content does increase, but this is within machine
error (0.2 %).

Upon first glance, the lack of adsorption could be attributed to a lower asphaltene
content oil: kaolinite could prefer asphaltenes to bind first and remain bound.
However, the results for the LA-carb oil suggest differently.

3) LA-carb oil

Untreated LA-carb oil shows carbon adsorption occurs immediately and stays at a
plateau between 0.2–0.3 %, which is comparable to the adsorption of DI and brine
treated HA oil aged kaolinite. Hydrogen levels for the untreated and brine treated
sample begin to rise at the 4 week mark and this is reflected in the nitrogen levels of
the untreated sample too; untreated LA-carb oil reaches similar levels of hydrogen
and nitrogen as untreated HA oil.

There is possibly a nitrogen containing species in LA-carb oil and HA oil that is
binding after 4 weeks. It does not appear to be asphaltene or carbon driven. If the
nitrogen species was a porphyrin, it would most likely be a vanadium porphyrin: the
initial levels of vanadium in HA oil is ∼180 ppm and LA-carb oil is 1.5 ppm, whereas
it is only 0.5 ppm in LA oil. The 1.5 ppm could be enough to promote diffusion
of the larger porphyrin through the system and aid adsorption after 4 weeks. One
way to assess vanadium adsorption would be measure levels of vanadium in the
supernatant of oil. This is not possible due to the amount of sample needed and
safety issues with scaling the experiment. However, it could possibly be investigated
using a ICP-OES set up for organic solvent analysis.

4) Degree of Saturation and DBE

Figure 5.26 shows (a) the degree of saturation and (b) double bond equivalent of
aged kaolinite samples. The degree of saturation graph suggests organics adsorb
from HA oil starts off aliphatic and tends to more polyaromatic systems. The
opposite is shown for HA oil in the DBE graph where a tendency towards saturated
hydrocarbons occurs at 6 weeks. This could be rationalised by the presence of
hydrogen-binding atoms, such as metals and sulfur, in HA oil that are not considered
in the DoS equation. These atoms will increase the DoS and produce saturated
hydrocarbons that match the DBE data.

LA oil remains the same throughout both graphs. LA-carb oil shows a very high
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degree of saturation (over 5 for all weeks). Levels higher than 2.4 suggest there
is more hydrogen present than can be contained on carbon and nitrogen atoms.
One possibility for this is a breakage of siloxane (Si−O−Si) linkages in favour of
terminating silanol groups. LA-carb DBE shows a steady decrease after 2 weeks,
suggesting molecules are becoming more saturated. This result suggests unsaturated
molecules adsorb first before saturated molecules adsorb in increasing amounts.
However, this could be from the nitrogen containing species starting to adsorb,
assuming the nitrogen containing species are long chain hydrocarbons.

Figure 5.26: (a) Degree of saturation and (b) double bond equivalent of aged kaolinite.
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5) Conclusions

For ageing kaolinite in crude oil the following conclusions can be drawn:

• Carbon species adsorb from high asphaltene oil when water is not present.

• Hydrogen levels remain unchanged from the raw kaolinite for all samples apart
from at 6 weeks with untreated HA and LA-carb oil and the brine treated
LA-carb oil.

• Nitrogen levels spike and 6 and 4 weeks for untreated HA and LA-carb oil
respectively.

• Nitrogen levels could be indicative of the adsorption of long chain hydrocarbons
to adsorb. Vanadium porphyrins could possibly be adsorbing too.
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5.4.5 Ageing Mica

This section summaries the elemental analysis results from the exposure of muscovite
mica to the three crude oils of interest, with and without aqueous pretreatment and
over an extended ageing period of up to 6 weeks. As outlined in Section 5.3 above,
these experiments exposed a powdered substrate to these fluids/pretreatments at
70 ◦C under nitrogen. The resulting aged solids were separated by filtration and
washing with toluene and methanol. The data presented here are the elemental
analyses of the aged powdered mica and any adsorbed layer it has gained as part of
the ageing process.

1) CHN Analysis of Mica

Very significantly for mica aged in all three oils, with or without pretreatment, no
significant amount of carbon or nitrogen are adsorbed (Figure 5.27 (a) and (b)).
However, the data show the same amount of hydrogen present in aged mica as
present in the starting material (Figure 5.27 (c)). The chemical formula of muscovite
mica is KAl2(Si3Al)O10(OHF)2, and therefore should contain 0.5 weight % hydrogen
present. However, the elemental analysis shows a value of 0.3 weight %—a drop of
0.2 % hydrogen. The level of ∼0.3 % is maintained for all mica aged in every crude
oil, suggesting there is no change to the surface of the mica. This is reinforced by
the lack of carbon present which suggests no organic adsorbed.

No degree of saturation values can be calculated as no organic is shown to have
adsorbed. All DBE calculations were ∼0.83. However, these are an inaccurate
representation because they use a carbon value of 0 and only consider the hydrogen
values measured that are from the surface silanol groups.

2) Discussion

Previous work considering organics adsorbing to the mica surface has been via cation
bridging of surfactants such as DDAB and CTAB. [49,244] Here the siloxane surface
(referred to as the basal plane) is exposed on the outside of a mica sheet where a
hydroxyl group protrudes from the octahedral sheet.

The siloxane surface does not bind well to water, so in the absence of charge
substitutions, the surface may be considered hydrophobic. However, due to the
isomorphic substitutions within the mica structure, the negative charges make it
possible to strongly adsorb cations at the surface and polar water molecules. One
suggestion for a binding mechanism of crude oil on mica is a layer of brine film
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Figure 5.27: Elemental analysis results for (a) carbon, (b) nitrogen and (c) hydrogen
on mica in either HA, LA or LA-carb oil. Error shows standard deviation of 2–3

measurements.

forming on top of mica, followed by a layer of organic. This mechanism is similar
to a cation-bridging mechanism, except water acts as a bridging species.

It may be possible that a hydrated layer of salt binds to the mica surface
preferentially first, before addition of crude oil. This could explain the lack of
adsorption of brine treated mica, where there is 0.6 ± 0.1 wt% of water content
according to TGA data of mica aged in HA oil. However, there is only 0.1 wt%
water content on the untreated mica. This could be enough to cover the basal plane
where organics will adsorb.

A further investigation into ageing flat mica discs in crude oil is conducted in Section
6.3.

3) Conclusions

For ageing mica in crude oil the following conclusions can be drawn:

• Interestingly and unexpectedly, no carbon species adsorb after a toluene and
methanol wash of the aged substrate, irrespective of no pretreatment or water
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pretreatment. Although initially this does not match literature, in the next
chapter (Section 6.3.2) this is discussed further and the differences between
the toluene and methanol wash on mica are investigated.

• Hydrogen levels remain the same as the raw material, reinforcing the
conclusion that no organic adsorbs.

• No nitrogen adsorbs onto mica.
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5.4.6 Py-GCMS

HA oil and quartz, calcite, kaolinite and mica aged in HA oil were analysed with
Py-GCMS and compared to the reservoir rock Py-GCMS spectra that picked up
hydrocarbons, polyaromatics and carbamic acid molecules. The results are shown
in Table 5.7. The data show HA oil contains hydrocarbons and polyaromatics, as
does calcite. However, no organic fragments were eluted for quartz, kaolinite and
mica. This result is expected for mica as there was no carbon detected in the CHN
analyses. However, quartz and kaolinite should have peaks corresponded to organics
eluted from the sample. One possible reason for lack of organics eluted could be that
the fragments adsorbed too strongly to the GC column and were retained. However,
upon cleaning the column by heating the system and running a long elution over 3
hours, there were still no peaks evident from eluted compounds, which suggests no
fragments from previous runs remained in the column.

Quartz Calcite Kaolinite MicaReservoir
rock

HA
oil All

treatements
All

treatements
All

treatements
All

treatements
Hydrocarbons ✓ x ✓ x x
Polyaromatics ✓ x ✓ x x
Carbamic acid x x x x x

Table 5.7: Py-GCMS of minerals aged in HA oil after 6 weeks with or without
pretreatments.

Overall the difficulty in obtaining relevant data suggest Py-GCMS is not the best
technique to assess organic adsorption from crude oil onto these mineral surfaces.
Given that TGA and elemental analysis data clearly indicates adsorption, it is
concluded to be a sensitivity issue.
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5.4.7 Removing Bulk Calcite

The previous section considered ageing minerals (quartz, calcite, kaolinite and mica)
in three different types of crude oil, with and without water pretreatment with the
aim of understanding the differences in organic adsorbed as a function of mineral and
condition. One problem with the previous method is the organic layer is swamped by
the bulk material; at maximum, the organic layer remaining adsorbed after solvent
washing is only around 1.5 wt% of the total material. It would be advantageous to
remove the bulk and focus in on the organic layer to characterise the layer in more
detail.

It is possible to dissolve away a quartz or calcite substrate: quartz would require a
HF treatment and calcite requires a HCl treatment. Due to safety considerations,
HF usage was not possible in this study. Therefore, this section considers ageing
calcite in crude oil and then dissolving the bulk calcite with the aim of recovering
and investigating the organic layer without bulk interference.

Untreated calcite was aged in HA oil for 1 week as this had a 1.2 % carbon result
in the CHN analyses earlier.

Experimental Procedure

The ageing procedure is almost the same as above in Section 5.3. The main difference
is that the sample is aged for one week and there are further acidification and
separation steps as shown in Figure 5.28. This approach follows a method where,
after ageing and washing, the sample is sonicated in fresh toluene for 30 minutes
before being stirred for 24 hours. [67] The supernatant is extracted and this is referred
to as the ‘adsorbed asphaltenes’. A combination of THF, choloform and 4M HCl is
used in a ratio of 1:1:2 to dissolve calcium carbonate, producing CO2 and separating
aqueous and organic phases. The aqueous phase is separated and the THF and
choloform is evaporated, before the remaining solid is redissolved in toluene and the
‘irreversibly bound organics’ are extracted.

A sample of the 1 week aged calcite was washed using the toluene and methanol
washing method in the previous chapter. These samples, which are the CHN
compositions of the organic on the rock after the solvent washing, were used for
comparison in the results section below.
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Results

1) CHN

Figure 5.29 shows the normalised CHN results for four samples: HA oil, calcite
aged for 1 week in HA oil and washed in toluene, calcite aged for 1 week in HA oil
and washed in rotation in toluene and methanol and finally the irreversibly bound
organics isolated using the method in Figure 5.28. To normalise the data, the
percentage of an element (whether C, H or N) was divided by the total sum of the
percentage of C, H and N. Aged calcite and irreversibly bound organics have been
converted into ‘organic carbon’ and ‘organic hydrogen’ values using TGA data as
mentioned in Section 5.4.3. The irreversibly bound organics should be compared
with the toluene and methanol-washed sample as the irreversibly bound organics
have been through a toluene and methanol wash.

The organic carbon and hydrogen content of all samples are similar, with around
85 % carbon and 12 % hydrogen. Regarding nitrogen values, after ageing for 1
week and washing in just toluene, the nitrogen content increases 7 times. Upon
a methanol wash nitrogen species are removed, suggesting the nitrogen species
are present in a polar molecule form. The most likely reason for not observing
any nitrogen in the toluene and methanol washed aged calcite is that the amount
present is under the limit of detection for the machine. Interestingly, the irreversibly
bound organics show double the relative amount of nitrogen present as in the crude
oil starting material. This result is unexpected as nitrogen was not detected in
Section 5.4.3 and the calcite surface is thought to be positively charged and would
repel any molecules where a nitrogen cation is the point of binding. Therefore, a
nitrogen anion would be more expected. These could be in the form of nitrides or,
more likely, pyridine-type molecules. [93] The negatively charged nitrogen-containing
molecules would preferentially bind to the positive calcite surface and thus be present
in the bound layer in a high relative amount than that of the crude oil starting
material.

For the irreversibly bound organics raw, none normalised data, just under 38.0 % of
the irreversibly bound organics are carbon. Only 41.9 % of the content is accounted
for with CHN analysis meaning there is another 58.1 % unaccounted for in the form
of other species such as heteroatoms, heavy metal ions and halides.
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Figure 5.29: CHN results for irreversibly bound organics on calcite. Values for HA oil and
particles aged and washed in toluene and methanol are included for comparison.

2) Degree of Saturation and DBE

Figure 5.30 shows the data for degree of saturation and DBE for HA oil, calcite
aged for 1 week in HA oil and washed in toluene, calcite aged for 1 week in HA oil
and washed in rotation in toluene and methanol and finally the irreversibly bound
organics.

Focussing on the oil content, the HA oil begins with a mid-range degree of saturation
in the range of cyclohexene and an unsurprisingly high DBE of over 80 due
to the complex nature of crude oil containing large amounts of polyaromatics
(asphaltenes/resins). After ageing calcite in HA oil for only one week and washing
in toluene then methanol the degree of saturation increases (more hydrogen present)
suggesting simple, hydrogen saturated, molecules are binding onto the surface. This
is reflected in a DBE of 2–3 (cyclohexadienes and benzene rings) that is also expected
as simple, small, molecules diffuse through the crude and adsorb initially.

Looking at the composition of the irreversibly bound organics, there is a large drop
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Figure 5.30: Degree of saturation and DBE results for irreversibly bound organics on
calcite. Values for HA oil and particles aged and washed in toluene and methanol are

included for comparison.

in degree of saturation to ∼1 (corresponding to benzene) that suggests the beginning
of more aromatic and large molecules adsorbing. The observation is reinforced by the
DBE value increasing to just under 40. This is half the DBE value of the crude oil.
However, it suggests there are complex molecules adsorbing. To truly assess which
components of the oil have been adsorbed, SARA was conducted on the toluene and
methanol washings (after toluene and methanol was evaporated) to confirm species
adsorption.

3) SARA analysis

Figure 5.31 shows the data for the SARA content of the toluene and methanol
supernatant. The data show asphaltene and aromatics are removed in the toluene
and methanol wash when compared to the HA oil. Therefore, asphaltene and
aromatics have been adsorbed onto the calcite surface and will be in the irreversibly
bound organic layer. The DBE data confirms this finding.
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Figure 5.31: SARA results for irreversibly bound organics on calcite compared to HA oil.

Summary

Calcite powder has been aged in HA oil and the irreversibly bound organic layer has
been successfully separated from the bulk calcite by dissolution of the mineral. The
irreversibly bound layer was found to contain nitrogen of an equal percentage to that
of HA oil. Coupling CHN elemental analysis to produce DBE data has shown a large
number of double bonds present in the bound organic. This finding is reinforced
by SARA analysis suggesting asphaltenes and aromatic species are adsorbing to the
calcite surface and are therefore present in the organic layer that was removed.
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5.4.8 What if the Oil is not Refreshed?

In-house ageing experiments by BP have suggested weekly removal of aged crude
oil and replenishing the system with fresh crude oil during ageing of reservoir and
outcrop rock showed results with core flooding responses that correspond to that of
the oil well they are trying to replicate. [194] The experiments conducted in Section 5.4
have so far considered ageing particles and refreshing the oil every week. This section
discusses CHN results for untreated quartz, calcite, kaolinite and mica powder aged
in HA oil after 6 weeks without weekly refreshes of the oil. Data for refreshing the
oil and 1 week is included as this is the same quantity of oil the same is exposed to
but at a shorter duration. Samples aged in HA oil for 6 weeks is including a refresh
of oil is also included for comparison.

Quartz

Figure 5.32 shows the data for untreated quartz aged in HA oil for 6 weeks without
refreshing the oil. Data for refreshing the oil is shown for comparison.

Focussing firstly on the CHN data, comparing 6 week with a refresh to 6 week aged
without a refresh, there is less adsorbed. For carbon, a loss of 33 %; hydrogen has
a loss of 40 % and nitrogen a loss of just 48 %. These results show that species in
the oil adsorb and are used up on adsorption. The favourable species continue to
adsorb once more are supplied by replenishing the oil with a fresh batch.

When comparing the 6 week aged quartz without an oil refresh to the 1 week aged
quarts with an oil refresh, without a refill there is a 50 % increase in carbon, a
similar hydrogen loss as above of 38 % and the same 48 % loss of nitrogen as the 6
week aged sample. This suggests that over time, without a refresh of oil, nitrogen
containing species are not remaining adsorbed. The loss of hydrogen suggests larger
polyaromatic molecules have had time to diffuse through the crude and adsorb. This
can be assessed via DoS and DBE below.

Values for DBE stay the same (just under the mono-double bonded alkene range).
However, when DoS is taken into consideration, there is a dramatic change as not
refreshing the system causes a loss of over a third of hydrogen atoms, moving from a
benzene type molecule to a system that contains more hydrogen atoms than carbon
atoms, such as fused ring systems. The change in DoS could be due to other species
adsorbing that contain hydrogen, such as sulfates and halogen, as opposed to the
complex molecules with a polycyclic carbon backbone mentioned previously.

Overall, not refreshing the crude oil when ageing quartz causes a drop in carbon,
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Figure 5.32: CHN, DoS and DBE for aged quartz without an oil refresh. Error shows
standard deviation.

hydrogen and nitrogen. DBE remains almost constant.

Calcite

Figure 5.33 shows the data for untreated calcite aged in HA oil for 6 weeks without
refreshing the oil. Data for refreshing the oil is shown for comparison.

Focussing firstly on CHN data, a similar trend is seen between the carbon and
hydrogen contents as seen in the quartz sample above; when the sample is not
refreshed with crude oil weekly, there is a 40 % drop in carbon. There is a total loss
of hydrogen, where none is detected. No nitrogen is measured in any of the samples.
For calcite, not refreshing the oil yields results closer to only ageing the calcite for 1
week. Similarly to the quartz sample, the lack of carbon adsorbed could be due to
a species in the crude oil preferentially adsorbing in the first week and being used
up. Replenishing the oil will replenish the favourable carbon species and increase
quantity of carbon adsorbed.

For DoS the trend over the weeks of samples with oil refreshed suggests an decrease
in saturation, moving from saturated hydrocarbons towards alkenes. A DoS value
cannot be calculated for the sample with no oil refresh because there is no measurable
hydrogen content. However, we can calculate a DBE: the DBE value for the calcite
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Figure 5.33: CHN, DoS and DBE for aged calcite without an oil refresh. Error shows
standard deviation.

without an oil refresh (DBE = 2.5) falls between the values for 1 and 6 week aged
samples (DBE = 2 to 3). This is expected as the carbon value falls between week 1
and 6 with a refresh.

Overall, not refreshing the crude oil when ageing calcite causes less carbon to adsorb
and hydrogen is no longer in a detectable quantity. There are no changes to values
of nitrogen can be concluded from this data.

Kaolinite

Figure 5.34 shows the data for untreated kaolinite aged in HA oil for 6 weeks without
refreshing the oil. Data for refreshing the oil is shown for comparison.

CHN data for the non-refreshed sample closely resembles the sample only aged for 1
week. Comparing the 1 week aged kaolinite to the 6 week aged kaolinite without oil
refreshing, after 6 weeks there is slightly (0.07 wt %) more carbon and no statistically
significant difference in hydrogen values. No nitrogen adsorbs in either.

Continuing to compare the 1 week aged sample to 6 week aged without a refresh,
the DBE remains the same, showing a combination of saturated hydrocarbons
and alkenes. DoS values for the sample without a refresh is between the 1 to
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Figure 5.34: CHN, DoS and DBE for aged kaolinite without an oil refresh. Error shows
standard deviation.

6 week sample, showing alkenes adsorbing, confirming observations from DBE
calculations.

Overall, the data suggest nitrogen species adsorb after refreshes of oil, possibly
because they are out-competed by other species. A higher concentration of
nitrogen-species present in solution may be required before they adsorb.

Mica

Figure 5.35 shows the data for untreated mica aged in HA oil for 6 weeks without
refreshing the oil. Data for refreshing the oil is shown for comparison.

CHN data confirms that carbon and nitrogen are not significantly adsorbed through
the ageing process. Hydrogen remains at the same values as the mica starting
material, relating to the surface silanol groups.

No degree of saturation values can be calculated as no organic is shown to have
adsorbed. DBE cannot be determined as there is no organic hydrogen.

Overall, not refreshing crude oil has no impact on the lack of adsorption observed
when ageing mica powder in crude oil.
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Figure 5.35: CHN and DoS for aged mica without an oil refresh. Error shows standard
deviation.

Summary: Ageing Without Refreshing Crude Oil

In general, all substrates show significantly less adsorption of material if the crude
oil is not refreshed. This suggests that the crude contains particular species that
adsorb and these become sufficiently depleted and that without exchange there is
‘none’ left. With the exchange of fluids, more of these key components are provided,
which can adsorb more.

The trends in unsaturation broadly suggest that where these are clear changes, the
DoS is seen to fall without exchange. This suggests that the component that is
adsorbing has a high DoS.
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5.4.9 Summary: Powder Substrates

The section above has considered four minerals (quartz, calcite, kaolinite and
mica) aged in three different types of crude oil, with and without particle
pretreatment. The adsorbed materials have been characterised with an extensive
series of experimental analysis. Table 5.8 below shows the summary of results from
this body of data:

Substrate Finding

Quartz

• Carbon species adsorb when water is not present
• Nitrogen containing species adsorb initially but do not direct adsorption
• Degree of saturation suggests aliphatic amines adsorb
• More organics adsorb when oil is refreshed with higher DoS
• Water (DI or brine) prevent significant amounts of adsorption

Calcite

• Carbon species adsorb when water is not present
• Water (DI or brine) prevent significant amounts of adsorption
• Asphaltene content of oil is broadly proportional to the amount of

organic carbon adsorbed
• LA oil leads to maximum adsorption of nitrogen species from oil
• DoS suggests small molecules adsorb first; more complex molecules

adsorb by 6 weeks
• LA-carb oil possibly removes carbonate anion from the calcite surface
• More organic species adsorb when oil is replenished, with higher DoS

Kaolinite

• Carbon species adsorb when water is not present, mainly from HA oil
• Hydrogen levels remain the same for all kaolinite samples apart

from untreated HA and LA-carb and brine treated LA-carb
• Nitrogen levels spike at 6 and 4 weeks for untreated HA and

LA-carb respectively
• Nitrogen levels could be due to adsorption of long chain hydrocarbons
• Vanadium porphyrins possibly adsorbing too
• Nitrogen species only adsorb when oil is refreshed

Mica
• No carbon or nitrogen adsorbs
• Hydrogen levels remain the same as the raw mica, suggesting

no surface changes

Table 5.8: Summary of results from aged minerals in crude oils.
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5.5 Washburn Method

The work presented in this Section 5.5 was completed as a part of an iCASE
placement with BP at their laboratories in Sunbury. Here, the background of low
salinity water flooding to enhance oil recovery is discussed before investigating the
impact of brine concentration and composition, as well as aged outcrop Berea and
Castlegate sandstones with regards to contact angle generated by the Washburn
Method.

5.5.1 Washing Aged Outcrop and Reservoir

After a core is aged and oil is extracted, the core is cleaned. The traditional cleaning
method used by BP in-house varies depending on whether a reservoir or outcrop is
used. For reservoir rocks, a single xylene and methanol wash is used. However,
outcrop rocks undergo a rotation of xylene followed by methanol for a total of nine
repeats for each solvent. Effluent is collected and analysed if the study requires
knowledge of organic loss at each washing stage.

5.5.2 Experimental

Materials

Castlegate outcrop and Berea outcrop rock was obtained from BP. The samples were
ground and sieved so that both had a particle diameter of < 300 µm, confirmed by
measurements using a Malvern Mastersizer 3000, which showed an average particle
size of 296 µm for both samples.

Brines were made up with sodium chloride or calcium chloride dihydrate of varying
concentrations (Table 5.9). The same brine used in the study in the above section
was produced with sodium chloride, calcium chloride dihydrate, magnesium chloride
hexahydrate and potassium chloride in the amount shown in Table 5.3 above. This
is used as a standard brine in BP’s multitude of reservoir tests

n-Heptane was used as the completely wetting liquid before testing with deionised
water (Millipore 15 MΩ.cm) or base oil (Clairsol 370).

Ageing of Castlegate and Berea rock was conducted in a low salinity responsive crude
oil and was performed at room temperature and atmospheric pressure. Toluene and
methanol were used for washing.
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Brine Density / g cm-1

NaCl 0.01 M 1.0082
NaCl 0.1 M 1.0046
NaCl 1 M 1.0396
CaCl2 0.01 M 1.0006
CaCl2 0.1 M 1.0091
CaCl2 1 M 1.0857
Brine 1.0472

Table 5.9: Brines used in this study and their measured densities.

Method of Ageing

Due to safety requirements associated with xylenes, the washing study below uses
toluene instead. The ageing study below concerns the ageing of outcrop rock at room
temperature and atmospheric pressure for 1 day or 3 weeks, followed by assessment
of contact angle via the Washburn method. Figure 5.36 shows a schematic of the
ageing and washing processes. Two different washes were used: a toluene wash
(where toluene was run through the sample until it ran clear), or an extended
wash (mentioned above, toluene wash followed by methanol wash, repeated nine
times).

Figure 5.36: Schematic of ageing and washing procedure of Castlegate and Berea.
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5.5.3 Reference Compounds

Krüss suggest using Low Iron Sand from Fisher Scientific, which should give a
contact angle of 70°as a reference sample with a well known behaviour. Extensive
research using aluminium oxide (alumina) powder as a reference compound for
Washburn methods has been conducted in previous literature, and shown the contact
angle with DI water to range between 64 to 72°. [245–247] For this reason, alumina was
also used as a standard.

Figure 5.37 shows the literature and experimental values of the contact angle for
low iron sand and alumina powders. Considering low iron sand, there is a 15°
(20 %) difference with the experimental value showing the powder to be more
wetting. A similar story is seen for alumina: a difference of 20° between literature
and experiment values, where experimentally determined value is more wetting.
Although the literature utilises the Washburn equation, the method of sample
preparation is different to the experimental method conducted in this study due
to the nature of different equipment. Literature shows a machine compressed
cylinder of powder put in contact with liquid, where as the method in this section
uses a hand packed cylinder where the powder is retained in a glass tube before
measurement.

Due to the large difference in contact angle of reference compounds between
literature and experimental, the precise contact angle values measured cannot be
taken to be absolute. The aim of the Washburn method below will be to rank the
wettability of samples.

5.5.4 Results

Effect of Brines on Wettability of Castlegate and Berea

Brines of increasing concentration of NaCl or CaCl2 were chosen to assess any
changes with mono- or di-valent cations. Figure 5.38 shows the contact angle for
Castlegate and Berea as a function of brine concentration. The black bars represent
the outcrop rock wettability with DI water. There is a significant difference of
20° between Castlegate and Berea with DI water, where Berea rock is the more
hydrophobic surface. Considering Berea, upon addition of salinity, there is limited
change in contact angle.

However, Castlegate shows a wider variation and sensitivity to brines than Berea.
1 M NaCl provides a change in contact angle of 8° from DI water, showing the
Castlegate is less brine/water wet. Lower concentrations of NaCl do not provide a
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Figure 5.37: Literature and experimental values of contact angle for ‘low iron sand’
and alumina powder on DI water. No literature error was given for Low Iron Sand.

Experimental error bars are standard deviation of five measurements.

significant change. For CaCl2 the data suggest that as CaCl2 concentration increases,
the brine wettability decreases. The change in contact angle between DI water and
1 M CaCl2 on Castlegate is 12°.

The brine shows an increase in contact angle that is equivalent to the 1 M
concentration of both the monovalent and divalent cation brines. The data suggest
there is no difference between mono- or divalent brines on unaged outcrop rock.
Considering the trend with concentrations of salt, hydrophobicity increases with
increasing concentration of divalent pretreatment. Monovalent pretreatment is less
clear but it could be argued there is a general increase in hydrophobicity between
0.01 and 1 M.

BP have reported during core flooding experiments that Castlegate and Berea do
behave differently: Castlegate behaves more like reservoir rock, compared to Berea.
This can be related to the Washburn experiments where a Castlegate shows a clear
sensitivity to brines whereas Berea shows no response. Although both outcrops
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Figure 5.38: Effect of brine concentration on contact angle for Castlegate and Berea. Error
is standard deviation of five measurements.

are silica based, the key understanding of what chemical/mineral surface of the
substrate is truly in contact with the brines will be the cause of the change in
contact angle.

Effect of Washing Procedure on Aged Castlegate and Berea

Figure 5.39 shows the results for ageing of Castlegate and Berea for one day or three
weeks, and either having just a toluene wash or an extended wash. The first key
feature is the water wettability of both Castlegate and Berea that have been aged
for one day and three weeks, but only washed in toluene: the samples became very
hydrophobic, and therefore no contact angle was measurable with the Washburn
method. This suggests toluene does not completely wash away all organics. The
fact that toluene is not a sole factor, and it is the organics from the crude oil causing a
change in wettability, is confirmed by the ‘CG tol’ and ‘B tol’ which are the outcrops
washed in toluene, but not aged. These samples both show that toluene alone does
not change the water wettability.

The error in Castlegate is greater than that of Berea contact angles. This could
be due to separation of minerals and clays during the methanol wash: it was
observed that flakes of clay-like substrate floated to the top of the methanol during
washing. This would subsequently cause a sampling issue if the washed samples
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Figure 5.39: Effect of ageing and washing method for Castlegate and Berea on water and
oil wettability. Samples aged for one day (1D) or three weeks (3w), and washed with
either just toluene (tol) or extended wash (extd). Wettability tested in Clairsol 370 (base

oil) or DI water. Errors are standard deviations of five measurements.

were not homogeneous when testing: the packed bed inside the Washburn tube may
consist of sections of clay and sections of mineral, resulting in varied rates of liquid
uptake.

Focussing on water wettability for extended washes, Berea water wettability
increases after a day of ageing and extended wash (∆10°), whereas there is no
change after ageing Berea for three weeks and an extended wash. For Castlegate
extended washes, water wettability shows a similar trend: increasing after one day
but decreasing after three weeks. Considering oil wettability, both samples are more
oil wet than water wet in all ageing and washing scenarios. Castlegate samples are
indistinguishable from each other. Berea samples ‘B tol’ and ‘B 3w tol’ samples
show an increase in oil wettability, whereas all other Berea samples show no change
for oil wettability.

5.5.5 Summary

The Washburn Method has been used to evaluate wettability of Castlegate and
Berea pretreated in a range of brines. Overall, Castlegate shows a more hydrophobic
surface than Berea when treated with the same brines. For Castlegate, a significant
change in contact angle is only observed when the 0.01 and 0.1 M NaCl, 1 M CaCl2
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or brine is used. There is no significant change between DI treated Berea and any
range of brine pretreatments.

Upon ageing Castlegate and Berea and washing in only toluene, the surface becomes
very hydrophobic—implying not all organics are washed off. After a methanol wash,
the samples return the starting wettability.
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5.6 Conclusions

Four powdered substrates (quartz, calcite, kaolinite and mica) have been
investigated after no pretreatment or pretreated in DI or brine, followed by a 6
week ageing process in three different crudes, HA, LA or LA-carb crude oil.

1) Quartz Powder

CHN analysis shows that carbon containing species adsorb onto quartz when water
is not initially present. It is possible that some organic species adsorbs, but in
quantities too small to measure by CHN analysis. Estimates suggest that this must
be less than a third of a molecular layer, or the presence of the adsorbed material
would have been evident via carbon analysis.

2) Calcite Powder

The results for calcite powder show that carbon adsorbs when water is not present
and adsorbs when the oil is replenished. These data have demonstrated that
there is some evidence that asphaltene content of oil is proportional to the organic
carbon adsorbed, although this is acknowledged to be a crude approximation. After
removing contributions from the carbon content of the bulk calcite with HCl (Section
5.4.7) and assessing the supernatant via SARA, asphaltenes are inferred to be
deposited on the calcite surface from the crude oil. The weight % of nitrogen
adsorbed from LA oil is approximately the same weight % as in the oil itself. Hence,
it cannot be concluded that nitrogen containing species are directly involved in the
surface binding, although that is perhaps not surprising given that nitrogen species
tend to be cationic and the calcite substrate also tends to be positive at a neutral
pH. However, as discussed above, CHN analysis would not be able to detect a layer
less than a quarter of a monolayer.

3) Kaolinite Powder

Carbon species are found to adsorb by CHN analyses when water is not present. This
is attributed to competitive adsorption of the water for the clay surface. There is
some evidence of adsorbed nitrogen species that only adsorb when oil is replenished
every week. Nitrogen levels spike at 6 and 4 weeks for HA and LA-carb oils, possibly
due to porphyrin molecules adsorbing.
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4) Mica Powder

No adsorption of carbon, hydrogen or nitrogen species is observed on mica powder.
The lack of observed adsorption could be due to such a small amount adsorbed
resulting in below the detection sensitivity of the methods.

5) Wettability of Real Powdered Rock

Powdered Berea and Castlegate rock was crushed and characterised with the
Washburn method to measure the contact angle. Overall, Castlegate shows a more
hydrophobic surface than Berea when treated with the same brines.

Upon ageing Castlegate and Berea in crude oil and washing in only toluene, the
contact angle goes above 90◦, rendering a very hydrophobic surface, suggesting not
all organic matter is washed off/removed. After a methanol wash, the samples
return to the starting wettability, suggesting that all the adsorbed organics have
been removed. These data support observations seen in the studies of the individual
minerals where a methanol wash also returns most crude oil aged silicon wafers and
mica discs to the contact angle of the starting material, discussed in Chapter 6.
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5.7 Future Work

In Chapter 5, the ageing process of model minerals with and without pretreatments
was investigated. The aim of the chapter was identify where the crude oils
deposit organics on the minerals and to characterise the adsorbed organics on
these mineral surfaces with regards to chemistry present in the crude oils and
expressed in terms of contact angle/wettability, which is used commercially to infer
the extent of oil recovery. In particular, the ageing process is used to try and
convert readily accessible outcrop rock/minerals and convert the surface chemistry
to be more characteristic of a reservoir rock, that is usually prohibitively expensive
to obtain. In this way, representative rock samples are available to test various
enhanced oil recovery additives and water chemistries, particularly the roll of ions
and brines.

1) Wettability of Two or More Minerals

As discussed and investigated in Chapter 4, specifically Section 4.3, natural rocks
are a complex combinations of minerals. As only individual model minerals were
considered in Chapter 5, it would be advantageous to begin to mix known quantities
of ideal minerals and age them in crude oil, analysing the amount adsorbed by CHN,
to see if the binary mixtures can be considered as a liner sum of the two components.
Regarding the wettability assessment of a mixture of minerals, two approaches could
be taken to generate substrates for assessment:

• Washburn method of a mixture of aged minerals.

• Spin-coat the mixture of minerals onto a glass slide or press minerals into a
disc, age in crude oil, and measure the two-phase contact angle.

2) Re-ageing of Reservoir Rock

Reservoir and outcrop rocks that have been previously used for studies are reused for
ageing. It is believed toluene and methanol washing procedures completely clean the
substrates, meaning all organics on the surface are removed. However, this study has
proved this to be untrue: a significant amount of organic species remains adsorbed
in some cases. It would be interesting to age the reservoir rock in crude oil for a
duration, wash in toluene and methanol, and measure chemistries and wettability
present, then re-age again and repeat to see how much fluctuation in the surface
layer occurs with regards to amount of organic adsorbed and wettability. This would
allow an expected lifetime of a rock for ageing to be determined.
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Chapter 6

Understanding the Ageing
Process: Flat Substrates

6.1 Background

This section summarises contact angle results from the exposure of silicon wafers
or mica discs to the three crude oils, with and without aqueous pretreatment and
over an extended ageing period of up to 6 weeks. As outlined in Section 5.3 above,
these experiments were performed at 70 ◦C under nitrogen. The resulting aged flat
substrates were separated from the crude oil and washed with toluene and methanol
prior to the contact angle investigation.

Flat substrates are used because they allow analysis via sessile drop contact angle
and more modern techniques such as SFG, where powdered materials are inherently
more difficult to analyse.

6.2 Silicon wafers

This section considers silicon wafers aged in HA, LA or LA-carb oil with or without
DI or brine pretreatment that are assessed via DSA to measure contact angle
wettability.

6.2.1 DSA

The data presented here are the two-phase contact angle of water (18.2 MΩ.cm)
on the aged flat silicon and any adsorbed layer it has gained as part of the ageing
process.
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As usual, the silicon surface will have a small layer of native silicon dioxide and it
is this silicon dioxide layer that any organics will adsorb onto.

1) Bare Silicon Wafer

The contact angle was measured of pure water on the bare silicon wafer. The silicon
wafer underwent cleaning prior to ageing. The wafers were cut into squares (1.5 cm
by 1.5 cm) with a diamond pen and soaked in nitric acid (70 %, 2 hours) after which
they are rinsed in ultrapure (18.2 MΩ.cm) water and dried by nitrogen. Finally, the
silicon wafers are exposed to UV-ozone for 15 minutes. The wafers are loaded into
the bottles for ageing immediately after cleaning.

For the bare substrate, the impact of cleaning regimes on the contact angle was
measured in three scenarios:

1. Silicon wafer after acid wash

(a) Bare substrate immediately after acid wash

(b) Bare substrate after acid and toluene wash

(c) Bare substrate after acid, toluene and methanol wash

2. Silicon wafer after UV-ozone

(a) Bare substrate immediately after UV-ozone

(b) Bare substrate after UV-ozone and toluene wash

(c) Bare substrate after UV-ozone, toluene and methanol wash

3. Silicon wafer after UV-ozone and acid wash

(a) Bare substrate immediately after UV-ozone and acid wash

(b) Bare substrate after UV-ozone, acid and toluene wash

(c) Bare substrate after UV-ozone, acid, toluene and methanol wash

Measuring the contact angle under each three scenarios above allows analysis of how
the cleaning procedures affect the bare substrate and subsequent washing procedures
affect the contact angle. Figure 6.1 shows the contact angle data for the three
scenarios and cleaning regimes. The data for acid wash only (red) show a contact
angle of ∼50◦ and, interestingly, no statistically significant deviation between contact
angle after acid wash and subsequent toluene and methanol washes. This might
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be unexpected: the acid might have been expected to give a low contact angle
(approximately zero), but is higher. This is discussed further below.

After only a UV-ozone treatment on the bare silicon wafer (Figure 6.1 (white)), the
contact angle is dramatically reduced, resulting in a hydrophilic surface that was
unmeasurable via DSA. This is complete wetting such that water spreads across the
surface. Again, no statistical deviation is observed between this UV only treated
sample and those after toluene and methanol washes.

Combining the acid wash and a UV-ozone treatment (Figure 6.1 (purple)) increases
the contact angle very slightly to just over 4◦. This could be due to the presence
of residual surface siloxane bonds mentioned in the paragraph below. Again, no
statistical deviation between toluene and methanol washes is observed.

The contact angle displayed by the acid wash only data (red) is the most hydrophobic
out of all three scenarios considered. Wettability of a solid surface depends on surface
free energy—which influences attractive forces between a liquid and solid—and
surface morphology. Assuming a surface layer of silicon dioxide with hydroxyl
groups present on the surface, these surface hydroxyl groups cause the surface to
be hydrophilic. Nitric acid is an oxidising agent and would possibly cause siloxane
bonds to form via the release of surface hydrogen in the form of water. The presence
of siloxane bonds makes the surface hydrophobic. [121,248]

For the subsequent measurements, silicon wafers were initially pre-cleaned by a wash
in nitric acid followed by a rinse with copious DI water and a 15 minute UV-ozone
treatment. Therefore the starting contact angle is 4.2◦(Figure 6.1 purple) and is
displayed as a pink starting point in the contact angle graphs below. The clean
silicon wafers underwent a pretreatment and age in crude oil.

2) HA oil

Figure 6.2 (a) shows the contact angle data for silicon wafers aged in HA oil with
no pretreatment (left), DI pretreatment (middle) and brine pretreatment (right).
The oil was removed and replenished after each week. The error shows the standard
deviation of three runs. The bare silicon wafer (acid and UV-ozone) contact angle
is included in each graph (pink) for comparison.

2.1) Untreated Substrate
The left-hand graph in Figure 6.2 (a) shows the untreated substrate contact angle.
After just a toluene wash, the contact angle stays around 90◦ for the duration of the
ageing. After a methanol wash, the contact angle for the first week of ageing is not
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Figure 6.1: Contact angle measurements of bare silicon wafer after cleaning regimes:
acid wash (red), UV-ozone (white) and acid wash with UV-ozone (purple). Error shows

standard deviation of three measurements.
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statistically different from the toluene wash. However, after a methanol wash, weeks
2, 4 and 6 show a loss of 18, 15 and 11◦ respectively. The data show a methanol
wash increases hydrophilicity, suggesting the molecules lost in the methanol wash
are hydrophobic, or some methanol is incorporated in the surface layer and the OH
groups impart some hydrophilicity.

The contact angle data imply organic had adsorbed and is not washed off, resulting
in a contact angle greater than the bare surface. A similar conclusion is drawn with
CHN elemental analyses data as it shows 1.5 % carbon adsorbing onto the quartz
surface.

2.2) DI treated Substrate
The middle graph in Figure 6.2 (a) shows the DI treated substrate contact angle.
After just a toluene wash, the contact angle stays around 95◦ for the duration
of the ageing, which is comparable to but slightly more hydrophobic than the
untreated substrate. Upon a methanol wash, the contact angle is again lower
(more hydrophilic) by 10 and 15◦ for 1 and 2 weeks respectively. However, there is
no statistically significant difference between weeks 4 and 6 toluene wash and the
methanol wash.

The data suggest some molecules bind to silicon dioxide and alter the wettability.
Interestingly, these are not inhibited by DI water—the wettability altering molecules
adsorb immediately and remain adsorbed. If DI water inhibited the binding of the
wettability-altering molecules, the graph would show a contact angle remaining the
same as the bare silicon wafer. However, this is not the case.

The contact angle data implies organic has adsorbed and is not washed off. However,
CHN analysis suggests all organic is removed (Figure 5.7). This suggests that a small
layer, which is less than a third of a uniform monolayer is adsorbed and undetectable
via CHN analysis, which alters wettability.

2.3) Brine treated Substrate
The right-hand graph in Figure 6.2 (a) shows the brine treated substrate contact
angle. After a toluene wash, a similar trend is seen as observed in the previous HA
aged samples: a contact angle of ∼90◦ is maintained for the duration of ageing.
After a methanol wash, the contact angle is once again reduced, but this time more
significantly lower: from 60◦ after one week and to 70◦ at week 4 where the contact
angle plateaus at 70◦.

The data suggest that brine does not inhibit adsorption of wettability altering
molecules and that methanol removes some molecules that make silicon wafers more
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hydrophobic or adsorbs to reduce the contact angle.

Comparing to CHN data, a similar story is seen as observed in the DI treated sample:
CHN data does not detect any organic adsorbing, yet contact angle data suggest
organic species are adsorbing. This suggests a sub-monolayer may be present to
alter wettability.

Overall, HA oil with or without pretreatment increases the hydrophobicity of
silicon wafers after one week. Interestingly, DI and brine pretreatments do not
inhibit adsorption of wettability altering chemistry. The methanol wash reduces
hydrophobicity. However, chemistry is still present as the contact angle remains
significantly higher than the starting material.

The DSA results are interesting when compared to the elemental analysis above.
The DSA data indicates species adsorbing, resulting in a large change in contact
angle. However, in contrast, the CHN analyses did not show evidence of organics
adsorbing. The differences are attributed to the sensitivities of the methods. As
noted above, in many cases, there was evidence of very significant amounts of
adsorbed organic readily detectable by the CHN. However, several samples did
show some evidence of small levels of adsorption. These were comparable to the
experimental uncertainty. Estimates based on the quantitative amounts adsorbed
mean that a third of a monolayer worth of organics can be identified using CHN.
There is less confidence with identifying a smaller amount. Hence, the amount of
organic that leads to the changes in contact angle cannot be thicker than a molecular
layer and is most likely less than a third of a monolayer (0.5 wt % carbon). If it
were greater than a third of a monolayer, it would be observed in the carbon analysis
data.

This is a very interesting observation and implies that even fractional coverage of
a mineral surface can have a profound impact on the wettability as determined by
contact angle measurements.
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3) LA oil

Figure 6.2 (b) shows the contact angles of silicon wafers aged in LA oil with no
pre-treatment, DI water, or brine each week over a 6 week ageing period. The
oil was removed and replenished after each week. The error shows the standard
deviation of three runs. The contact angle of water on the bare silicon wafer is
included in each graph for comparison.

3.1) Untreated Substrate
The left-hand graph in Figure 6.2 (b) shows the untreated substrate contact angle.
After a toluene wash, the contact angle fluctuates between 75–90◦ over the 6 week
ageing period. This is a similar contact angle to that measured for the silicon
wafer aged in HA oil. Interestingly, after a methanol wash, the contact angle
remains the same as the toluene washed sample. There is some evidence of a
significant increase to ∼110◦ at 6 weeks. However, this is only a single data point
and interpretation of its significance should be approached with caution. The data
suggest wettability altering molecules adsorb initially and are not washed off with
toluene or methanol.

3.2. DI treated substrate Data for the DI treated substrate (Figure 6.2 (b)
middle) show the contact angle is initially approximately 90◦ with the toluene wash,
comparable to the untreated system. Interestingly, it takes two weeks to reach this
value. All other samples discussed so far attained the long term value within one
week. Interestingly, after a methanol wash, the contact angle halves, suggesting
a very significant reduction in adsorbed organic species. This behaviour can be
compared to the elemental analysis data, where it must be recalled that the data
was collected after washing with both toluene and methanol. Hence, based on the
contact angle data, a significant amount of organic would be expected on the surface
if only a toluene wash was used. The contact angle after both toluene and methanol
would suggest less organic adsorbed. This would be reflected in only small amounts
evident in the CHN elemental analysis. This is in reasonable agreement with the
CHN data where there was a lack of carbon or only small amounts adsorbed on
quartz particles pretreated in DI water. Hence, concluding again that the amount
of carbon adsorbed is too small to measure by CHN analyses, but is enough to cause
contact angle changes.

3.3. Brine treated substrate Data for the brine treated substrate (Figure 6.2 (b)
right) show the contact angle to be in the range 70–80◦ throughout the 6 week ageing
and the difference between toluene washed or toluene and methanol washed is similar
to the error of the measurements. The fact that a level of hydrophobicity—above
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the starting material level—is retained is supported by the CHN data: we see a
very small (0.2 %) increase in carbon content. Some organics remain adsorbed after
solvent washing. The data show that brine does not inhibit adsorption of a small
level of organics.

Overall, LA oil increases hydrophobicity of silicon wafers after one week. DI and
brine pretreatments do not inhibit adsorption of wettability altering chemicals. The
methanol wash can reduce hydrophobicity, presumably by removing some species,
not soluble in toluene. However, it can be concluded that some organics are still
present as the contact angle remains significantly higher than the starting material.
It could be argued that LA oil may have less organic material adsorbed compared
to HA oil due to a lower contact angle in LA oil after the methanol wash, although
the amount and the chemical nature of the species may also account for these
changes.

4) LA-carb oil

Figure 6.2 (c) shows the contact angles of silicon wafers aged in LA-carb oil 7 with
no pre-treatment, DI water, or brine each week over a 6 week ageing period. The
oil was removed and replenished after each week. The error shows the standard
deviation of three runs. The contact angle of water on the bare silicon wafer is
included in each graph for comparison.

4.1) Untreated Substrate
The data for untreated substrate aged in LA-carb oil (Figure 6.2 (c) left) after
a toluene wash show a contact angle of ∼70◦ for most of the duration of ageing
(although, noting again the adsorption does not appear to be complete within one
week). After a methanol wash the substrate becomes significantly more hydrophilic
with a contact angle 40◦ lower than untreated HA and LA oil samples. The data for
untreated quartz powder aged in LA-carb oil showed carbon and nitrogen content
remains after the toluene and methanol wash. Linking this to the contact angle
data, the type of molecules that adsorb from LA-carb oil on untreated quartz can
be assumed to promote hydrophobicity and possibly contain nitrogen cations (to
adsorb to the negative silica surface).

4.2. DI treated substrate
The DI treated substrate data (Figure 6.2 (c) middle) show interesting results: the
contact angle after 1 week is increased to ∼12◦ for both toluene and methanol washed
samples and only after two weeks does a long term, stable contact angle appear. The
delay in increase could be linked to the change in adsorbed content in the previous
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chapter (Section 5.4.2, Figure 5.11) as there is a rise at week 2 for carbon content
that could be the hydrophobic molecules adsorbing.

The increase in the contact angle suggests hydrophobic species are initially
adsorbing. Interestingly, a significant drop in contact angle (40◦) occurs after the
methanol wash. The CHN data for DI pretreated quartz aged in LA-carb oil (washed
in toluene and methanol) suggest no/very little organic species have bound. This is
broadly in agreement here, where more organic adsorbed, some of which was washed
off by toluene, but more by methanol, such that the small amount remaining was
not enough to detect by CHN analyses.

4.3. Brine treated substrate
The brine treated substrate (Figure 6.2 (c) right) show contact angles smaller than
all the previous results, except the bare substrate. The toluene washed contact angle
is plateauing at ∼60◦ and the methanol washed sample at 30◦. Both remain the
same contact angle after 4 weeks of the ageing process and take two weeks to reach
a stable value.The CHN data show no detectable level of carbon adsorbing, which
is reconciled by suggesting small patches of organic that are not detected by CHN
analysis that adsorb, but these patches are present on silicon wafers and change the
contact angle.

5) Conclusions

• Ageing the silicon substrates in these crude oils results in very significant
increases in contact angle, suggesting the adsorption of hydrophobic species.
For most cases this occurs within the shortest time period investigated (1
week). However, some samples take two weeks. This is interesting as one might
expect small molecules to adsorb quickly and easily complete in one week.
Hence, this suggests some more complex behaviour such as slow adsorption
of larger molecules, possibly asphaltenes, or displacement of one species for
another.

• Washing crude oil aged silicon wafers in toluene and methanol makes the
surface relatively less hydrophobic compared to washing the aged substrate in
only toluene. This is attributed to removal of hydrophobic components and
retention of more hydrophilic methanol at the surface, or competitive exchange
of methanol for the initially adsorbed species. The removal of hydrophobic
species by the very hydrophilic methanol may be unexpected. However, it
is reasonably well known that alcohols and water can effectively outcompete
some additives for mineral surfaces
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• HA oil makes silicon wafers hydrophobic. A DI or brine pretreatment does
not reduce or inhibit wettability altering molecules from adsorbing. This
contradicts Section 5.4.2 on aged quartz powder where DI and brine is shown
to inhibit adsorption of carbon species.

• The untreated silicon wafer aged in LA or LA-carb oil shows ∼10◦ lower
wettability compared to untreated HA oil aged silicon wafers. This result
correlates with Section 5.4.2, where a lower amount of organic adsorbs onto
quartz powder from LA or LA-carb oil compared to HA oil. This could suggest
amount adsorbed is proportional to contact angle.

• DI and brine treated silicon wafers aged in LA-carb oil result in a more
hydrophilic system than the counterpart silicon wafers aged in HA or LA
oil.

• DSA confirms surface chemistry is altered for the silicon/silica surface to
a greater or lesser extent for all crude oils. However, the amount of
species adsorbed are too small to be confidently measured by CHN analyses.
Although, some modest variations in the CHN data were evident above, but
these could not be confidently assigned.

217



Understanding the Ageing Process: Flat Substrates

6.3 Mica Discs

This section considers adsorption onto the large flat surfaces of mica discs aged in
HA, LA or LA-carb oil with or without DI or brine pretreatment. As a powder
cannot be used to measure contact angle, a flat substrate must be used. Similar
signals of noise and no clear signals were observed with SFG of flat mica as mentioned
above with silicon wafers. The data is not presented here.

6.3.1 DSA

The data presented here is the two-phase contact angle of water on the aged flat
mica discs and any adsorbed layer it has gained as part of the ageing process.

1) Bare Mica Disc

Bare mica discs were used as received. Ideally, freshly cleaved mica would be used
in the experiment. However, the cleaving method uses sellotape that may introduce
contamination on one side of the mica disc and thus adds another variable at the
interface that may affect the binding of organic species. Therefore, cleaved mica
was not used in the ageing process. Comparison of the contact angle between
mica as received and the cleaved mica followed by a wash in toluene and then a
methanol wash is conducted to assess the bare mica starting material. The following
is analysed in the section below:

1. Mica disc as received

(a) Bare substrate as received

(b) Bare substrate after toluene wash

(c) Bare substrate after toluene and methanol wash

2. Mica disc after cleaving

(a) Bare substrate after cleaving

(b) Bare substrate after cleaving and toluene wash

(c) Bare substrate after cleaving, toluene and methanol wash

Figure 6.3 shows the contact angle measurements for water drops on mica as received
and on cleaved mica. Data for the bare mica as received (red) show a contact angle
of approximately 15◦. There is no significant change for the water contact angle
compared with after a toluene and after a methanol wash. Interestingly, the contact
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Figure 6.3: Contact angle measurements of bare mica discs as received (red) and after
cleaving (purple) with toluene and methanol washes. Error shows standard deviation of

three measurements.

angle is non-zero, suggesting some degree of hydrophobicity, but rather modest.
This may be due to minor contamination from deposition from the air.

The data for cleaved mica (purple) show a lower contact angle and in some case
the drop spreads, indicating a hydrophilic surface (complete wetting) where contact
angle is zero and cannot formally be measured using DSA. Interestingly, there is
an increase in contact angle upon toluene and methanol washes, suggesting these
solvents actually impart some hydrophobic nature to the surface. However, there
is no difference between the contact angle after the two washes. It is possible, for
example, that the OH of the methanol is bound to the OH on the mica surface or
to the surface bound K+ ions. Once bound in this way the hydrophobic end of the
methanol −CH3 may be exposed to the air and the surface will appear to be more
hydrophobic.

2) HA Oil

Figure 6.4 (a) shows the contact angles of mica discs aged in HA oil with
pretreatments (no pretreatment, DI water, or brine) over a 6 week ageing period.
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The oil was removed and replenished after each week. The error shows the standard
deviation of three runs. A bare mica disc as received is included in each graph for
comparison.

2.1) Untreated Substrate
The data for the untreated substrate (Figure 6.4 (a) left) show that after a toluene
wash the contact angle is much higher than the initial bare mica. The contact
angle remains approximately the same (80◦) throughout the 6 week ageing process,
suggesting hydrophobic molecules bind to mica and do so promptly. After a
methanol wash, the data suggest a very significant fraction/all of the adsorbed
molecules are removed as the surface returns to essentially the same contact angle
as bare mica (20◦). The contact angle data are comparable to the CHN data as after
a methanol wash the CHN data also shows no organic adsorbed, which correlates
with a reversion back to the contact angle of bare mica. As mentioned above in the
CHN discussion, this was a surprising result, so it is interesting to see it supported
by both CHN and contact angle data.

2.2) DI treated Substrate
The DI treated substrate data (Figure 6.4 (a) middle) show that a toluene wash
provides a similar contact angle as the untreated substrate with a significant increase
in contact angle compared to the bare mica. Interestingly, for the first week after
a toluene and methanol wash (brown) the contact angle reverts back to that of
the starting material. However, in subsequent weeks the methanol wash contact
angle is the same as for the toluene wash: methanol no longer removes the contact
angle altering molecules from the mica surface. This is an interesting finding and
suggests species that were initially reversibly bound become irreversibly bound over
time. Building on this, the oil is refreshed each week so it cannot be a chemical
modification of the fluid crude, it must be some change of the surface and adsorbed
species.

CHN elemental analysis showed no organic adsorbing (for toluene and methanol
washed samples). However, contact angle data does show organic adsorbing after two
weeks. The fact that the organics can be removed in methanol, which is polar protic,
and not in the non-polar toluene suggests that the molecules in the layer directly
adsorbed to mica surface are polar and anions. Therefore, when the DI treated
mica aged in HA oil retains contact angle altering organics after the methanol wash
suggests the molecules that remain are cationic and may be removed by a polar
aprotic solvent such as acetone. This result is reinforced in Section 6.3.3 where
HRMS is used to investigate the methanol washings and cationic molecules are not
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in high enough abundance leading to only anionic molecule investigation.

2.3) Brine treated Substrate
The brine treated substrate data (Figure 6.4 (a) right) show similar results compared
to the untreated mica aged in HA oil: a significant elevation of the contact angle of
80◦ with one interesting difference that the week 1 sample does not show any change
in contact angle when compared to the bare mica surface. This suggests some slow
process in the wettability alteration.

Again, similarly to the untreated substrate, after a methanol wash the contact angle
returns to the contact angle of the bare mica. It can be concluded that brine does
not inhibit molecules adsorbing onto mica after 2 weeks of ageing. However, the
molecules that do adsorb are easily removed with methanol. As outlined above, this
may be a solvency issue or one of competitive adsorption.

The contact angle data is in agreement with the CHN data as after a methanol
wash the CHN data also show no organic adsorbed. As mentioned above, this was a
surprising result and it is good to have both CHN and contact angle data to support
this conclusion.

221



Understanding the Ageing Process: Flat Substrates

Fi
gu

re
6.

4:
C

on
ta

ct
an

gl
e

of
ag

ed
m

ic
a

di
sc

s
in

(a
)

H
A

(b
)

LA
or

(c
)

LA
-c

ar
b

oi
lw

ith
or

w
ith

ou
t

pr
et

re
at

m
en

t.
Pi

nk
po

in
t

at
t=

0
is

wa
te

r
co

nt
ac

t
an

gl
e

on
m

ic
a

as
re

ce
iv

ed
.

Er
ro

r
sh

ow
s

st
an

da
rd

de
vi

at
io

n
of

th
re

e
re

pe
at

s.
D

ot
te

d
lin

es
ar

e
to

gu
id

e
th

e
ey

e
fro

m
th

e
st

ar
tin

g
su

bs
tr

at
e.

222



Understanding the Ageing Process: Flat Substrates

3) LA Oil

Figure 6.4 (b) shows the contact angle of mica discs aged in LA oil with no
pretreatment, DI water, or brine over a 6 week ageing period. The oil was removed
and replenished after each week. The error shows the standard deviation of three
runs. The contact angle for a bare mica disc as received is included in each graph
for comparison.

3.1) Untreated Substrate
The data for the untreated mica aged in LA oil (Figure 6.4 (b) left) show a similar
story to the untreated mica aged in HA oil: a dramatic rise on contact angle, which
then remains essentially the same throughout the ageing process (50◦). However,
the contact angle for mica aged in LA oil is less hydrophobic than mica aged in HA
oil by around 30◦. The main difference between HA oil and LA oil is the asphaltene
content. Coupling the contact angle data to SARA data leads to the suggestion that
asphaltenes bind and make mica more hydrophobic with HA oil. After a methanol
wash, the contact angle returns to the value of bare mica. The contact angle data
is again in good agreement with the CHN data as after a methanol wash the CHN
data also show no organic adsorbed.

3.2) DI treated Substrate
The data for DI treated mica aged in LA oil (Figure 6.4 (b) middle) after a toluene
wash show that a contact angle of 60◦, which is retained throughout the ageing
process. This contact angle is ∼20◦ lower than the angle measured when aged in
HA oil, suggesting again that the asphaltene content of HA oil is altering wettability,
as mentioned in the above paragraph. Upon methanol washing the contact angle
goes to ∼20◦, which is that of bare mica. It can be concluded that methanol removes
the contact angle altering species from the mica substrate.

3.3) Brine treated Substrate
The data for brine treated mica aged in LA oil (Figure 6.4 (b) right) after both
toluene and methanol washes are unexpectedly very similar. The contact angle for
the duration of ageing is between 15–17◦ and there is no statistically significant
difference between the two and interestingly, all the data are at the same contact
angle of the bare mica surface.

It could be argued that there is residual methanol on the substrate. However,
the substrates were left to air dry for an hour before measuring. Therefore, it is
assumed that all solvent has evaporated. A toluene washed mica substrate has the
same contact angle as a bare mica substrate (∼20◦). After a methanol wash on the
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same substrate, the contact angle almost halves to just above 10◦. If methanol had
remained on the surface in the above experiments, the contact angle would have
been 10◦ and not 20◦. It seems more likely that a hydrated layer has formed on
the mica surface via the cations in brine, which removed any possibility for bound
organics.

Overall, the removal of organics left in place by toluene but removed by methanol
could have several origins, as outlined above:

• Solvency of the methanol removing all the adsorbed crude components

• Absorption of methanol onto the surface to make a region more hydrophilic

• Competition by the methanol for the surface sites over the organics

Most interesting is the return of the contact angle to essentially the same value as
the starting mica. If there was absorption of methanol, it might be lower than the
starting material contact angle, but there is no reason to think it should be so close
to the bare mica value, other than by change. Similarly, if there was competitive
adsorption of the methanol for the mica surface, the contact angle would be 10 and
not 20◦. Hence, it is concluded that mica substrate is cleaned. This is a significant
conclusion: solvent can completely remove all adsorbed organics arising from the
ageing process. This has important implications for EOR.

4) LA-carb Oil

Figure 6.4 (c) shows the contact angles of mica discs aged in LA-carb oil with no
pretreatment, DI water, or brine over a 6 week ageing period. The oil was removed
and replenished after each week. The error shows the standard deviation of three
runs. A bare mica disc as received is included in each graph for comparison.

4.1) Untreated Substrate
The data for the untreated substrate (Figure 6.4 (c) left) show that a contact angle
of 60◦ is retained throughout the ageing process. This is a similar contact angle to
that observed in LA oil, which has a similar level of asphaltenes. After a methanol
wash of mica aged in LA-carb oil, there is a large reduction in contact angle to that
of bare mica. This result suggests that methanol again removes adsorbed organics
that make a hydrophobic surface.

4.2) DI treated Substrate
The data for the DI treated substrate (Figure 6.4 (c) middle) show the same trend
and essentially the same values as the untreated substrate: after toluene wash a
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contact angle of 60◦ was observed, and after a methanol wash the contact angle
returned to the value of bare mica. Hence, it is concluded that DI water does not
stop hydrophobic molecules from adsorbing onto mica. However, the methanol wash
removes these molecules.

4.3) Brine treated Substrate
The contact angle of brine treated mica aged in LA-carb oil (Figure 6.4 (c) right)
show after a toluene wash, that the contact angle returns to that of the bare mica.
After a methanol wash, the values are not significantly different from the toluene
wash/bare mica. The data suggest brine inhibits organics from binding to the mica
surface as no changes in contact angle are observed.

The role of brine could be explored more to investigate why it inhibits binding:
one would expect cation bridging between the negatively charged mica surface, salt
cations and nitrogen anion containing molecules (such as pyridines). An excess of
crude oil could be tumbled with brine for 24 hours, before extracting the brine and
investigating any molecules adsorbed by HRMS. Knowing what types of molecules
are soluble in the brine from the crude oil will aid understanding in why these
chemical functionalities are not binding onto the mica surface.

5) Conclusions

• In most cases, the ageing process adsorbed hydrophobic species to the mica
surface. The exceptions to this are LA and LA-carb oil with a brine
pretreatment and toluene wash, where the adsorption is completely inhibited.
This is an interesting and significant finding. The brine is able to prevent any
adsorption to the mica. We attribute this to the low asphaltene content of
both, as HA oil showed adsorption. Asphaltene content appears to be a key
driver in adsorption.

• Toluene and methanol washed samples, have contact angles essentially that
of the starting material. This strongly suggests that any adsorbed material
remaining after a toluene wash is completely removed by methanol. This
finding is in good agreement with CHN data where no organics are seen on the
mica powder after ageing. The only substrate to deviate from the trend is DI
treated mica disc aged in HA oil, where the contact angle remains hydrophobic
(80◦) after a toluene and methanol wash. This is attributed to the higher
asphaltene content and the presence of a small amount of adsorbed organics,
too small to be detected by CHN, but large enough to modify the contact
angle.
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6.3.2 Heated Brine Pretreatment

A recent paper from Mugele’s research group, Twente, suggesting mica substrates do
undergo organic adsorption during ageing, as evidenced via the contact angle. [45] The
study discussed in this thesis (Section 6.3) concludes that organic species adsorb,
but are removed with a methanol wash. The main differences between Mugele’s
study and the study above are:

1. In the study in this thesis, brine is added at room temperature and oil added
immediately after washing substrates in brine. Mugele treats substrates with
brine at a temperature of 60◦for 24 hours before adding oil.

2. In this thesis, the substrates are washed in toluene after ageing, and then in
methanol. Mugele only washes in toluene.

3. Mugele measures a three phase contact angle of a crude oil droplet (water
droplet in oil). In this thesis, a two phase water contact angle on a solid
substrate is measured.

Considering point 1 above, if heating the brine is key to functionalision of mica
by crude oil, it suggests heating the brine and submerging mica in brine for 24
hours could be key to isomorphic substitution by cations in the brine within the
mica structure to promote a negative surface charge, thus allowing cation-bridging
to bind asphaltenes. However, the study by Mugele suggests the surface charge is
too small to measure in situ and when measured ex situ the flat sections have strong
negative charges whereas protrusions are neutral.

Addressing point 2 above, the data in Figure 6.4 on the right hand side show that
all brine treated substrates have adsorbed organic matter removed after a toluene
and methanol wash. The only outlier is HA oil, where a toluene wash shows organic
matter remains adsorbed after 2 weeks of ageing. Interestingly, the same HA oil
supplied to Cambridge is one of the oils used in Mugele’s study. Both Mugele
and this thesis use the same brine too, which allows for direct comparison between
methods.

To compare the study in this thesis with Mugele, additional measurements were
made with mica discs pretreated with brine at 70 ◦C for 24 hours prior to ageing.
Substrates were aged for 6 weeks and compared. After a toluene wash, Mugele’s
three-phase contact angle of a drop of HA oil on aged mica pretreated in brine is
120–150◦ through the oil drop (Mugele supplementary Figure 2, B, crude B). This
means a contact angle between 30–60◦ is expected from a two-phase water contact
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angle.

Figure 6.5 shows the data for mica aged in HA oil with brine treatment at room or
heated brine treatment. The data show a heated brine pretreatment followed by HA
oil ageing (red) immediately makes mica hydrophobic after a toluene wash. When
mica has a room temperature brine pretreatment (orange), it takes until week 2
for hydrophobicity to occur. The two studies align well, as the contact angle is at
the higher end of the 30–60◦ range, with no difference to the plateau value between
toluene washed samples.

Figure 6.5: Contact angle measurements of mica pretreated with brine. Square-points
show mica aged in brine at room temperature for seconds before ageing in HA oil.
Star-points show mica pretreated in brine added at 70 ◦C for 24 hours before ageing.

Error shows standard deviation of three measurements.

After a methanol wash, Figure 6.5 (light and dark blue) show the contact angle
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returning to that of bare mica. This confirms observations seen in the CHN data
where no organics adsorb. This also shows the key difference in the two studies
(this thesis compared to Mugele) is the toluene vs methanol wash: washing with
just toluene leaves significant organic binding onto the mica surface. A methanol
wash removes adsorbed organic.

Overall, the work in this section of the thesis agrees with the work seen by Mugele
when compared to similar systems prepared in the same way. In addition, the section
above has addressed a much wider range of samples/substrates and conditions that
the Mugele paper as well as the elemental composition data. Therefore, data from
both groups are unified and complete a picture of mica wettability alteration.
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6.3.3 HRMS

Background

High resolution mass spectrometry is an upcoming method utilised by BP to
investigate liquid extracts from solvent washings when removing adsorbed crude oil
components from aged rock core. Recent investigations have shown that following
a traditional core cleaning of toluene and methanol wash with tetrahydrofuran
(THF) and tetramethylammonium hydroxide (TMAH) will recover organics from
the core. [55–57] There are clear differences between functional groups present in the
crude oil and the solvent extracts from the core washings. Differences can also be
observed between the molecules yielded from different solvents used to wash.

The important advance is that the very high resolution now available with the HRMS
allows all components of the complex mix in a crude oil type sample to be resolved
and identified. This provides a very extensive data set that can then be characterised
in different ways and compared to related fluids after various processes.

Considering how HRMS will link to this thesis, after ageing untreated mica discs
in HA oil and washing in toluene to remove bulk toluene, the mica discs show
an increase in the contact angle (of a water droplet). The surface is significantly
more hydrophobic than that of the starting material; this is typical of a wettability
altering material and is what the Twente group reported above. Upon a single
methanol wash, the contact angle returns to that of the starting material. This
suggests the methanol wash removes the contact angle determining species. It is
these species that HRMS may identify.

Experimental

The aim of this study is to use HRMS to investigate the species in the methanol
wash and suggest functional groups that possibly drive the change in the contact
angle. Similar to other MS approaches, fragmentation is expected. Therefore, the
higher mass end of the spectrum will be important for identification of molecules.
Importantly, washing in methanol does not require extreme conditions to release
molecules, which is in contrast to methods above where fragmentation occurs simply
by releasing the molecule from the surface (e.g. TOF-SIMS). Due to time and access
limitations, only untreated mica aged in HA oil after 6 weeks was investigated.

To prepare the crude oil, the solution was diluted with toluene to reach 1 mg/ml.
For methanol extracts, 1.5 mL of sample was left to evaporate in a fume hood
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to concentrate the sample before injection. It is important to note the action of
letting methanol evaporate from the sample is a gentle process and not expected to
significantly damage the sample. However, evaporation could result in oxidation of
the sample. The samples were characterized using Electrospray Ionisation (ESI) in
negative mode. Possible compounds linked to their classes are in Table 6.1.

Typical Class Compound
N1 (CxHyN1) Carbazole-type species
O1 (CxHyO1) Benzylphenols
O2 (CxHyO2) Carboxylic acids

Table 6.1: Key classes for the negative electrospray ionisation are acidic and compound
suggestions are above.

A positive ESI was run for the toluene and methanol extracts but the signal was
too weak to provide a useable spectrum. It is interesting that the positive ESI did
not provide fragments in high enough abundance because it may be expected that
cationic molecules will bind to the negative mica basal plane. The lack of abundance
of positive fragments suggests the mechanism of crude oil components binding to
the mica surface is not one of surface charge or cation bridging. A mechanism
that produces negative fragments predominantly suggests a van der Waals type
interaction with the surface: the molecules are removed with a solvent and most
likely not chemically bound. Therefore, a weak interaction is suggested.

1) Classes

The first step to deconvoluting the HRMS data is categorising species/fragments
into classes. Fragments are classed depending on the number and combination of
heteroatoms (N, O or S) and a high abundance of 13C fragments. The hypothesis is
that the methanol extract will contain a higher abundance of some fragments that
are found in crude oil, suggesting preferential adsorption. It will be these fragments
that drive a change in the contact angle on the mica surface.

Figure 6.6 shows the percentage relative abundance of HA oil, toluene extract
and methanol extract as a function of class distribution. Focussing firstly on the
difference between HA oil and the methanol extract, there are a greater abundance
of O2-5 and O3-5S1-2 classes for the methanol extracted species than in HA oil. Origin
of the Ox classes could be from oxidation of the extract during evaporation in air.
However, there is no clear origin for an increase in sulfur content. Therefore, the
sulfur fragments must have originated from the crude oil. It is concluded that
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the sulfur containing species are preferentially adsorbed from the wettability alter
material.

Figure 6.6: Percentage relative abundance of class distribution in HA oil (green), toluene
extract (orange) and methanol extract (blue). Grey vertical lines are to roughly guide the

eye between broad classes.

The HA oil (green) shows fragments that contain nitrogen-only (N1) or oxygen-only
(O1) as the heteroatoms. However, sulfur-only (S1) is not present whereas that
class of fragments are observed in toluene and methanol extracts. In HA oil, there
are consistently fragments with fewer heteroatom combinations (N1O1, N1S1, O1S1,
N1O1, S1). However, when number of heteroatoms increase and complexity of
combinations increase (N1O3–4 and O1–2S2) the relative abundance is reduced for
species in HA oil or not present.

The toluene extract (orange) shows a greater abundance of oxygen-containing
fragments than the HA oil. Although there are nitrogen-containing classes (N1,
N1O3–4, N1O1S2), there are fewer present in the toluene extract than the HA
oil.

To understand the Ox, O3–5S1 and O4–5S2 classes further, the carbon number via
the relative molecular mass and DBE can be used to infer a structure of the most
abundant fragments of each class. The molecules found in the methanol extract that
differ from the toluene and HA oil are from the following classes: O5, O3–5S1 and
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O4–5S2. The O2 class will also be investigated as this has the highest abundance in
the methanol extract.

In summary, species with a certain combination of heteroatoms are found (referred to
as ‘classes’). These are plotted by carbon number versus DBE. The most abundant
fragments are selected and chemical structures of the most abundant molecules are
suggested. These are discussed below.
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2) Determining Structures

2.1) O2 and O5 Class

Fragments containing two oxygen atoms are the most abundant in the methanol
extract. Figure 6.7 shows the double bond equivalence of the HA oil (a) and
methanol extract (b) plotted as a function of carbon number for the molecules
that contain two oxygen atoms. Figure 6.7 (c) shows the O5 class for the methanol
extract, which is included because there is a higher abundance than both the HA
oil and toluene extract.

For the O2 class, the data show a significant enrichment of low DBE (∼1) molecules
with low carbon number in the methanol wash compared to the HA oil, suggesting
long chain saturated fatty acids are present in the methanol wash and were
wettability altering on the mica surface. A similar result of low DBE and carbon
number is observed for the O5 class methanol extract, suggesting low aromaticity
and short side chains. A possible origin for this class is sample oxidation as the
sample had to be left open to the air to evaporate and concentrate. The following
suggested structures from fragments with high abundance can be identified and are
shown in Table 6.2.
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Figure 6.7: Double bond equivalence as a function of carbon number for (a) HA oil and
(b) methanol extracts of the O2 class and (c) methanol extract for the O5 class.
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Class m/z DBE Formula Suggested Structure

O2
class

227.2012 1 C14H28O2

299.2016 7 C20H28O2

O5
class

295.1551 5 C16H24O5

349.2021 6 C20H30O2

349.2021 2 C10H18O2

Table 6.2: Suggested molecules for the O2 and O5 class in the methanol extract.
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2.2) O3S1 Class

Figure 6.8 shows the double bond equivalence of the HA oil and methanol extract
plotted as a function of carbon number for the molecules that contain three oxygen
atoms and a sulfur atom. The data are show a low DBE, which suggest low
aromaticity. Carbon number for the most abundant molecules is between 8–18,
suggesting short side chains. Suggested molecules are in Table 6.3.

The toluene extract analysed was the toluene extracted after the washings ran clear
(Figure 6.9, T4 and T5). Therefore, only the strongly adsorbed molecules that
are dissolvable in toluene are included and investigated here. It is assumed that
toluene will remove any asphaltenic molecules if they are bound and the energy of
solvation is greater than the energy of binding. Although asphaltenes are defined to
dissolve in toluene, they may provide significant competing adsorption influence It
is expected that the asphaltenic molecules will have a high DBE and high carbon
number, possibly in the realm of the coordinate (20, 10) on the oil graph (Figure 6.8).
Interestingly, the toluene extract does not detect any fragments of the O3S1 class.
This suggests that the strongly bound molecules that are also soluble in toluene are
not asphaltenic. It is possible that O3S1 class asphaltenic groups are present in the
toluene washings to remove ‘bulk’ oil but their lack of presence here suggests the
solvation energy is greater than the binding energy of O3S1 class asphaltenes.

Figure 6.8: Double bond equivalence as a function of carbon number for (a) HA oil and
(b) methanol extracts of the O2 class.
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m/z DBE Formula Suggested Structure

191.0739 1 C8H16O3S

259.1373 2 C13H24O3S

Table 6.3: Suggested molecules for the O3S1 class in the methanol extract.

Figure 6.9: Toluene washings from untreated mica disc aged in HA oil moving from first
wash after removal from crude oil (T1) to final toluene wash (T5).
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2.3) O4S1 Class

The second most abundant class are fragments that contain four oxygen atoms and
one sulfur atom. Figure 6.10 shows the DBE and carbon number of HA oil and
methanol extract for the O4S1 class. The data show similar levels of DBE and a
greater spread of carbon number in the methanol extract compared to the HA oil.
This suggests fragments with longer side chains are present in the methanol extract.
Possible structures are suggested in Table 6.4.

Figure 6.10: Double bond equivalence as a function of carbon number for (a) HA oil and
(b) methanol extracts of the O4S1 class.
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m/z DBE Formula Suggested Structure

191.0739 1 C7H14O4S

305.1793 1 C20H30O2

233.0850 2 C10H18O2

Table 6.4: Suggested molecules for the O4S1 class in the methanol extract.
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2.4) O5S1–2 Class

The data in Figure 6.11 show the DBE and carbon number of the (a) O5S1 and (b)
O5S2 class from the methanol extract. These classes were not observed in the HA
oil. Therefore, they are possibly oxidation products of the O4S1 class mentioned
above. A low DBE and carbon number is observed for both classes, suggesting
low aromaticity and small side chains. Suggested molecules are displayed in Table
6.5.

Figure 6.11: Double bond equivalence as a function of carbon number for (a) O5S1 class
and (b) O5S2 class in the methanol extract.

m/z DBE Formula Suggested Structure

197.0482 0 C6H14O5S

229.0201 0 C6H14O5S2

323.0993 2 C13H24O5S2

Table 6.5: Suggested molecules for the O5Sx class in the methanol extract.
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3) Discussion and Conclusions

As mentioned in the Method Section, (−)ESI provided a high enough signal to
allow evaluation of the data, where as (+)ESI did not. Assuming no bound crude
oil remains on the surface after a methanol wash, which is clearly suggested by the
contact angle data returning to that of the starting material after a methanol wash,
this suggests the molecules that bind are anionic. This is an unexpected result
as it is expected that cationic species would bind more strongly on the negative
mica surface. This may be due to cation bridging or van der Waals forces between
polarising fragments (e.g. sulfur and hydrogen on Al−OH groups from mica).

The main class of molecules found in the methanol extract that differ from the
crude oil are from the following classes: Ox, O3–5S1 and O4–5S2. The methanol
extract has consistently contained molecules with a lower DBE than the HA oil,
suggesting methanol removes molecules that have a lower degree of aromaticity
from the mica surface. It could be suggested that less aromatics are not on the
surface as these are removed by toluene. However, this is proven not to be true as
the data suggests no highly aromatic molecule are adsorbing at all. One example
is the O3S1 class (Figure 6.8) where there is a significant, large, fragment detection
of DBE around 10 and much smaller amount with DBE around 10 in the methanol
extract. The toluene extract shows no presence of O3S1 detected (Figure 6.6). This
suggests the molecules in the methanol wash are not polyaromatic with high DBE
and are smaller, more saturated molecules (such as fatty acids). This low degree
of unsaturation is interesting as it is commonly anticipated that asphaltenes are
the dominant species controlling wettability and literature shows asphaltenes can
be applied onto mica. [46,249] Evidence in this section has suggested otherwise.

In crude oil, sulfur has been detected as a terminating thiol group (R−SH), sulfide
(R−S−R) or disulfide (R−S−S−R). [250] However, the data presented here show
that even if a functional group is present in crude oil, it does not correlate directly
to functional groups on the surface of substrates. As (−)ESI detects acids, the
structures suggested are sulfonic acid (R−SO3H) groups, which are a stronger acid
than sulfinic acid (R−SO2H).

Overall, after mica is aged in HA oil and washed in toluene then methanol, it can be
concluded that sulfur and oxygen containing molecules are enriched in the methanol
extract compared to the HA oil. The methanol wash causes the mica surface to
lose hydrophobicity. The HRMS data suggest functional groups containing sulfur
and oxygen drive a change in the contact angle on the mica surface. It can be
concluded that these are species that drive the hydrophobic nature of
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the surface.

An ideal system could be created to assess the functional group/combination of
functional groups that drive the contact angle changes on the mica surface. The
contact angle of a water droplet on functionalised mica with thiol, sulfonic or
carboxylic acid terminating groups should be compared with a crude oil aged mica
sample to determine the ideal model system.
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6.4 Conclusions

Section 6.2 and 6.3 focused on measuring the contact angle of water droplets on
silicon wafers and mica discs pretreated in DI or brine or untreated, in HA, LA or
LA-carb oil via DSA water contact angle. It is worth reiterating that the contact
angle is not only the solid-liquid surface: if any components dissolve into the water
and change the air/water surface tension, contact angle changes will also occur.
For that reason, contact angle measurements should be used as a complimentary
measurement for surface characterisation.

The study on silicon wafers has shown that differences between cleaning methods
can lead to different contact angles: acid treatment possibly oxidises the silicon
wafer, to form a SiO2 surface with siloxane bonds, resulting in a more hydrophobic
surface, with a non-zero contact angle. Application of a 15 minute UV-ozone clean
is hypothesised to form hydroxyl groups to yield a hydrophilic surface, although it
was not possible to observe these groups directly.

When the silicon wafers are aged and washed in toluene to remove excess crude oil,
all crude oils used in this study were found to make silicon wafers more hydrophobic.
After a toluene and methanol wash the substrate either:

• retains the same hydrophobicity

• or the contact angle is reduced and the substrate becomes less hydrophobic,
but more hydrophobic than the starting material

DSA has suggested that the surface chemistry is altered in all cases. However, the
amounts of the various species adsorbed in some cases are found to be too small
to be measured by CHN analysis. Hence, they must be present at sub-monolayer
quantities.

When crude oil ageing of mica discs was followed by a toluene wash, all untreated
and DI treated samples show an increase in hydrophobicity of the mica substrate.
Interestingly, LA and LA-carb oil with a brine pretreatment do not show any
evidence of a change in contact angle to the bare mica, suggesting no organic adsorbs,
whereas the brine pretreated HA oil aged mica shows an increase in contact angle.
This suggests asphaltenes alter contact angle of mica substrates. Upon a subsequent
methanol wash, all samples (apart from DI treated and aged in HA oil) have a
reduction in contact angle, back to the contact angle of the bare mica surface. This
is an interesting and unexpected result. It has long been considered that crude
oil components stick very strongly to mica and other clay minerals, particularly
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asphaltene species. The data presented demonstrates by CHN and contact angle
measurements that although some organics do bind to the mica surface, they are
readily removed by methanol even after 6 weeks ageing. In addition, for low
asphaltene crudes and in the presence of a brine pretreatment, nothing adsorbs
even after a mild toluene wash.

Employing a new HRMS approach, investigation of the methanol extract from an
untreated mica disc aged in HA oil after 6 weeks has shown an enrichment of oxygen
and sulfur-containing fragments. The fragments are consistently low aromaticity
and low carbon number compared to the contents of the crude oil. Therefore,
the wettability altering species on the mica are the oxygen and sulfur-containing
compounds, they are not asphaltenic and may cause a change in contact angle on
the mica basal plane through cation bridging or van der Waals interactions.

If the contact angle and CHN data suggest there is material present after
a toluene wash, they may not be asphaltenes. This may be a significant
finding as it is common in the commercial field to attribute wettability changes to
adsorbed asphaltenes. The work in this chapter has demonstrates that this cannot
be the case every time. However, consideration must be taken that if the binding
energy is higher than the solvation energy, the materials that remain stuck could be
ashpaltenes. The toluene wash removes free asphaltenes but some chemically bound
ones may be irreversibly adsorbed. [82,251]

No matter the adsorbed species, although not removed by toluene, many are removed
by methanol. Hence, attention must be redirected to other classes of species,
specifically sulfur compounds, for the surface bound organics that may determine
the subsequent binding of other species.
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Chapter 7

Effect of Stearic Acid on the
Calcite Surface

This chapter is an isolated section of work that illustrates the level of detail that
is accessible with modern experimental methods. Presented below is a detailed
adsorption study fo a simple organic (stearic acid) from a non-aqueous solvent
(toluene) to the surface of a common reservoir mineral (calcite). Work in this chapter
was completed in collaboration with several academics under guidance from myself
and Prof. Clarke:

• Isotherms by Rose Ng (Part III Student, Department of Chemistry) and Lana
Farren (Junior PhD student, Clarke Group)

• Karl Fischer titration by Hunter Group, Deptartment of Chemistry

• NR beamtime assistance from David Madden (postdoc, Clarke Group) and
Lana Farren, with data interpretation help from Prof. Clarke

• SFG with the help from Mike Casford (senior postdoc, Clarke Group)

• XRR interpretation help from Mary Wood (postdoc, EPFL)

7.1 Background

Calcium carbonate is one of the world’s most common minerals and is utilised in
several industries, from a paper filler to an overbasing agent. Calcium carbonate
is often used in combination with adsorbed organic compounds for several reasons,
such as facilitating its dispersion in non-aqueous solvents. Previously, research into
calcium carbonate and organics has predominantly focussed on adsorption from
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aqueous systems. However, the overall adsorption in these systems is generally
low. [252] For example, Lahann et al. reports that palmitic acid has a plateau
adsorption of 30 x 10-8 mol m-2 (555 Å2 molecule-1), equating to a surface coverage
of only 3.6 % when compared to the close-packed area of an alkyl chain of
approximately 20 Å2 molecule-1. [253]

When adsorbing species to calcium carbonate from water, one also needs to consider
issues with surface (and bulk) speciation, particularly as these can change with pH.
For example, there is reported to be an increase in adsorption of anionic species
with falling pH, which may be attributed to the more positive surface charge, as
discussed in Section 2.3.3. [254] However, even in these cases, the area per molecule
is still much lower than one might expect for a close-packed adsorbed layer.

Stearic acid (Figure 7.1) is a widely used additive in many industries: food
production, detergency, cosmetics, and lubricants and is made up of a hydrophobic
tail and a hydrophilic head. Although stearic acid can adsorb to a calcium carbonate
surface, competitive adsorption of water and/or hydration of the calcium carbonate
surface may be expected to impact the distribution of the stearic acid. Equally, it
may be that not all surface sites can be used to bind these adsorbing species, but
possibly only edges or kinks, possibly explaining low coverage. It may be for these
reasons that a densely packed monolayer of stearic acid is difficult to achieve in an
aqueous system.

Figure 7.1: Structure of stearic acid.

It has been suggested that stearic acid chemisorbs to calcite. [255] Other studies
suggest two regimes of adsorption, a chemisorbed monolayer directly on precipitated
calcium carbonate (PCC) and further physisorbed layers of calcium stearate. [256] In
good agreement with the results discussed previously for palmitic acid, Suess et al.
reported the formation of a stearic acid monolayer consisting of 30.8 x 10-8 mol
m-2 (540 Å2 molecule-1) from distilled water at 60 ◦C. [257] The authors suggest that
stearic acid molecules in dilute aqueous solution interact mainly with Ca2+ sites on
calcite, the surface concentration of which is 8.25 x 10-8 mol Ca m-2. [257]

Adsorption onto calcite from non-aqueous systems has been much less frequently
reported. However, it is significant that adsorption from oil-based systems appears
to be much more pronounced, with the formation of closely packed layers. This
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difference may lead to the conclusion that there is effective competition between
water and the adsorbing organic additives for the calcite surface in aqueous systems
because less organic is adsorbed, which is not observed in oil-based systems. Stearic
acid adsorbed from chloroform at 50 ◦C on calcite powder is reported to form a
monolayer with a coverage of 1 x 10-5 mol m-2 (16.6 Å2 molecule-1), suggesting
well-packed upright molecules. [258]

Osman et al. reported that a chemisorbed stearic acid monolayer forms on calcite
powder from toluene at room temperature, with a coverage between 7.8 x 10-6 and
9.7 x 10-6 mol m-2 (21.3–17.1 Å2 molecule-1). [259]

In this study stearic acid adsorbed on calcite from toluene at room temperature
is investigated with more structural detail than previously considered and different
experimental methods (such as NR and SFG). In addition to investigating adsorption
from dry toluene, the possibility of competitive adsorption between stearic acid
and water by observing what happens as water is ‘added back’ in controlled
amounts.

7.2 Materials

PCC (Multifex-MM ®) for batch adsorption isotherms was obtained from Specialty
Minerals Inc. The crystal habit was calcite with a rhombohedral particle shape, an
average particle size of 70 nm and a specific surface area of 18.3 m2 g-1 (determined
using nitrogen BET isotherm). The specific surface area was on the smaller scale of
that reported by the manufacturer (17–32 m2 g-1).

Calcite single crystals for NR were purchased from P&S Calcite Export Ltd. and cut
and polished by Crystran Ltd. to a size of 40 × 45 × 15 mm3 minimum, exposing
the stable {101̄4} face. Prior to NR experiments, the roughness of the crystals was
checked via XRR at ISIS Materials Laboratory to ensure samples were sufficiently
flat; the roughness was determined to be 8 and 15 Å for the two crystals used in
this study. Crystals were cleaned by UV/ozone treatment for 20 minutes using a
ProCleaner™ Plus (Bioforce Nanoscience). The calcite blocks were clamped against
a PTFE trough that can be filled with the solutions of interest and hence form a
solid/liquid interface (Section 3.17.9).

H-Stearic acid, illustrated in 7.1, (Sigma, ⩾ 98.5 % purity, lot #BCBW8354) and
H-toluene (Sigma, 99.8 % purity, lot #STBH7660) dried with molecular sieves
(VWR Molecular sieve 3A, lot 16K144127) were used for isotherms. For NR
experiments, the same H-stearic acid or D-stearic-D35 acid (Sigma, 98 atom % D, lot
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#MBBC6293), used as received, was made up to an equilibrium concentration of 30
mM in H-toluene or toluene-d8 (Fisher Scientific, 99.5 % D, lot #A0402314).

7.3 Depletion Isotherms

7.3.1 Results

A plot of surface excess against equilibrium concentration for stearic acid on calcite
powder is shown in Figure 7.2, along with a fitted Langmuir, Freundlich and BET
isotherm model show that the data are characteristic of BET behaviour. This form
of isotherm is consistent with a monolayer of stearic acid adsorbing strongly to
the calcite surface, and additional layers of molecules subsequently adsorbing more
weakly, as the concentration of stearic acid in the toluene solvent approaches the
saturation limit.

The adsorption rises sharply with equilibrium concentration until approximately 1.7
mM, above which it rises at a much slower rate, before sharply increasing in rate
as it approaches the solubility limit. Lower concentrations were not achievable due
to sensitivity of the equipment. The solubility limit of stearic acid in toluene at
this temperature is reported to be 60 mM, consistent with our observations of the
solutions. [260]

An estimate of the plateau can be used to estimate the adsorbed species molecular
area. In this case, the plateau is not flat but is rising, making the estimation of area
per molecules less clear. Taking the value at the knee of the isotherm where the first
layer is expected to be completed obtains an area per molecule of approximately
16.37 ± 0.14 Å2 per molecule. Taking values towards the end of the plateau yields 9
Å2. These have been calculated using the specific area of calcite of 18.3 m2 g-1.

The cross-sectional area of an alkyl chain is approximately 20 Å2 and would be
the value expected if determined by a close packed layer of upright, all-trans alkyl
chains. A value lower than this may suggest a bi- or multilayer adsorption. A
bilayer seems unlikely as either side of the calcite surface would have a hydrophobic
tail or the oil would have a hydrophilic head group, neither of which is favourable.
Although the isotherm is fitted to a BET fit, this does not mean a multilayer is
present and is unlikely due to the amount of stearic acid adsorbed. Hence, at the
initial completion of a packed monolayer implying an essentially upright almost
all-trans alkyl chain.
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Figure 7.2: Adsorption isotherm of stearic acid on calcite from toluene, fitted to a BET
isotherm (black). Langmuir (red) and Freundlich (blue) fits shown for comparison. Note:

y-errors are in the order of 10-3 and thus not visible on the graph.

Adsorption in the presence of water

To see whether there was any effect of water competing with the stearic acid, an
isotherm was also obtained with toluene that was pre-saturated with water. To
pre-saturate the toluene with water, an equal volume of toluene is tumbled with an
equal volume of water for 24 hours. The amount of water dissolved in the toluene
under these conditions was measured by Karl-Fischer titration and the values are
shown in Figure 7.3. It reveals that ‘dry’ toluene has a small level of dissolved water.
To prevent the calcite crystal dissolving, the water had been pre-saturated with
calcium carbonate, before equilibration with the toluene. This approach prevents
the presence of water at a concentration above the saturated limit.

Interestingly, and unexpectedly, data below in Figure 7.4 show no significant
difference in the adsorption of the stearic acid compared with toluene containing
water, suggesting that competition with this amount of water has little/no effect on
the adsorption of stearic acid from toluene on calcite. The water is usually expected
to outcompete the acid for the calcite surface (evident by lower amounts of acid
adsorbed from bulk water). This suggests the chemical potential of the water is not
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enough to outcompete the acid.

Figure 7.3: Water content of solvents used analysed via Karl Fischer titration. Error is
standard deviation.
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Figure 7.4: Adsorption isotherm of stearic acid on calcite from toluene saturated in water,
fitted to a BET isotherm (black).
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7.4 Neutron Reflectometry

For NR, initially, the bare calcite substrates were characterised with pure toluene,
then 30 mM stearic acid in toluene was used to characterise the adsorption of
the acid. Finally, a combination of stearic acid in toluene and water was used
to investigate the possibility of competitive adsorption between the acid and water
and any surface dissolution. Two crystals were used in the study: the location of
adsorbed stearic acid was the focus of the investigation with Crystal 1, and Crystal
2 was used to focus on the location of any adsorbed water. In each case, appropriate
selective deuteration/protonation was used to highlight the component of interest.
Table 7.1 shows the material SLDs used in this study.

Material Formula SLD / x 10-6 Å-2

Calcite CaCO3 4.69
CaO CaO 3.77
Ca(OH)2 Ca(OH)2 1.59
H-stearic acid CH3(CH2)16CO2H -0.07
D-stearic acid CD3(CD2)16CO2H 7.40
H-toluene C7H8 0.95
D-toluene C7D8 5.67
H-water H2O -0.50
D-water D2O 6.34

Table 7.1: SLDs of materials used in this study.

7.4.1 Adsorption of a stearic acid monolayer

NR data obtained from Crystal 1 with pure H-toluene, pure D-toluene, and a
solution of H-stearic acid in dry D-toluene are shown in Figure 7.5 (left) along with
model fits. The H-acid in D-solvent contrast used with Crystal 1 is most sensitive to
the presence of an adsorbed acid layer on the calcite surface and structural features of
the layer. The pronounced change in reflectivity evident in Figure 7.5 on the addition
of stearic acid to the D-toluene is clear evidence of the formation of a monolayer of
stearic acid, which is in good agreement with depletion data above.

The reflectivity profiles from Crystal 1 with pure D-toluene and with a solution of
H-stearic acid in D-toluene were fitted simultaneously. In order to minimise the
number of fitted parameters, it was assumed that the surface layers are conformal
(i.e. they have the same roughness as the calcite substrate): the roughnesses of the
interfaces were not fixed in the fitting process, but they were constrained to take the
same value. The background scattering levels could usually be read directly from
the data, rather than requiring fitting.
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Figure 7.5: (left) NR data from Crystal 1 exposed to pure D-toluene, pure H-toluene, and
a solution of H-stearic acid in D-toluene; (right) SLD profile fitted to the data

Figure 7.5 (left) indicates that there is a very small shift in the critical edge
from the data obtained with D-toluene to that obtained with H-stearic acid in
D-toluene, attributed to incomplete solvent exchange. When initially filled with
pure D-toluene, the fitting gives an SLD that is in very good agreement with the
expected value (5.67 x 10-6 Å-2), but the sample run after exchanging from H-toluene
indicates a very slightly lower SLD (5.55 x 10-6 Å-2), implying that a small amount
of H-toluene remains. Therefore, SLDs of the continuous phases were determined
from the position of the critical edge, where present, further constraining the fitting
process.

Calcite surface

Each calcite crystal will have a surface roughness and surface composition that
is specific to that crystal. The surface layer is a result of atmospheric moisture,
producing calcium hydroxide. Once the surface layer is characterised, the same
parameters are used for all other contrasts with the same crystal.

For Crystal 1, the roughness was determined to be 13.5 (± 0.5) Å. There is some
evidence of a region of low SLD on the bare surface, which could have several
origins, including calcium oxides or hydroxides formed by reaction with water in
the air or adventitious organic deposits. Our previous work has demonstrated that
UV-ozone is the best way to remove any organics, and this method was employed
here. [251]

The thickness and SLD of the low SLD calcite surface layer are found to be coupled
when fitting the data, with a lower SLD and a thicker layer fitting the data as well as
a higher SLD and a thinner layer. Importantly, the parameters of the fitted stearic
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acid layer do not depend significantly on which model is adopted for the low SLD
region. Hence, the structural characterisation of the stearic acid, that is of most
interest here, is not affected by the surface layer model used. The surface layer on
Crystal 1 was therefore taken to be calcium hydroxide, and the SLD was fixed (at
1.59 x 10-6 Å-2) with a layer thickness from the fitting process of 4.6 (± 0.3) Å.

Stearic acid layer

The H-stearic acid adsorbed from D-toluene was modelled as a single layer, with
its thickness and SLD allowed to vary in the fitting minimisation. Any D-toluene
included in the layer would increase the SLD; as such, the value was constrained
between the SLDs of pure H-stearic acid (-0.07 x 10-6 Å-2) and pure D-toluene (5.67
x 10-6 Å-2). The SLD obtained (-0.06 (± 0.1) x 10-6 Å-2) is very close to the lower
bound of the range, indicating an essentially pure H-stearic acid layer. The thickness
of the acid layer was found to be 12.2 (± 0.2) Å. This is somewhat smaller than
expected for the fully extended alkyl chain and may imply that the molecules are
inclined on the surface.

7.4.2 Reversible adsorption of a stearic acid monolayer

Additional NR experiments on Crystal 1 in Figure 7.6 below indicate that exchanging
the solution of stearic acid in toluene for pure toluene (or vice versa) led to
desorption (and re-adsorption) of the stearic acid layer. This reversibility of the
adsorption indicates that the strength of interaction between the stearic acid and
the calcite surface is relatively weak, suggesting that physisorption is more likely
than chemisorption.

7.4.3 Influence of addition of water

The reflectivity profile obtained from Crystal 1 was not significantly changed when
the H-stearic acid in dry toluene was replaced with H-stearic acid in ‘D2O-wet’
toluene, containing either half of the saturation concentration of water (Csat/2) or,
as in the data shown in Figure 7.7, the saturation concentration of water (Csat). In
both cases, the D2O was itself pre-saturated with calcium carbonate, as discussed
above. As the contrast is most sensitive to the presence of the H-stearic acid, the
lack of change indicates that this amount of water does not out-compete the acid
that remains adsorbed on the calcite surface. It can be concluded that dissolved
water does not out compete the acid for the calcite surface.

254



Effect of Stearic Acid on the Calcite Surface

Figure 7.6: The removal and reapplication of stearic acid on calcite in toluene. Initial
calcite crystal in toluene (red), addition of stearic acid in toluene (dark blue), addition of
pure toluene and removal of stearic acid (orange), reapplication of stearic acid in toluene

(light blue)

On addition of a droplet of D2O, there is a very pronounced change on the reflectivity,
particularly the loss of the critical edge (Figure 7.7, green), possibly attributed to
a very rough interface. This may have a number of causes, such as dissolution of
the calcite surface or deposition/precipitation of significant amounts of solid on the
surface.

NR data for Crystal 2 exposed to D-stearic acid solutions in dry and H2O-saturated
D-toluene, and with an extra drop of water added to the H2O-saturated D-toluene
are shown in Figure 7.8. The D-acid in D-toluene contrast used with Crystal 2 is
most sensitive to the presence and role of water, H2O (and changes to the calcite
substrate): as the acid and solvent are both deuterated, the reflectivity is not
sensitive to the presence of adsorbed acid, and any H2O present is distinct. As
with the D2O described above, all of the H2O used was pre-saturated with calcium
carbonate, to try to prevent dissolution of the calcite substrate.

As expected, the NR data shown in Figure 7.8 corresponding to D-stearic acid in
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Figure 7.7: NR data from Crystal 1 exposed to H-stearic acid solutions in dry or
D2O-saturated D-toluene (Csat) and upon addition of bulk D2O

dry D-toluene are very similar to the data obtained when the calcite crystal was
characterised in D-toluene only. Replacing the D-acid in dry D-toluene with D-acid
in H2O-saturated D-toluene at Csat/2 led to very small changes in reflection and
a small change in the level of critical scattering, which may indicate precipitation
or dissolution and roughening of the calcite surface. The sample was rerun after
realignment to ensure this was not a sample positioning error. Further increase of
saturated water to Csat, led to a further drop in the total reflection and addition
of a further drop of water led to a very significant change in the reflectivity profile
(Figure 7.8 green), particularly a loss of the total reflection intensity. This again
suggests either precipitation on or dissolution of the calcite surface.
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Figure 7.8: NR data from Crystal 2 exposed to D-stearic acid solutions in dry D-toluene,
D-toluene saturated with H2O (Csat/2 and Csat), or D-toluene saturated with H2O with

an extra drop of H2O added (bulk)

7.5 XRR and PXRD

XRR data, shown in Figure 7.9, has been used to characterise calcite crystals before
and after the NR experiment, conducted in air. Significantly, the XRR data indicate
weak peaks with a periodicity (peaks at 1.7, 3.5 and 5.2 2θ °) typical of the presence
of calcium stearate (the pattern from pure calcium stearate is shown in Figure
7.10). Hence, these data suggest that addition of a significant amount of CaCO3

saturated water into stearic acid / toluene solution leads to precipitation of calcium
stearate onto the calcite surface. It is this precipitation that leads to the dramatic
fall in reflected intensity below the critical angle on adding a drop of water to the
toluene.

Calcite dissolution when exposed to CaCO3-saturated or under-saturated water
has been previously studied. [193,261] Although pure water rapidly leads to calcite
dissolution, CaCO3 pre-saturated water does not dissolve the surface.
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Figure 7.9: XRR measurements on Crystal 1 obtained before (red) and after (blue) the
NR experiment. Initial Ca(OH)2 roughness = 12.0 Å, Initial Ca(OH)2 thickness = 30.2 Å;
final Ca(OH)2 roughness = 22 Å, Ca(OH)2 thickness = 10 Å. Calcium stearate roughness

= 11 Å, Calcium stearate thickness = 7 Å.

Figure 7.10: Powder X-Ray diffraction of stock calcium stearate (black) and matched
calcium stearate peaks from the crystallographic database (red).

7.6 SFG

SFG was run with the assistance of Dr Mike Casford in the Department of Chemistry,
University of Cambridge. It is not customary to use birefringent substrates for SFG
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due to the complexity of the data and its interpretation. The aim using SFG is to
(1) confirm adsorption and (2) deduce conformational disorder.

SFG spectra for stearic acid adsorbed onto a calcite crystal are presented in Figure
7.11. Spectra were collected in the SSP and PPP polarisation combinations over a
spectral range of 2800–3000 cm-1 to capture the C−H stretching modes. Spectra
were recorded both at room temperature and at 60◦C in air, the results of which
are presented in Figure 7.11 (a) SSP and (b) PPP. The peaks and their assignments
are summarised in Table 7.2. Spectral assignments for the methyl and methylene
stretches have been aided by comparison with the bands of polymethylene in its IR
and Raman spectra. [262,263]

Frequency / cm-1
AssignmentPPP SSP

2846 2848 CH2 symmetric stretch (d+)
2870 2876 CH3 symmetric stretch (r+)
2910 mixture of CH2 antisymmetric stretch (d–) and d+ Fermi resonance
2958 CH3 antisymmetric stretch (r–)

2934 Fermi resonance of overtone of methyl bending mode with
CH2 symmetric stretch [264,265]

Table 7.2: Summary of SFG peaks in the C−H stretching region.

SSP and PPP spectra were taken at room temperature with the calcite crystal at
an initial arbitrary angle of rotation, and then rotated in 15-degree intervals once
the scan was completed. The full rotational spectra are given in Figure 7.12.

Assuming a completely all trans well-packed stearic acid monolater, the methylene
groups would be locally centrosymmetric and therefore not SFG active. The initial
SSP spectrum 7.11 shows a moderate intensity of the CH2 symmetric stretch (d+)
present at ∼2848 cm-1, which indicates there is some disorder in the alkyl chain,
suggesting gauche defects.

Upon rotation of the calcite crystal by 15-degree increments, a marked change in
intensity is observed due to the birefringent nature of the calcite crystal. Over the full
360 degree rotation the ratio of the methyl and methylene symmetric stretches, which
are used to quantify the degree of conformational disorder as previously described,
change very markedly. Due to this, it is not possible to draw firm conclusions as to
the degree of conformational disorder present, only that the alkyl chain cannot be
in an all trans conformation.

In the SSP both spectra in Figure 7.11 (a) show a moderately strong methylene
symmetric stretch at circa 2848 cm-1 and a weak methylene symmetric stretch
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Figure 7.11: SFG of stearic acid on calcite at room temperature and 60 ◦C. (a) shows
SSP polarisation at room temperature (blue) and at 60 ◦C (red). (b) shows the equivalent

PPP polarised spectra.

at circa 2880 cm-1 with the methylene mode being marginally weaker in the 60
◦C spectra indicating a small decrease in the conformational ordering at higher
temperature. In addition, the intensity of the methyl anti symmetric mode at
circa 2960 cm-1 in the PPP (Figure 7.11 (b)) decreases with increasing temperature
suggesting a change in the average methyl tilt angle. On dielectric surfaces the
intensity of the methyl anti symmetric mode is at its maximum intensity relative to
the methyl symmetric mode at a tilt angle of close to 60 degrees from the surface
normal. [266] Taken together this supports a change in orientational ordering with
increasing temperature.
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7.7 Conclusions

A combination of depletion isotherms, NR and SFG has been used to probe the
adsorption behaviour of stearic acid on calcite from toluene, with and without
added water. The stearic acid forms a well-packed monolayer, containing very
little toluene and with an all trans conformation, in contrast to the much lower
coverages reported when fatty acids adsorb from water on calcite. This difference
is particularly interesting when the addition of water to the dry system is also
considered. Water-saturated toluene causes very little change in the adsorbed acid,
suggesting that, under these conditions, the water does not out-compete the acid to
adsorb on the calcite surface. However, once the level of water in the toluene exceeds
the saturation concentration, significant surface precipitation of calcium stearate is
observed.

The stearic acid monolayer is found to be removable from the calcite surface
using pure toluene, and easily reapplied, suggesting physisorption. The adsorption
isotherm of stearic acid on calcite in toluene was found to be BET-type and suggests
a monolayer is adsorbed and essentially complete at a concentration of 1 mM.
Further adsorption occurs at higher concentrations, as the solubility limit of the
acid is approached.

The mechanism suggested for this process, illustrated in Figure 7.13, is stearic acid
binding to Ca2+ ions on the surface, leading to calcium stearate redistributing into
the aqueous phase. These results demonstrate that even this essentially close-packed
stearic acid monolayer does not protect the calcite surface if it is exposed to free
water.

Figure 7.13: Suggested mechanism for the dissolution of the calcite in the presence of
stearic acid.
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Chapter 8

Conclusions

This thesis has described a range of important aspects that impact oil recovery,
particularly adsorption of organics from non-aqueous solutions to mineral surfaces.
An approach moving from understanding the complexity of real crude and rock
towards a model/single component system has been taken.

1) Characterisation of Real Rock

This stage helped identification of key minerals in reservoir and outcrop core that
lined the pore spaces and hence are expected to dominate the rock-fluid interactions.
This analysis provided important new insight into the chemical nature of organics
adsorbed on the real rock, which could be the foundation for further binding or key
to EOR.

Chapter 4 successfully characterised outcrop and reservoir rock samples using a
wide range of experimental methods. QEMSCAN was used to assess the underlying
mineralogy and importantly distinguishing between bulk and pore-lining mineralogy.
This distinction is key to the subsequent work focussing on adsorption. A new image
analysis code was developed to help with the analysis that has subsequently been
employed by the commercial colleagues. Although QEMSCAN has been utilised by
the oil industry before, it has not been used to extract data of pore lining minerals
in the way conducted in this thesis. Understanding what minerals line the pores of
systems will help choose the correct outcrop with appropriate pore lining minerals
to best mimic a reservoir rock during the ageing process.

Data showed that although quartz is the predominant mineral in the bulk of the
materials studied here by a significant percentage, the minerals lining pores have
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a very different distribution. The number and variety of minerals lining the pores
might be important when trying to match an outcrop rock to a reservoir rock prior
to an ageing process. This is particularly important as Chapter 5 and 6 (discussed
further below) demonstrates different minerals have different adsorption behaviour
and would lead to a very different aged product.

Soluble organic molecules were successfully removed using a standard practice
Soxhlet extraction. This is shown in an intensity reduction in TOF-SIMS as well as
lower carbon content from all pyrolysis techniques. Py-GCMS showed the presence
of carbamic acid fragments, which agrees with literature that nitrogen-containing
groups as well as acids are present in the irreversibly bound organic layer.

2) Understanding the Ageing Process

After using QEMSCAN to determine the minerals of interest that line the pores of
rock, these minerals were independently aged in three different crude oils of varying
origin and asphaltene content as well as being pre-treated in DI or brine water or
no water.

The most important and novel finding was using HRMS on an aged mica sample: it
was found that sulfur containing molecules are most likely the cause of a hydrophobic
mica surface when aged in a crude oil with high asphaltene content. Asphaltenes
containing sulfur have been detected on mica before but their role in wettability
alteration was not clear until now. [267] Understanding what molecules that are native
to crude oil can alter wettability on each mineral surface will allow a tunability of
wettability within a model rock that could be used for screening EOR methods. The
fact that no organics are observed in the powdered materials suggests the organic
is binding onto the basal plane rather than edges of mica. Brine appears to form a
possible hydrate layer on the mica basal plane, causing organic not to bind in the
low asphaltene regime. This finding compliments literature where the combination
of clay, brine and asphaltenes are needed for LSEOR.

For untreated powdered quartz, adsorbed nitrogen species are observed via
combustion elemental analysis. This correlates with Chapter 4 where
nitrogen-containing molecules are detected using Py-GCMS on the quartz-rich
reservoir rock. This suggests the irreversibly bound, insoluble and—according to
the DSA data—wettability altering molecules on quartz contain nitrogen. This
finding is backed up by extensive literature that finds asphaltenes, which contain N,
O and S heteroatoms, are the wettability altering molecules on sandstone rock.
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Asphaltenes and aromatics are shown to preferentially adsorb onto powdered calcite,
observed through SARA analysis of the washing extract and nitrogen content when
the organic layer is isolated from dissolving the calcite after ageing. The amount
of organic carbon adsorbed is proportional to the amount of asphaltene in the
crude oil. Most surprisingly is the loss of carbon when calcite is aged in crude
oil from a carbonate well that corresponds to a surface layer of carbonate ions being
removed/exchanged. A next step to investigate this system further would be to
conduct XPS on the sample, looking at the C 1s and S 2p spectra.

On kaolinite, water inhibits adsorption, irrespective of salt content. Asphaltenes
appear to be required for significant adsorption. The delayed adsorption of
nitrogen-containing molecules suggest the slow diffusion time for asphaltenic groups
when replacing adsorbed smaller aliphatic groups.

Next steps for investigation of all systems should considering utilising HRMS. This
powerful technique can begin to deduce molecular groups that are of actually binding
onto the mineral surfaces and guide research into model molecules to alter wettability
on specific mineral surfaces.

3) Model Systems

A model system was investigated using state of the art techniques in Chapter 7.
Stearic acid was adsorbed onto the calcite surface from toluene and characterised
using NR, showing a removable and replaceable monolayer of stearic acid layer in
pure toluene. The adsorbed stearic acid was removed from the calcite surface upon
the addition of wate, forming calcium stearate. The solvent content of the layer was
described and even some outline of the conformational order deduced by SFG. These
state-of-the-art techniques have not been used for this system before and provide an
in-depth understanding of competitive adsorption in binary mixtures.

This study on stearic acid on calcite represents the level of detail now available
in favourable cases. Complexity could be increased by investigation of different
ions/electrolytes. The interaction between calcite, organics and a brine system
should be investigated. Increasing complexity of the system by addition of
magnesium, sulfate and chloride ions would allow understanding of the real world
system, where these species are common in brine.
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Appendix A

QEMSCAN code

Note: The code below works free-standing in Linux or MacOS. For Windows, a
CMake method to build the code may be required.

1 /∗ Program : QEMSCAN code
2 ∗ Vers ion : 1 . 0
3 ∗ Date : 28 September 2018
4 ∗ Authors : Patr i ck Welche <prlw1@cam . ac . uk>
5 ∗ Bel inda Fonseka <bf306@cam . ac . uk>
6 ∗ Purpose : Ca l cu la t e f r a c t i o n o f l ength o f void in contact with
7 ∗ s p e c i f i c minera l s .
8 ∗/
9 #inc lude <array>

10 #inc lude <ca s s e r t >
11 #inc lude <iostream>
12 #inc lude <map>
13 #inc lude <s t r i ng >
14

15 #inc lude <opencv4/ h ighgu i . hpp>
16 #inc lude <opencv4/ imgcodecs . hpp>
17 #inc lude <opencv4/ imgproc . hpp>
18

19

20 /∗ Outcrop rock_2um_phases . png :
21 ∗ PNG image data , 2356 x 1772 , 8−b i t / c o l o r RGB, non−i n t e r l a c e d
22 ∗/
23 typede f cv : : Point3_<uint8_t> Pixel ;
24

25 std : : ostream& operator << ( std : : ostream& s , uint8_t x ) {
26 re turn s << sta t i c_cas t <unsigned int >(x ) ;
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27 }
28

29 std : : ostream& operator << ( std : : ostream& s , Pixel const& p ) {
30 re turn s << ' [ ' << p . x << ' ' << p . y << ' ' << p . z << ' ] ' ;
31 }
32

33 s t r u c t PixelCmp {
34 bool operator ( ) ( Pixel const& lhs , Pixel const& rhs ) const {
35 re turn 10000000∗ s ta t i c_cas t <uint32_t>(lhs . x )
36 + 1000∗ s ta t i c_cas t <uint32_t>(lhs . y )
37 + sta t i c_cas t <uint32_t>(lhs . z )
38 < 10000000∗ s ta t i c_cas t <uint32_t>(rhs . x )
39 + 1000∗ s ta t i c_cas t <uint32_t>(rhs . y )
40 + sta t i c_cas t <uint32_t>(rhs . z ) ;
41 }
42 } ;
43

44 i n t main ( )
45 {
46 std : : string const filename ( " . . / Outcrop rock_2um_phases . png " ) ;
47 const char wbefore [ ] = " be f o r e " , wafter [ ] = " a f t e r " ;
48 cv : : Mat src = cv : : imread ( filename , cv : : IMREAD_COLOR ) ;
49 i f ( src . empty ( ) ) {
50 std : : cerr << " Unable to open \" " << filename << ' " '
51 << std : : endl ;
52 re turn 1 ;
53 }
54

55 assert ( src . type ( ) == CV_8UC3 ) ;
56

57 std : : cout << " depth : " << src . depth ( ) << std : : endl ;
58 std : : cout << " rows : " << src . rows << std : : endl ;
59 std : : cout << " c o l s : " << src . cols << std : : endl ;
60 std : : cout << " channe l s : " << src . channels ( ) << std : : endl ;
61 std : : cout << " type : " << src . type ( ) << std : : endl ;
62

63 cv : : Mat dst ; src . copyTo ( dst ) ;
64

65 const Pixel space (255 ,255 ,255) ; /∗ or border ( void ) ∗/
66 const Pixel quartz (192 ,192 ,255) ;
67 const Pixel other (255 ,255 ,0 ) ;
68 const Pixel border ( 0 , 0 , 0 ) ;
69 const Pixel bulk (128 ,128 ,128) ; /∗ bulk void ∗/
70 const Pixel quartz_edge (0 , 0 , 255 ) ; /∗ neighbour quartz ∗/
71 const Pixel other_edge (255 ,0 , 0 ) ; /∗ neighbour other ∗/
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72

73 /∗ − f i n d d i s t r i b u t i o n o f p i x e l va lue s
74 ∗ − s e t to " other " p i x e l s which are n e i t h e r quartz nor space
75 ∗/
76 std : : map<Pixel , unsigned int , PixelCmp> hist ;
77 src . forEach<Pixel >([&]( const Pixel& p , const i n t x [ ] ) −> void {
78 /∗ b i t o f debug
79 i f (1000 < x [ 0 ] && x [ 0 ] < 1010 && 1000 < x [ 1 ] && x [ 1 ] < 1010) {
80 std : : cout << ' ( ' << x [ 0 ] << ' , ' << x [ 1 ] << " ) "
81 << p << std : : endl ;
82 }
83 ∗/
84 hist [ p ] = hist [ p ] + 1 ;
85 i f ( ! ( p == space | | p == quartz ) )
86 dst . at<Pixel>(x [ 0 ] , x [ 1 ] ) = other ;
87 }) ;
88

89 std : : cout << " h i s t s i z e : " << hist . size ( ) << std : : endl ;
90 f o r ( auto h : hist )
91 std : : cout << h . first << " : " << h . second << std : : endl ;
92

93 /∗ get r i d o f image border ∗/
94 bool isborder{ true } ;
95 f o r ( i n t i = 0 ; isborder && i < dst . rows ; ++i ) {
96 cv : : Mat top = dst . row ( i ) ;
97 top . forEach<Pixel >([&]( const Pixel&p , const i n t x [ ] ) −> void {
98 isborder = isborder && p == space ;
99 }) ;

100 i f ( isborder ) {
101 top . forEach<Pixel >([&]( Pixel&p , const i n t x [ ] ) −> void {
102 p = border ;
103 }) ;
104 }
105 }
106 isborder = true ;
107 f o r ( i n t i = dst . rows − 1 ; isborder && i > 0 ; −−i ) {
108 cv : : Mat bottom = dst . row ( i ) ;
109 bottom . forEach<Pixel >([&]( const Pixel&p , const i n t x [ ] ) −> void {
110 isborder = isborder && p == space ;
111 }) ;
112 i f ( isborder ) {
113 bottom . forEach<Pixel >([&]( Pixel&p , const i n t x [ ] ) −> void {
114 p = border ;
115 }) ;
116 }
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117 }
118 isborder = true ;
119 f o r ( i n t i = 0 ; isborder && i < dst . cols ; ++i ) {
120 cv : : Mat left = dst . col ( i ) ;
121 left . forEach<Pixel >([&]( const Pixel&p , const i n t x [ ] ) −> void {
122 isborder = isborder && ( p == space | | p == border ) ;
123 }) ;
124 i f ( isborder ) {
125 left . forEach<Pixel >([&]( Pixel&p , const i n t x [ ] ) −> void {
126 p = border ;
127 }) ;
128 }
129 }
130 isborder = true ;
131 f o r ( i n t i = dst . cols − 1 ; isborder && i > 0 ; −−i ) {
132 cv : : Mat right = dst . col ( i ) ;
133 right . forEach<Pixel >([&]( const Pixel&p , const i n t x [ ] ) −> void {
134 isborder = isborder && ( p == space | | p == border ) ;
135 }) ;
136 i f ( isborder ) {
137 right . forEach<Pixel >([&]( Pixel&p , const i n t x [ ] ) −> void {
138 p = border ;
139 }) ;
140 }
141 }
142

143 /∗ s e t space p i x e l s which are complete ly surrounded by other
144 ∗ space p i x e l s to bulk
145 ∗/
146 dst . forEach<Pixel >([&]( Pixel&p , const i n t xy [ ] ) −> void {
147 i n t x ( xy [ 0 ] ) , y ( xy [ 1 ] ) ;
148 const Pixel& p11 = src . at<Pixel>(x−1,y−1) ;
149 const Pixel& p12 = src . at<Pixel>(x−1,y ) ;
150 const Pixel& p13 = src . at<Pixel>(x−1,y+1) ;
151 const Pixel& p21 = src . at<Pixel>(x ,y−1) ;
152 const Pixel& p22 = src . at<Pixel>(x , y ) ;
153 const Pixel& p23 = src . at<Pixel>(x , y+1) ;
154 const Pixel& p31 = src . at<Pixel>(x+1,y−1) ;
155 const Pixel& p32 = src . at<Pixel>(x+1,y ) ;
156 const Pixel& p33 = src . at<Pixel>(x+1,y+1) ;
157 i f ( p == space ) {
158 i f ( p11 == space && p12 == space && p13 == space &&
159 p21 == space && p22 == space && p23 == space &&
160 p31 == space && p32 == space && p33 == space )
161 p = bulk ;
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162 }
163 }) ;
164

165 /∗ at t h i s po int a l l space p i x e l s are on the edge , so now
166 ∗ count the quartz / not−quartz p i x e l s ad jacent to them
167 ∗/
168 unsigned i n t nquartz {0} , nother {0} ;
169 dst . forEach<Pixel >([&]( Pixel&p , const i n t xy [ ] ) −> void {
170 i f ( p == space ) {
171 i n t x ( xy [ 0 ] ) , y ( xy [ 1 ] ) ;
172 std : : array<Pixel ∗ , 8> plist ;
173 plist [ 0 ] = dst . ptr<Pixel>(x−1,y−1) ;
174 plist [ 1 ] = dst . ptr<Pixel>(x−1,y ) ;
175 plist [ 2 ] = dst . ptr<Pixel>(x−1,y+1) ;
176 plist [ 3 ] = dst . ptr<Pixel>(x ,y−1) ;
177

178 plist [ 4 ] = dst . ptr<Pixel>(x , y+1) ;
179 plist [ 5 ] = dst . ptr<Pixel>(x+1,y−1) ;
180 plist [ 6 ] = dst . ptr<Pixel>(x+1,y ) ;
181 plist [ 7 ] = dst . ptr<Pixel>(x+1,y+1) ;
182 f o r ( auto pp : plist ) {
183 i f (∗ pp == quartz ) {
184 ∗pp = quartz_edge ;
185 ++nquartz ;
186 }
187 i f (∗ pp == other ) {
188 ∗pp = other_edge ;
189 ++nother ;
190 }
191 }
192 }
193 }) ;
194

195 /∗ f o r d i sp l ay purposes , co l ou r the bulk p i x e l s back to
196 ∗ o r g i n a l space co l our
197 ∗/
198 dst . forEach<Pixel >([&]( Pixel&p , const i n t xy [ ] ) −> void {
199 i f ( p == bulk ) {
200 p = space ;
201 }
202 }) ;
203

204 std : : cout << " nquartz : " << nquartz << std : : endl ;
205 std : : cout << " nother : " << nother << std : : endl ;
206 std : : cout << " nquartz : nother "
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207 << sta t i c_cas t <double >(nquartz ) /( nquartz+nother ) << ' : '
208 << sta t i c_cas t <double >(nother ) /( nquartz+nother ) << std : : endl ;
209

210 cv : : imwrite ( " outcrop_quartz_analysed . png " , dst ) ;
211

212 cv : : namedWindow ( wbefore , cv : : WINDOW_AUTOSIZE ) ;
213 cv : : imshow ( wbefore , src ) ;
214 cv : : namedWindow ( wafter , cv : : WINDOW_AUTOSIZE ) ;
215 cv : : imshow ( wafter , dst ) ;
216 cv : : waitKey (0 ) ;
217

218 re turn 0 ;
219 }
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