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Abstract

The deposition of mineral scale poses a major challenge in the oil and gas
industry, where flow assurance issues can result in significant operating costs
and well downtime.

This study aimed to analyse the mechanisms of precipitation and deposition
for a range of scale types (calcium carbonate, barium sulphate and lead
sulphide) in simple and complex systems. Whilst traditionally, studies looking
to mitigate mineral scaling have investigated precipitation and deposition in
single phase brines, the introduction of a light oil phase to induce multiphase
conditions in this study was representative of processes occurring within
oilfield production systems.

A rig that enabled the propagation of turbulent, multiphase, emulsion-forming
flow within a H2S environment was designed and constructed in order to
assess the interaction of bulk colloids at the oil-water interface and
consequently the mechanism by which they deposited upon surfaces.
Characterisation of solid stabilised Pickering emulsions took place through
optical microscopy and cryo-scanning electron microscopy (cryo-SEM). As a
secondary objective, the mitigation efficacy of a number of anti-fouling
coatings was assessed under a range of scaling conditions, with
physiochemical characteristics inherent to the surfaces that prevented initial
deposition identified. Fluoropolymers, diamond-like-carbon (DLC) and sol-gel
coatings, were found to be the most promising anti-fouling substrates and as
such were assessed for potential application into oilfield systems and
equipment. Scaling severity was measured through mass gain analysis and
SEM of surface crystals to establish morphology and coverage. The
relationship between coating wettability and scale adhesion was explored
using atomic force microscopy (AFM), where the interfacial forces acting upon
hydrophilic and hydrophobic tips when in contact with a cleaved [001] galena
face.

Results showed that whilst attractive hydrophobic force had a bearing on PbS
deposition on hydrophobic surfaces in single phase, the presence of a light oil
phase in multiphase systems was pre-dominant in determining scaling
likelihood upon surfaces. The oil wetting of hydrophobic surfaces was seen to
largely prevent the deposition of bulk precipitated scale, with a relationship
found between the thermodynamics of precipitation of a species and the
degree of accuracy to which scaling could be predicted upon surfaces of
varying wettability.
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Chapter 1

Introduction

Energy underpins modern society, with increasing global demand not only a
by-product of an exponentially growing population, but also the expanding
carbon footprint of individuals who in this age routinely travel internationally,
embrace digitalisation and buy more products than ever before. As of 2018,
around 80% of the world’s energy is derived from fossil fuels, with demand for
petrochemicals set to increase by 60% by 2040 as the requirement for fuels
and plastics increases.(1) Ensuring that oil and gas can be produced as
efficiently and exhaustively as possible is therefore of critical importance.

The complexities associated with the recovery of oil and gas from deep
reservoirs that are increasingly difficult to survey, drill and produce, combined
with the extreme temperatures and pressures and potential for souring result
in a host of production issues. Harsh conditions can exacerbate mineral
scaling, corrosion, failure risk in piping and equipment, and presence of toxic
H2S gas downhole and topside. This work aims to contribute to the prevention
of mineral scaling on downhole equipment through the application of anti-
scaling surfaces, with a particular focus on scaling in sour environments.

1.1 Oil and gas: Evolution and Production

Production, accumulation and preservation of un-degraded organic matter are
required for the existence of petroleum source rocks. Organic matter is
material comprised of organic molecules in monomeric or polymeric form
derived from the organic part of organisms. Organic matter is synthesised by
living organisms before being deposited and preserved in sediments, and
depending on further geological events, may be transformed into petroleum-
like compounds.(2)

Sedimentary organic matter comprises largely of the elements carbon (C) and
hydrogen (H) with additional heteroatoms present, mainly nitrogen (N),
sulphur (S) and oxygen (0).(3) Given appropriate environmental conditions,
diagenesis and catagenesis can convert the sedimentary organic matter to
petroleum over time scales of tens of millions of years. ‘Diagenesis’ is defined
as the chemical reactions that occur in the first few thousand years after burial
at temperatures less than 50°C, with catagenesis of the deeply buried



sediments then occurring, undergoing abiotic chemical reactions at
heightened temperatures and pressures. Cooking conditions of the organic
matter ultimately determines the chemical composition of the maturation
products, with slow burial and low geothermal gradients generating a different
suite of petroleum hydrocarbons than fast burial with high gradients.(4) Figure
1.1 shows the oil maturation process, whereby 300 to 400 million years ago,
dead marine plants and animals and came to rest on the seafloor, with their
organic material buried under layers of both porous sedimentary rock and
impermeable cap rock e.g. shale.(5) Prolonged exposure of the biomass to
heat and pressure then resulted in the formation of oil or gas formation.

300 to 400 50 to 100 )
million years ago million years ago present time

ocean

marine _~
organisms

sedumentary rock

organisms turn into
oil and gas over time trapped oil

trapped gas

Figure 1.1 Maturation of oil through burial of biomass that transforms into
kerogen (diagenesis) and eventually fossil fuels (catagenesis) (5)

Primary oil recovery is defined as the oil and gas produced by natural reservoir
forces, with the majority of petroleum reservoirs containing sufficient energy
and internal pressures to push oil and gas to the surface when first penetrated
by a drill bit.(6) Figure 1.2 displays the typical stages of oil production from
primary to tertiary recovery.(7)
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Figure 1.2 Schematic showing the progression of oil production from
primary to tertiary recovery. *IOR, improved oil recovery; EOR, enhanced oil
recovery (7)

Once natural flow of produced oil and gas has diminished, improved and
enhanced oil recovery is initiated.

The injection of sea-water into offshore oil-bearing reservoirs to maintain
reservoir pressure and as a secondary recovery method is a well-established
operation. During the early stages of production, formation water is produced
prior to injection brine breakthrough. However, carbonate and sulphide scales
are still potential challenges to production before secondary recovery through
injection if formation water is already saturated with the appropriate ions, with
sulphate scales being dependent on the onset of injection brine. Figure 1.3
shows the point at which seawater is injected into reservoir as a secondary
recovery method and the subsequent effect on produced water-cut.(8)

[ Tme > I

Total water
Formation water Seawater production
Project /J Plateau \ Decline
_/ Decommission

Figure 1.3 Formation-water brine chemistry assumed to have carbonate and
sulphate scaling potential on mixing with injected water (8)



1.2 Oilfield mineral scaling

The initial accumulation and consequent build-up of insoluble inorganic
mineral scales has plagued flow streams since the inception of industrial
processes that utilise aqueous solutions (9-11). In oil and gas production, the
disruption of the chemical equilibrium of produced water as a consequence of
physical changes induced by the drilling process can lead to the crystallisation
of scales around the wellbore, in the production tubing and in processing
equipment topside. The implications of scale build-up are severe, where
blocking of flow in pipes, impediment of moving parts in valves and fouling of
pumps and tanks can lead to the eventual need to replace equipment and
components and a significant cost and loss of time.(11, 12) The global cost of
scale worldwide each year per millions of dollars is displayed in Figure 1.4
based on region.(13)

Global cost of scale (millions of $)

= North Sea Middle East Africa/Far East = Russia = The Americas

Figure 1.4 The global cost of scale divided into regions (13)

The attempt to mitigate problematic crystallisation has often utilised both
chemical inhibitors in the form of routine and reactionary treatments, as well
as mechanical cleaning. Sulphates have typically been removed by both
milling and jetting, where coiled tubing, gel sweeps, a motor and saw-tooth
mills are used. CaCOs is softer than BaSO4 and can be more easily removed
through acid treatments, e.g. hydrochloric acid (HCI) jetting, though this can
promote other flow assurance issues such as asphaltenes, corrosion,
emulsion formation and potential sand production. Whilst sulphides are able
to be removed with acid treatments, PbS is typically the hardest to dissolve
due to its very low solubility and as such inhibitors may be the most effective



form of mitigation. Whilst carbonate and sulphate scales can be inhibited
through chemical means, inhibitors effective at combating the precipitation of
sulphides are required in significantly higher dosages (12, 14, 15)

Whilst inhibitors are largely effective in systems where water chemistry and
conditions are predictable, they are expensive to design, synthesise and
deploy, and as such, the use of anti-fouling surfaces as a more affordable and
permanent means to prevent crystallisation has become commonplace.(16-
18) Whilst often used in conjunction with chemical treatment methods,
surfaces with specific physiochemical traits are able to prolong the operational
lifetime of process integral equipment before costly scale removal methods or
replacement is required.

1.3 Scale deposition in oil/water (o/w) systems

While significant literature has been published on the efficacy of anti-fouling
surfaces in single phase aqueous systems, there is very limited published
work that has explored fouling within oil-in-water (o/w) systems. Multiphase
flow, where an immiscible light oil and aqueous phase constitute a process
stream is standard in petroleum production and processing, where recovery
of the energy-rich organic phase is the objective. This work aims to
demonstrate the previously unreported and profound effect that the presence
of a light oil phase can have on the behaviour and deposition of mineral scales
commonly found in oilfield systems in parallel with anti-scaling surfaces.

Whilst studies looking at the precipitation and build-up of conventional
carbonate and sulphate scales in oil producing wells have been around since
the inception of oil and gas drilling, the unwelcome build-up of uncommon
sulphide scales in producing wells is a relatively recent phenomenon.
Precipitation of sulphides is largely prompted by high temperature/high
pressure (HT/HP) conditions that foster the proliferation and growth of
bacteria, able to reduce sulphate ions into reactive sulphide species that then
readily react with heavy metal cations such as iron (Fe?*), zinc (Zn?*) and lead
(Pb?*).(11) As a consequence of the target minerals’ low solubility combined
with the extremely challenging conditions downhole, the chemical inhibition of
sulphides poses a difficult exercise. High inhibitor concentrations need to be
maintained in the near-wellbore region in order to prevent crystallisation of
highly insoluble scales, whilst contending with the inevitable degradation of
certain inhibitor types at exceedingly high temperatures.(19, 20) Therefore, as



a result of the challenges associated with chemical inhibition of sulphide
species, the role of anti-fouling surfaces in preventing both excessive
operating expenditure and loss of production as a result of sulphide scale
build-up is significant.

An experimental apparatus was designed and constructed that was able to
reproduce tailored scaling conditions in a turbulent multiphase system. Whilst
previous sulphide scaling experiments have engineered the spontaneous
precipitation of sulphide scales through the mixing of two incompatible brines,
the set-up described within uses the dissociation rate of H2S(g) into formation
water (FW) brine to represent the gradual precipitation expected in producing
HT/HP wells.(21-23) Due to the highly toxic nature of H2S(g), the design of a
system that was able form a multiphase emulsion due to high shear and
propagate turbulence upon anti-fouling samples, all within an anaerobic
vessel, was complex in nature. It, for the first time, enabled the mechanism of
sulphide scaling in multiphase systems to be investigated, with comparisons
drawn between against the nature of carbonate and sulphate scaling under
similar conditions on a range of different surfaces. Inevitably, field case
studies and analysis of produced waters reveal a level of complexity from
three-phase (water-oil-solid) interactions under changing conditions that
cannot be replicated in the laboratory. Tests illuminating the complex
association of sulphide and carbonate scale species in multiphase conditions
however aimed to show the synergistic influence of co-precipitation as well as
the significance of an o-w interface in scaling mechanics.

1.4 Objectives

The primary objective of this study was to elucidate the mechanism of mineral
precipitation and deposition in both single phase and upon introduction of a
light oil phase within a scaling brine through design and construction of a novel
scaling rig. The significance of anti-fouling coating characteristics was then
assessed under flow conditions representative of those downhole, where
emulsification of the bulk oil and water components and turbulence at the
depositing interface were propagated.

Secondary to this investigation, the nature of PbS deposition and scaling in a
multiphase system was explored, whereby particle stabilised Pickering
emulsions adhered to surfaces after impaction contingent on their wettability
at the interface. The relationship between the saturation ratio of a precipitating



mineral salt and the reliance on substrate wettability with regard to scaling
tendency was also explored. Complex scaling systems were investigated
where commonly occurring CaCO3s and PbS were precipitated in tandem, with
the presence of an oil-water interface of great significance.

Finally, the influence of polymeric sulphide inhibitor on PbS precipitation and
emulsion behaviour was examined in conjunction with the effect of inhibitor
addition on the degree of scale deposition upon various anti-fouling surfaces.

This thesis is structured as follows:

Chapter 4 explores the nature of carbonate, sulphate and sulphide scale
deposition and the use of anti-fouling surfaces in order to mitigate its
problematic nucleation, adhesion and build-up on surfaces.

Chapter 5 goes on to examine the role of the oil phase in scaling upon a range
of anti-fouling surfaces

Chapter 6 further reflects sour oilfield conditions, where carbonate and
sulphide forming brines are precipitated in tandem to assess the effects of co-
precipitation

Chapter 7 investigates the influence on addition of sulphonated polymer,
commonly a component of metal sulphide chemical inhibitors, on the
deposition of scales on surfaces in multiphase systems



Chapter 2

Literature review of scale nucleation and deposition
mechanisms

Mineral scale formation defined simply is the precipitation of sparingly soluble
inorganic salts from aqueous solutions.(11) It poses a stubborn problem in a
number of industries and processes, where crystalline solids are able form in
solution and grow on surfaces that once compromised either reduce efficiency
or completely halt production outputs. Within the oil industry, severe flow
assurance and scaling issues arise from decreasing temperature and
pressure of formation water (FW) during production, and consequent changes
in water chemistry and solubility; or the incompatible mixing of FW with
injected seawater (SW). Scales can block pores in the near-wellbore that can
result in formation damage, or deposit on equipment in the well that affects
functionality.(11)

This Chapter provides a background to the fundamental literature detailing
carbonate, sulphate and sulphide scaling, as well as the influence of a light oll
phase with respect to deposition. A focus on the ultimate mitigation of such
scales required investigation into possible prevention through application of
surfaces bearing a wide-range of characteristics in conjunction with chemical
inhibitors that are traditionally utilised to prevent scale formation in oilfield
systems.

2.1 Inorganic scaling

Mineral scale species are prone to precipitate out of solution as a
consequence of their low solubility, where the solubility ratio (Ksp) is the solute
concentration at which the flux of ions to and from the surface of a crystal is
equal. Minerals with a low solubility ratio consequently require a lower solute
concentration in solution in order to precipitate and grow.(24)

The most common form of scale, CaCOs, forms during primary production in
a process known as auto-scaling, whereby the environmental changes in
temperature and pressure of the formation water ultimately prompt reduced
solubility that leads to crystallisation. CaCOs scale can lead to production
issues and even blockage in relatively short periods of time.(12) Alternatively,
mineral scaling can be caused by mixing of incompatible injection and
formation waters during secondary recovery processes. Seawaters are rich
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in sulphate (S04%) anions, while formation waters contain divalent cations
such as Ba?*, Sr?*and Ca?*; and as a result of fluid mixing in the near wellbore,
combined ion concentrations can surpass the solubility limits leading to
crystallisation. Calcium sulphate (CaSOa) scale has a higher propensity to
form in limestone formations, with barium sulphate (BaSOa4) and strontium
sulphate (SrSOa4) more likely to form in sandstone formations. Sulphate scales
are difficult to remove chemically and near impossible to remove
mechanically.(25)

Another adverse side effect of seawater injection is that it can prompt the
reduction of SO4% anions to sulphide species e.g. HS-, in a process known as
souring, while simultaneously exacerbating the proliferation of the sulphate
reducing bacteria (SRB) that are responsible for the reduction reaction. Not
only does the presence of sulphide species prompt vastly increased corrosion
rates and provide potentially toxic release of gas topside, it can react with
metal cations found as part of production equipment and naturally in formation
waters, to form metal sulphide corrosion products e.g. FeS, and precipitates
e.g. PbS and ZnS respectively.(26)

Table 2.1 shows a number of insoluble scales that have a propensity to form
and cause operational issues in oilfield production systems. While variables
such as temperature and total dissolved solids (TDS) almost uniformly
influence scale solubility and precipitation likelihood, they do so in different
ways, e.g. whilst CaCOs solubility decreases with temperature, BaSOa
solubility will increase up to approximately 100°C. Numerous external
variables can affect solubility of scales and hence scaling likelihood, as seen
in Table 2.1.(12, 27-29)

Table 2.1 Common mineral scales in oilfields and variables affecting
solubility *TDS = total dissolved solids

) Chemical _ :
Mineral Primary variables
formula
Calcium carbonate CaCOs pCO2, Temp, TDS, pH
Barium sulphate BaSOa4 Temp, Pressure
Calcium sulphate CaS0a Temp, Pressure, TDS
Strontium sulphate SrSOq4 Temp, Pressure, TDS
Lead sulphide PbS pH, H2S conc., Temp, TDS




The control and management of scale downhole is therefore difficult,
particularly where multiple scaling species have the potential to precipitate in
different regions of the production tubing from the near-wellbore to topside, as
each responds uniquely to specific removal methods. Table 2.2 shows the
three basic forms of scale investigated in this study.(30-33)

Table 2.2 Characterisation of oilfield scales examined in this study (30-33)

Calcite Barite Galena
(CaCOs3) (BaS0a4) (PbS)

For2)y

N

Crystal .
a 2
system o

a

L T

Orthorhombic/Diamond
Morphology | Rhombohedral | Spherical/Rhombohedral Cubic
Rectangular/Spindle

a=b=c a=b=c
AXis Dependent on
system a=pF=y morphology a=p=Yy
#* 90° = 90°
Other Aragonite and
_ None None
polymorphs vaterite

2.2 Conventional scales

Crystalline CaCOs and BaSOs deposits can coat downhole completion
equipment, the near wellbore and tubulars, requiring physical or mechanical
removal to maintain flow from the reservoir if proactive mitigation methods
have not been successfully carried out.(25) Figure 2.1 shows an example of
CaCOs build-up in a pipe, where significant narrowing of the functional pipe
diameter leads to substantial loss of performance and even failure.(34)
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Figure 2.1 Calcium carbonate scale build-up (34)

2.2.1 Calcium carbonate (CaCOs3)

CaCOs commonly occurs in three polymorphic forms: calcite, aragonite and
vaterite (in order of decreasing thermal stability), whilst barite is the only
polymorph of barium sulphate. Calcite, the most stable state of CaCOs has a
cubic or rhombohedral morphology, whilst barite morphology varies
significantly based on levels of supersaturation.(31, 35)

CaCOs fouling is endemic in oilfield systems, as formation water containing
both bicarbonate (HCOz3") and calcium (Ca?*) ions is prone to form precipitate
simply as a result of pressure changes during production. The release of
carbon dioxide (COz2) gas from the aqueous phase as a result of pressure
reduction prompts the evolution of carbonate (CO3%) as seen in Equation 2.1,
resulting in a rise in pH and consequent precipitation (Equation 2.2).(11)

Equation 2.1 2HCO3; < CO3™ + H30 + COyy,

Equation 2.2 Ca** + €05~ - CaCO03

Le Chatelier’s principle determines in which direction Equation 2.1 shifts,
where any imposed changes in concentration, volume, pressure or
temperature will push the equilibrium to counteract the change.(12) A
schematic representation of the carbonic system can be seen in Figure
2.2.(36)
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Figure 2.2 Schematic representation of the carbonic system (36)

Build-up of carbonate scales can occur rapidly upon downhole surfaces and
equipment, leading to significant production downtime and potential well
failure.(12) Whilst the formation of BaSOa4 scale, like metal sulphides, is
prompted by the injection of sulphate containing seawater, CaCOs can
precipitate during the primary recovery phase, a process referred to as auto-
scaling. The additional reduction of CaCOs solubility with increased
temperature when CO: is present dictates that precipitation can occur
anywhere in the production tubing, with case studies showing precipitation of
CaCOs species from both near the wellbore to the topside.(37, 38)

2.2.2 Barium sulphate (BaSOa4)

BaSOa4 is the most insoluble of the sulphate scales and consequently one of
the hardest to control, forming when formation water and injected seawater
mix during secondary recovery, often in the near-wellbore region of producing
wells, as seen in Equation 2.3:(11)

Equation 2.3 Ba** + 0% - Bas0,
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In oil wells and reservoirs within the North Sea, barite is the dominant scaling
mineral, estimated to cause $1.4 billion per annum in operating costs for
removal and unscheduled downtime. Barite is also able to incorporate
radioactive ions such as radium into its lattice that poses a safety risk to
offshore workers.(39)

Figure 2.3 shows a basic illustration of seawater injection, where seawater
injection results in cooling of the reservoir in proximity to the injection
point.(40)

[ 4
Seawater Production 5
injection well A

Figure 2.3 lllustration of seawater injection and influence on reservoir
temperature (40)

Before injection, seawater is treated through filters to remove S04 anions to
firstly prevent the precipitation of Ba?* and Sr?* salts, and secondly for souring
control to mitigate the proliferation of sulphate reducing bacteria (SRB) within
the reservoir and consequent production of sulphide species. It is extremely
hard to control bacterial outbreaks in the reservoir as even if only a small
fraction of bacteria survive they can act as a seed and later proliferate.(12)
SRB can survive up to pressures of 52 bar but reach reductive efficiency at
approximately 27 bar.(40) Most strains however are not particularly resistant
to temperature, where most common SRB cannot grow at temperatures above
317 K, with some strains able to function at approximately 343 K.(40) Whilst
extreme HT/HP reservoirs can reach temperatures of up to 533 K, injection of
seawater results in reservoir cooling around the injector wellbore, as seen in
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Figure 2.3, that provides conditions under which SRB can potentially thrive.
As such the effect is twofold, where injected seawater results in a temperature
downhole that may lead to the multiplication of undesirable SRB, as well as
provide a trace amount sulphates (after nanofiltration membrane systems can
reduce concentration to 40 mg/L) that can then nevertheless be reduced to
sulphide species.(41) It is also possible that injected seawater can contain
strains of SRB that lie dormant until under highly anoxic conditions downhole,
where Oz concentration is less than 0.5 mg/L. SO4? reduction consequently
occurs under anoxic conditions, at which electron activity (Eh) of the water
downhole is between 0 and -300 mV.(40, 42, 43) The biochemical mechanism
occurring within a SRB can be seen in Figure 2.4.(44)

Cell wall

S04& H,S

Figure 2.4 The biochemical pathway of dissimilatory sulphate reduction in
SRB (44)

Aqueous H:S released as a product of SRB (Figure 2.4) dissociates into
sulphide species before reacting readily with metal cations present in the
formation water to form insoluble metal sulphide scales.

The presence of Hz2S can exacerbate the formation of other sulphide scales,
increase corrosion risk, pose a danger for workers at topside due to its toxicity
and reduce the value of oil and gas.(12)

2.3 Unconventional sulphide scales

Though less common than carbonate and sulphate scales, build-up and
deposition of metal sulphide scales on downhole equipment and production
tubing can negatively affect the flow and production of 0il.(12) Lead and zinc
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sulphide scaling has become a concern in a number of North Sea oil and gas
fields, rich in both evolved hydrogen sulphide (H2S) gas and formation metal
ions.(45) Sulphide ore deposits of lead and zinc, known as Mississippi Valley
Type (MVT) deposits, are commonly observed in Devonian to Permian and
Cretaceous to Tertiary formations.(46) As a result, cations of lead and zinc
are found naturally in many formation waters in HT/HP fields due to mineral
dissolution of these ores over millions of years. Dependent on pH, sulphide
(S%) and/or bi-sulphide (HS") anions form when hydrogen sulphide (H2S) gas
present in the reservoir diffuses into formation water, and consequently
dissociates. Anions are highly susceptible to precipitate into sulphide scales
when reacted with aqueous metal cations such as lead (Pb?*) and zinc (Zn?"),
present in formation waters.(11) Injected water used for pressure support can
also enrich seawater with heavy metal ions from the formation.(14) Evolution
of H2S gas or ‘souring’ of reservoirs can occur through both microbiological
and geochemical means; a consequence of the decomposition of organic
matter, increased activity of sulphate reducing bacteria (SRB) and chemical
reactions resulting from seawater injection, respectively.(47) The dissociation
of Hz2S to its constituent bi-sulphide anions in water at pH levels expected in
sour systems where pH values are typically between 5 — 7, can be seen in
Equation 2.4.(48, 49)

Equation 2.4 H,S + H,0 & H3;0" + HS™

Lead cations (Pb?*) in produced water react readily with sulphide ions (S%) to
form PbS (galena) in Equation 2.5.

Equation 2.5 Pb** + S2~ - PbS

Concentrations of dissolved aqueous H2S in the produced water of North Sea
oil wells have been recorded at levels as high as 55 ppm during production,
yet it has been reported that concentrations as low as 2 ppm are sufficient to
prompt formation of sulphide scale.(12, 50) Precipitation of PbS crystals and
the location at which they adhere to surfaces of production equipment or
tubing is reported to be based upon changes in temperature, water chemistry,
pH and residence time; in addition to the oil composition, characteristics and
water-cut.(14) As with conventional carbonate and sulphate scales, build-up
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of sulphide scale debris can contribute to damage and malfunction of
downhole equipment such as sub-surface safety valves (SSSV),
consequently compromising well integrity, which can in turn lead to
considerable unscheduled downtime.(50)

2.3.1 Lead sulphide (PbS)

PbS is the most insoluble of all the sulphide scales that form downhole and
as such is almost impossible to remove through chemical means. Wet PbS
scale deposits (Figure 2.5), found commonly in HT/HP wells in the North Sea,
have been reported to be a build-up of black, non-porous, fine grained scale
that is particularly hard and brittle; and as a consequence is not easily
removed.(38, 50)

. T LY
Figure 2.5 Sulphide scale deposits from the North Sea Central Graben fields
(38)

2.3.2 Crystal structure of PbS

The cubic structure of PbS is represented in Figure 2.6a & b, where a slab
view and top view of the lattice is shown respectively.(33) Values in Figure
2.6a are representative of the bond lengths in angstroms (A) between Pb and
S, where the average value of the three-interacting axial Pb-S bond lengths is
2.813 A.(33)
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Figure 2.6 Crystal lattice structure of PbS (33)

PbS is a stoichiometric compound, with homogeneity in the region PbSo.9995-
1.0005 and crystallises in a cubic morphology, where the space group is Fm3m
with a lattice constant of a = 0.59362.(51)

Water adsorption upon the hydrophobic galena surface is primarily through
strong hydrogen bonds formed between water H atoms and surface S atoms.
Two-dimensional hydrogen bonding of a water monolayer on the PbS surface
strengthens S — H bonding; though as three-dimensional hydrogen bonding is
stronger than S — H bonding the interaction of water and the galena surface
is weakened (Figure 2.7). As such, unoxidised galena water contact angle is
predicted to lie between 48 - 52°.(33)

17



Figure 2.7 Molecular illustration of water interacting with a galena surface
(33)

2.4 Mineral nucleation and crystallisation

2.4.1 Supersaturation

The likelihood of the precipitation of a specific mineral is contingent on the
saturation ratio (SR), defined as the difference in chemical potential between
a molecule in solution and that in the bulk of the crystal phase.(52) Following
the rules of thermodynamics, this can be given by Equation 2.6.

Equation 2.6 Au = kT InSR

Where Apu is the difference in chemical potential, k is the Boltzmann constant,
T is the absolute temperature, and SR the saturation ratio. When Au > 0 the
solution is supersaturated.(52)

A saturated solution is in thermodynamic equilibrium with the solid phase at a
specified temperature. A state of supersaturation is required for crystallisation,
with two classes of supersaturated solutions being defined as ‘labile’ and
‘metastable’ by Ostwald to determine spontaneous nucleation would or would
not occur respectively.(35, 53)

1) Stable (unsaturated) where crystallisation is impossible
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2) Metastable (supersaturated), where spontaneous crystallisation is
improbable. If a crystal seed were placed in a metastable solution,
growth would occur at its surface.

3) Unstable or labile (supersaturated) where spontaneous crystallisation
is probable, but not inevitable

These states that determine the likelihood of initial crystallisation can be
guantified and represented as the initial saturation ratio (SRinitiat), allowing
scaling power to be defined. Water is supersaturated with respect to calcium
carbonate if the ion activity product (IAP) for Ca?* and COz* exceeds the
CaCOs solubility product. A solution’s scaling tendency (or saturation ratio), is
calculated through a ratio of the IAP (ion activity product) and Ksp (solubility
product) for CaCOs.(54) SRinitiat for CaCOs is defined in Equation 2.7 below:
(55)

_ _ (AP ca®*)(14P 5%7)
Equation 2.7 SRmitiat = (Ksp CaCo3)

Where at:

SR < 1: Scale formation is impossible due to under-saturation and the solution
is likely to dissolve any deposit.

SR = 1: Scale formation and dissolution rate are equal under equilibrium.
There is no nucleation and any seeds added to a solution neither dissolve or
increase in size.

SR > 1: The solution is supersaturated with scale formation thermo-
dynamically possible and likely to occur.(56)

2.4.2 Induction time

Induction time is the time which elapsed between the moment of mixing
between two incompatible brines within a supersaturated solution and the first
appearance of crystals or turbidity.(57) It is influenced by the degree of
supersaturation, state of agitation, presence of impurities, viscosity, etc. Mullin
(58) defined the induction time (Equation 2.8) as:

Equation 2.8 ti=tr+t,+¢,
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Where tr is the relaxation time (s), tn is the time required for the formation of
a nucleus (s); and tg is the time required for the nucleus to grow to a detectable
size (s).(58)

2.4.3 Nucleation

Given that the saturation ratio is sufficient, nucleation occurs and is defined
as the series of atomic or molecular processes by which the atoms or
molecules of a reactant phase rearrange into a cluster of the product large
enough as to have the ability to grow to a macroscopically larger size.(58)
Primary nucleation is described as ‘nucleation in systems that do not contain
crystalline matter, and secondary nucleation when ‘nuclei are generated in the
vicinity of crystals already present in supersaturated solution’. Primary
nucleation can be classified as either homogeneous and heterogeneous,
relating to spontaneous precipitation within the bulk phase and nucleation
induced by a foreign surface respectively.(35) Figure 2.8 demonstrates the
modes of nucleation.(35)

Nucleation
Primary Secondary
Homogeneous Heterogeneous
(Spontaneous) (Induced by foreign particles)

Figure 2.8 Pathways via which nucleation can occur (35)

The nature of oil production provides not only a multiphase system where high
TDS brine containing scale forming species are present but tubing and
equipment that provide sites at which crystals can either nucleate or adhere
from solution.
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2.4.4 Primary nucleation

Scale can adhere to surfaces via two different mechanisms from a
supersaturated solution. Homogeneous nucleation occurs within the bulk
phase deposits and adheres to a surface (Figure 2.9), whereas
heterogeneous nucleation characterises crystallisation directly onto a surface,
as seen in Figure 2.10.(25)

® Supersaturation

\ .
o]
\ & lon pairs

N
* Clusters/nuclei
N

Transient stability

Imperfect crystallites

N

@ Cation -'1 Further growth at sites

® Anion of crystal imperfections

Figure 2.9 Homogeneous nucleation — mechanism of bulk growth (25)

Supersaturation
LA s

Surface
imperfections

Fluid flow
R ——

Substrate

Figure 2.10 Heterogeneous nucleation — surface nucleation (25)

21



The precipitation and growth of inorganic mineral scales can proceed via both
heterogeneous surface nucleation and homogeneous bulk nucleation
mechanisms. Homogeneous precipitation is the predominant process given a
sufficiently high degree of supersaturation; largely determined by the
compound solubility, ionic species concentration, temperature, pH or the
influence of foreign inhibiting species.(59, 60)

2.4.4.1 Homogenous nucleation

The exact details of formation of a stable crystal nucleus within a
homogeneous fluid is not known with any degree of certainty. Not only are
constituent molecules required to coagulate and resist the tendency to re-
dissolve but become orientated into a fixed lattice. The number of molecules
in a stable lattice can vary from ten to several thousand, yet a stable nucleus
is unlikely to result from simultaneous collision of the required number of
molecules, as this would be an extremely rare occurrence. It is likely to result
due to a sequence of bimolecular additions according to the scheme shown
in Equation 2.9.(35)

Equation 2.9 A+A2A,

A, + A2 A;

A, 1+A2A4, (Critical cluster)

Where A is representative of a single molecule and A, the number of
molecules required to construct a critical cluster. Further molecular additions
to the critical cluster results in nucleation and subsequent growth of the
nucleus, with short chains forming initially and eventually building up a
crystalline lattice structure.(35)

Classical nucleation theory is based on condensation of a vapour to a liquid,
with free energy changes associated with the process of homogeneous
nucleation. The overall excess free energy (AG), is the sum of the surface
excess free energy (AGs) and volume free energy (AGy), shown in Equation
2.10. Equation 2.11 shows the overall excess free energy between a small
solid particle of solute and the solute in solution.(35)
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Equation 2.10 AG = AG, + AG, = 4mr?y + 3 AG,

Equation 2.11 % = 8mry + 4nr?AG, = 0

Where r is the radius of the particle assumed to be spherical (m), y the
interfacial tension (mMN/m) between the developing crystalline surface and the
supersaturated solution in which it is located. The surface free energy (AGs)
can be described as the excess free energy between the surface of the
particle and the bulk of the particle (also described as the interfacial energy),
and the volume free energy (AGy) as the excess free energy between a very
large particle (r = o0) and the solute in solution.(35)

The two terms, AGs and AG, are of opposite signs and depend differently on
r, so the free energy AG passes through a maximum, as can be seen in Figure
2.11 as indicated by the dotted line. This maximum value, indicated by AG*
(or AGerit) corresponds to the critical nucleus, rc, and for a spherical cluster is
obtained by maximising Equation 2.10, setting %z 0 results in Equation

2.11.(35)

+ve

Free Energy, AG

Figure 2.11 Free energy diagram for nucleation — existence of a ‘critical
nucleus’ (35)
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The critical size, represented by Equation 2.12, is the minimum size of a stable
nucleus.(35, 61)

20v;

Equation 2.12 Terit = 1ins

where v, is the molecular volume of the liquid (L), ¢ is the surface tension
(mN/m) and S the supersaturation.

Behaviour of a newly created crystalline lattice in a supersaturated solution
depends on its size and can either grow or re-dissolve. However, the process
necessarily results in a decrease in the free energy of the particle. Particles
smaller than rcrit will dissolve or evaporate is a liquid in a supersaturated
vapour, as this is the only way the particle can achieve a reduction in its free
energy. Similarly, particles larger than rerit will continue to grow.(35)

According to classical nucleation theory (CNT) described by Volmer (62),
given a suitably high saturation ratio the reduction of the required critical ion
cluster size and consequent lowering of activation energy barrier enables
spontaneous nucleation of crystals within the bulk phase.(54) Based on the
kinetics of homogeneous precipitation, at sufficiently high saturation ratios
nucleation rate occurs at such speed to be considered spontaneous, with the
number of nuclei formed increasing linearly with induction time (63).
Spontaneous homogeneous nucleation, whereby the rate of crystal nucleation
is greater than that of crystal growth, results in formation of small particles with
narrow size distributions. Cubic PbS crystals precipitated in the bulk phase
have been reported to range from 20-100 nm, as a result of the remarkably
high initial saturation ratio and nucleation rate allowing formation of
thermodynamically stable nanometric particles.(19, 64-66)

Following classical nucleation theory (CNT), nucleation rate (J) can be defined
as the number of clusters formed per unit time and per unit volume in a
supersaturated system. Given the high supersaturation of PbS and the
assumption that only primary nucleation is taking place, the nucleation rate of
homogeneous nucleation can be predicted in Equation 2.13.(61, 67)

Equation 2.13 J =Kexp (— Ak(;)
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Where K is the kinetic prefactor, AG* is the change in Gibbs free energy
required to form a critical cluster of the new phase from the supersaturated
phase, k is the Boltzmann constant (J.KY) and T is the temperature (K).

Very low solubility of PbS in distilled water where Ksp = 3 x 102 mol? dm® at
25°C; pH 7, results in an SRinitial Value of approximately 1.7 x 10'° when lonic
Activity Product (IAP) concentrations of reactants and pH values typically seen
in oilfield systems are applied experimentally.(68)

2.4.4.2 Heterogeneous nucleation

The rate of nucleation of mineral species within a solution can be affected by
the presence of impurities within a system that act as a nucleation inhibitor in
one case, and as a nucleation accelerator in another. Many cases of
spontaneous (homogeneous) nucleation are found to have been induced in
some way, and it is accepted that true homogeneous nucleation is a rare
event. A supercooled system can be seeded unknowingly by the presence of
atmospheric dust which may contain ‘active’ particles known as hetero-
nuclei.(35)

The presence of a suitable foreign body or surface can induce nucleation at
degrees of super-cooling lower than those required for spontaneous
nucleation. Overall free energy change associated with the formation of a
critical nucleus under heterogeneous conditions, AG’.,;;, must be less than the
corresponding free energy change AG..;, associated with homogeneous
nucleation as seen in Equation 2.14.(35)

Equation 2.14 AG it = DAG i

Where @ = less than unity

Interfacial tension, y (mN/m), is an important factor in determining the
nucleation rate, as can be seen in Young’s equation (Equation 2.15).

Ysi—VYcs

Equation 2.15 cosO = ”
cl

Interfacial energy is dependent on three phases in contact; being denoted by
vq (crystalline phase/liquid), y,; (solid/liquid) and y,, (crystalline phase/solid).
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The contact angle, 6, between the crystalline deposit and the foreign solid
surface corresponds to the angle of wetting in liquid-solid systems. This is
shown in Equation 2.15 and illustrated in Figure 2.12.(35, 69)

Yei

Liquid (1)

Crystalline
deposit (c)

Yes < 6 > Ysi

Solid surface (s)

Figure 2.12 Interfacial tension at boundaries between phases (35)

When 0 lies between 0 and 180°, @ < 1; therefore: AG' it < AGpit

In the case of complete affinity/hydrophilicity (complete wetting), 6 is equal to
0°, @ is also 0 and consequently the free energy of nucleation AG'.,;; is also
equal to 0. Conversely, if 6 is equal to 180°, this corresponds to complete
non-wetting in liquid-solid systems.

2.4.5 Secondary nucleation

Secondary nucleation is defined as the formation of new crystals from those
that are already present in solution, and requires a SR that is substantially
lower than that needed for primary nucleation.(70)

Three different mechanisms have been described, where abrasion is the
removal of small parts of the crystal; attrition the disintegration of the crystal
into two dissimilarly sized parts; and fracture the fragmentation of the crystal
into two parts similar in size.(71) Industrial crystallizers often undergo
secondary nucleation by way of attrition, a result of the high speed of moving
parts and the brittle nature of crystalline materials.(72) Impingement of
downhole mineral scale build-up by solids in a high flow-rate producing stream
may also lead to attrition in a context specific to this work. Secondary
nucleation has also been shown to occur in natural environments e.g. saline
spring waters, basaltic caves etc. and biomineralization, where secondary
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nucleation in sea urchin spicules propagates from one particle to the next
transforming from amorphous calcium carbonate (ACC) to calcite.(73-75)

2.4.6 Crystal nucleation and growth mechanisms

Crystallisation growth of a crystal can be categorised in two ways: the process
of transporting materials and assembly/interface kinetics. Free energy (G) is
consumed in both processes where at constant temperature and pressure,
chemical potential is expended. Transport of ions is controlled via diffusion,
where material is transported to the crystal interface down a chemical potential
gradient before transformation from liquid to solid occurs. Solidification occurs
via the incorporation of an atom into the crystal lattice when the solute
concentration is in excess within solution. During the process of solidification
an atom or molecule may need to break bonds with solvent molecules, known
as desolvation.(76, 77)

Crystal growth occurs from a supersaturated solution when the flux of the
molecules attaching to the surface exceeds that of those detaching. Solubility,
as previously stated, is the concentration at which the flux of ions to and away
from the surface is equal and is dependent on solute concentration (activity).
As such, more highly soluble crystals have a higher growth rate in solution
when compared to sparingly soluble crystals, even at identical
supersaturation.(78)

Crystal surfaces become roughened at higher temperatures, resulting in a
multitude of kink sites from which growth can occur in the normal direction
through incorporation of atoms or molecules, known as normal growth. If a
crystal surface is faceted however, atoms require a kink site, usually located
along steps on the surface in order to crystallise. As such, growth occurs
forward along the surface of the crystal, advancing laterally in steps and hence
is referred to as lateral growth.(77)

2.4.6.1 CaCOs nucleation and growth mechanisms

The thermodynamic solubility product for CaCOs (Ksp = 3.8 x 10?9) is relatively
high when compared to that of metal sulphides at ambient temperature and
neutral pH, resulting in low levels of supersaturation that leads to
heterogeneous crystallisation induced by surfaces, impurities and phase
boundaries.(57, 79-81) The extensive growth of calcite crystals at
supersaturations typically seen in oilfields during production and topside
processing may be explained by the presence of many small crystallites on
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the growing face, exhibiting rough surfaces with a multitude of kink-and-step
sites.(82)

For calcite, layer growth occurs, whereby anions incorporate into the growing
lattice, followed by cations, with the rate-limiting step the movement of ions
from preferred adsorption sites to those critical for growth.(83) On a flat crystal
face growth proceeds in two stages, whereby building units transfer to the
surface from the solution before incorporation into the crystal lattice as seen
in Figure 2.13. Incorporation can include adsorption to the surface, step and
surface diffusion, the slowest step determining the calcite growth rate.(84)

Directincorporation

Adsorption

Desorpticn

Surface diffusion

Figure 2.13 Schematic illustration of different stages of the crystal growth in
solution. Growth units adsorb to the surface or directly attach to kink
positions. After adsorption to the surface, it migrates across the surface up
to the step, where it incorporates into the crystal lattice (84)

Typically, there are three mechanisms of calcite crystal growth: continuous
growth, surface nucleation and spiral growth. In continuous growth units
incorporate directly with no surface diffusion step on a crystal with rough
faces. Surface nucleation is the dominant growth mechanism on flat crystal
faces, with screw dislocation occurring when defects are present.(84)

2.4.6.2 BaSOa4 nucleation and growth mechanisms

Kowacz et al. showed through AFM study Ba?* ion incorporation to be the
rate-limiting step in two-dimensional nucleation when thermodynamic force
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was constant, where the mechanism for barite growth was governed by the
kinetics of Ba?* attachment.(85)

Judat and Kind (31), described the aggregation and ripening of BaSOa4
nanoparticles that had nucleated and grown in solution at high
supersaturations.(31, 86) Highly-ordered, self-assembled aggregation of
barium sulphate nano-crystallites resulted in a monocrystalline structure after
re-crystallisation or ripening, whereby smaller crystals dissolve in favour of
bigger crystals as a dependence of solubility on the surface curvature. As
such, the growth model predicted at high saturations is a two-step process
reliant on aggregation and ripening, whilst traditional molecular growth plays
a big role at lower supersaturations. Figure 2.14 shows the proposed
mechanism of BaSO4 growth at high supersaturations.(31)

Self-assembled

aggregation fibening

nucleation growth

D
A\ oo @ ® @
C 0e® > © b X | I
e
B/ o9 ¢ v :@ D> >
« X
/
ions nuclei crystallites  secondary crystals
particles
0.1 nm 1nm 10 nm 100 nm 1pym

Figure 2.14 small nanocrystallites are produced responsible for
aggregative growth; secondary particles which are monocrystalline due
to a recrystallization step, where at high levels of supersaturation the
presented growth mechanism dominates (31)

2.4.6.3 PbS nucleation and growth mechanisms

The exceedingly high supersaturation for PbS results in the spontaneous
precipitation of particles within the homogeneous bulk phase. Following CNT,
the growth of nanoparticles is contingent on two separate mechanisms: the
surface reaction and diffusion of the monomer to the surface. Fick’s first law
can be rewritten to accommodate nanoparticle growth within solution:
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__4AnDr(r+46)

Equation 2.16 J 5 (Cpb—C)

Where r is particle radius (m); J the total flux of monomers passing through a
spherical plane (mol m=2 s™) with radius x (m); D the diffusion coefficient
(m?/s); C the concentration (mol/m3) at a distance x (m); J is the distance from
the particle surface to the bulk concentration of monomers within solution (m);
Cp is the bulk concentration of monomers within solution and C; is the
concentration of monomers at the solid/liquid interface.

The LaMer mechanism defines rapid nanoparticle precipitation in a
supersaturated medium as a process of three stages, where nucleation and
crystal growth stages are defined, represented in Figure 2.15, where time is
plotted as a function of monomer concentration. (87, 88) Firstly, there is an
increase in the concentration of free monomers in solution, followed by ‘burst-
nucleation’, where nucleation rate is effectively infinite, until stalling due to the
expiration of free Pb?* and S monomers. Finally, post-nucleation growth
occurs through diffusion of monomers through the solution.

A
. Critical limiting super-saturation
(’mux ---------------------------------------------------
Cmin ---------------------------------------
=
2
=
= Nucleation Growth by diffusion
S
<
=
=4
. Solubility
Clll -----
nuclei nanocrystals
Time

Figure 2.15 Schematic illustration of the nucleation and growth process of
nanocrystals in solution: nuclei develop from monomers before the growth of
nanocrystals via the aggregation of nuclei (87)
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Nucleation and growth mechanisms described in Figure 2.15 are illustrated in
Figure 2.16 for the nucleation and formation of PbS nanopatrticles, where free
ions form nuclei that then coalesce and grow to form nanoparticles.(88, 89)

Pb2*ions
0 .
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Figure 2.16 Schematic showing the formation of PbS nanoparticles (88)

Kinetic investigations however have shown that Ostwald ripening may be the
predominant growth mechanism for PbS nanopatrticles after the early stages
of crystal formation and nucleation, occurring at times beyond 0.5 s in
experiments performed by Brazeau and Jones.(90) Ostwald ripening was
particularly significant at temperatures up to 298 K, with temperatures above
303 K seeing the onset of oriented attachment between two particles.(90)

Conventional scales are far more soluble than PbS in water, with solubility
products (Ksp) of 3.8x10° mol? dm® and 1.1x101°mol? dm® at 25°C for CaCOs
and barium sulphate BaSOa4 respectively.(91, 92) As the saturation ratios of
CaCOs and BaSOs are approximately 19 orders of magnitude lower than PbS
given an identical ionic activity product (IAP), the thermodynamic driving force
for nucleation to occur is significantly lower compared to that of PbS. In
systems prone to CaCOs and BaSOas scaling, the presence of a foreign
surface within a system is likely to induce nucleation at degrees of super-
cooling lower than those required for homogeneous nucleation, resulting in
increased heterogeneous nucleation.(35) In conventional scaling systems
with a significantly lower SRiniial than is likely within sulphide systems, crystal
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growth is likely to occur by way of Ostwald ripening mechanism, with a
significantly higher critical nucleus size and hence nucleation barrier.(35)
Average crystal size was therefore expected to be significantly higher for
CaCOs and BaSOus crystals than those of PbS, where the growth rate of highly
soluble crystals is significantly higher than those that are sparingly
soluble.(78)

2.5 Importance of pHin CO2 and H>S dissociation

pH is an integral parameter with regards to determining the mole fraction of
agueous species concentration at equilibrium within a system saturated by
carbon dioxide (COz2) or hydrogen sulfide (H2S). Dissociation of molecules in
the aqueous phase results in formation of anionic species that react readily
with metal cations present within the formation brine, which then precipitate
as solid scales. It can be seen from the Bjerrum plots in Figure 2.17 for COz2(aq)
and H2S(aq) species, derived from the dissociation constants in Equation 2.19,
Equation 2.21 and Equation 2.23, Equation 2.25 respectively that a higher pH
favors oxidation, promoting higher fractions of reacting anions and moving
precipitation reactions seen in Equation 2.18 and Equation 2.22 to the right.
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Figure 2.17 Bjerrum plots of pH vs mole fraction of a) H2COs; and b) H2S
species concentration at 25°C
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Saturation of COz2g) and/or H2S(g) in an agueous system leads to lowering of
a pH neutral solution or brine through formation of HCO3 and HS™ anions
respectively through protonation. The pH of formation water in even the most
acidic of sour producing wells rarely falls below pH 5, allowing for the limited
presence of reacting HS™ anions.(49)

2.5.1 CO2 dissociation
Upon dissolution of COzg) into water, COz2@q) reacts with water to form

carbonic acid.(93)

Equation 2.17 COZ(aq) + Hzo(l) < H2603

Carbonic acid is a weak acid that then dissociates as follows:

Equation 2.18 H,C0; & HCO3 + H*

For which the dissociation constant (K1) at 25°C and 1 bar is:

Equation 2.19 K, = Zncos Tt _ 10635

H,c03

Bicarbonate then dissociates according to:

Equation 2.20 HCO3; & CO05 + HY

For which the dissociation constant (K2) at 25°C and 1 bar is:

a. _a
I A

Equation 2.21 K, = = 10-1033

AHcoz
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2.5.2 H2S dissociation

Upon dissolution of H2S(g) into water, H2S(aq) dissociates as follows:(94, 95)

Equation 2.22 H,S & HS™ + H*

For which the dissociation constant (K1) at 25°C and 1 bar is:

Equation 2.23 K, =20 — 107

aHzS

Bi-sulphide then dissociates according to:

Equation 2.24 HS™ oS>~ + H*

For which the dissociation constant (K2) at 25°C and 1 bar is:

a_ 2-Q,+
Equation 2.25 K, = o5 M _ 4013

Hcoy

Based on case studies of sour wells, pH values of produced water routinely
lie between pH 5-7, meaning there is typically a mix of H2CO3s/HCO3 and
H2S/HS™ present and available for reaction in oilfield systems.

2.5.3 pH vs. electron activity (Eh)

pH vs. Eh curves show the stability of a mineral species with respect to the
activity of hydrogen ions (pH) and the activity of electrons (Eh). Environments
such as those near the wellbore or in reservoirs are isolated from the
atmosphere and hence largely free of oxygen, where operators aim to
maintain levels of dissolved Oz below 50 ppb.(42, 96) Under anoxic conditions
‘redox potential’ is approximately -100 mV, required for the proliferation of
SRB’s and bacterial reduction of sulphates present in seawater to HS".(97)

From a pH vs. Eh curve for PbS in Figure 2.18, it is clear that under downhole
conditions between pH 5 — 7 and anoxic conditions where Eh is approximately
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-0.1 V, solid PbS is the product. At pH 5.2 under which experiments were
conducted, it can be seen that increased electron activity to an Eh value of 0.2
V results in oxidation of the galena surface and the formation of anglesite
(PbS04).(98)
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Figure 2.18 Persistency-field Eh-pH diagram for galena in the presence of
sulphate and carbonate ion species at 0.1 activity (98)

2.5.4 IEP of galena and PbS charge

Given that PbS is formed at pH 5.2 under anoxic conditions, the particle
charge can be calculated based on the pH of the solution from pH vs. zeta
potential curves, shown in Figure 2.19.

Studies have reported the I.E.P. of naturally occurring galena to reside
between a pH of 2.5 and 3 when unoxidized, with synthetic galena yielding a
|.E.P value of approximately 2.1.(99, 100). This conforms with the expectation
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that at pH values typically seen in oilfield systems of 5 - 7, precipitated PbS
will carry a slight negative charge, determined from Figure 2.19 to be between
-15 and -5 mV for ground unoxidised galena.(101)

-20 -

-30 |-

zeta potential(mV)

50 |
I —&—Galena

-60

-70

(o N o

pH

Figure 2.19 pH vs. zeta-potential for unoxidised galena (101)

Particles in aqueous solution tend to carry surface charges that are a
consequence of surface group ionisation, ion adsorption or charge exchange
mechanism.(102) Counter-ions from solution sustain an electrically neutral
charge when balanced with co-ions at the particle surface and are firmly
bound via a Coulomb force within the Stern layer. The electric potential
decreases linearly with distance from the particle surface, with counter-ions
moving freely within the diffuse layer, as seen in Figure 2.20.(103, 104)
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Figure 2.20 Schematic representation of the electric double layer (EDL)
(103)

The electrical double layer (EDL) of two interacting colloids overlaps upon
approach, where osmotic pressure is generated due to variation of the ionic
concentration within the gap and the bulk solution. Between two surfaces
carrying a similar surface charge the EDL force is repulsive, increasing in
magnitude with surface potential.(104)

Introduction of an electrolyte e.g. KCI to aqueous solution has been reported
to lead to compression and increased capacitance of the Stern layer within
the EDL as a result of the increasing of osmotic pressure on the outer-
Helmholtz plane (OHP). This in turn leads to an increase surface charge
density and consequent decrease in zeta-potential.(105)
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2.5.5 Nanoparticle agglomeration

It is commonly understood that colloidal solutions with a zeta-potential
between -20 and +20 mV, as is the case with galena and PbS nanopatrticles
at pH 5 - 7, display limited electrostatic repulsion. This consequently leads to
dominance of the vdW attractive force between particles and colloids and the
formation of large PbS agglomerates.(104)

2.6 Factors influencing scale precipitation

A multitude of physical factors can influence scaling tendency of specific
minerals in oilfield systems, playing a role in the thermodynamics and kinetics
of precipitation, and hence the location and severity of scaling.

2.6.1 CaCOs and BaSO4

CaCOs precipitation is largely dependent on pressure, with calcite scaling
increasing in severity as pressure reduces higher up the well, as can be seen
in Figure 2.21.(12) The influence of temperature isn’t quite as prominent as
seen with other conventional scales e.g. BaSO4, where an increase in
temperature slightly increases scaling index of calcite, where solubility is
reduced.

Temperature = 250°F

Calcite Sl

Temperature = 200°F

0 1000 2000 3000 4000 5000

Pressure (psia)

Figure 2.21 Pressure vs. calcite (Sl) at 200 and 250°F (93 and 121°C)
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Figure 2.22 shows the effect of absolute salinity on calcite supersaturation,
where the presence of Na, Mg, Ca and K ions collectively increases
supersaturation at temperatures of 25 and 40°C, highlighted in red and blue
respectively.(106)
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Figure 2.22 Absolute salinity vs. calcite SR where red line 25°C and blue
40°C (106)

Changes in pressure as produced water proceeds up the tubing induces the
formation of CO2 gas from the aqueous phase, where the reduction in HCOgs
concentration results in a general pH increase. As pH increases the solubility
of calcite is reduced, as seen in Figure 2.23.(107)
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Figure 2.23 pH vs CaCOs solubility (107)
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The solubility of BaSO4 can be seen to significantly decrease as temperature
is reduced, prompting precipitation as temperature is reduced from the
wellbore to topside (Figure 2.24).(27)
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Figure 2.24 Temperature vs. BaSOa solubility (27)

Yuan and Templeton (108) show the effect of electrolyte concentration on
BaSO0Oa solubility at several different temperatures, where solubility increases
as NaCl concentration in solution is increased (Figure 2.25).(108)

45
40
35
30
25
20
15
10

—e—5C
—0—25C
95C

BaSO, solubility x100000 (M)

0 1 2 3 4 5
NaCl concentration in H,O (M)

Figure 2.25 NaCl concentration vs. BaSOa solubility (108)
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2.6.2 PbS

The typically low solubility of PbS is significantly increased by high free
chloride (CI") ion concentration, high temperature and low pH, that can result
in precipitation high in the production tubing as opposed to the wellbore under
more extreme conditions.(29, 38, 109) Figure 2.26 shows the influence of both
temperature and NaCl concentration on PbS solubility, where solubility
increases with temperature and electrolyte concentration.(29)
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Figure 2.26 PbS solubilities at 25 to 300°C, 1- 5 m NaCl at pH 4 and
mS(r) = 0.001 (29)

Figure 2.27 shows the influence of pH on a number of sulphide species
commonly found in sour systems, where solubility decreases linearly with an
increase in pH for PbS and ZnS. PbS is the most insoluble of the sulphide
species, followed by ZnS, where FeS the most soluble when pH is
constant.(110)
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Figure 2.27 pH vs. solubility of metal sulphide species (110)

2.6.3 Crystal co-precipitation

Co-precipitation of crystal species can occur in a number of forms. Surface
adsorption amounts to the adsorption of foreign ionic species that are
otherwise soluble onto the face of a uniform crystal. Mixed crystal formation
however involves the incorporation of a foreign ion into the crystal lattice,
replacing that of the original crystal structure, often resulting in disruption and
alteration of layer growth.(111, 112)

The formation of crystal complexes and films as a consequence of occlusion
co-precipitation, otherwise known as mechanical entrapment, is well
documented, occurring when an impurity is trapped inside a growing crystal.
It typically occurs under high supersaturations where the crystal is growing
rapidly.(113-115)

2.6.4 CaCOsand PbS co-precipitation likelihood in oilfield

Case studies have shown precipitation of PbS and CaCOs3 species can occur
both near the wellbore and higher up the production tubing.(37, 38) PbS
precipitation tendency is significantly influenced by temperature, salinity and
pH, and as such is analysed on a well-by-well basis through both custom
modelling techniques and fouling analysis after equipment recovery.(38, 116)
The likelihood therefore of co-precipitation occurring is high, where the
spontaneous precipitation of barely soluble PbS towards the wellhead occurs
in tandem with CaCOs crystallisation.
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2.6.5 Influence of ionic impurities on crystal precipitation and growth

Chen et al.(117) highlight the influence of commonly occurring formation
water brine cation Mg?* on the precipitation of CaCOs crystals, where the
presence of Mg?* inhibits scale formation, prolongs induction time and
adsorbs onto the roughened surface of the more prevalent calcite
polymorph.(117) It is theorised that Mg?* either adsorbs at the lattice site,
preventing the transfer of CaCOs units at the growing interface, or adsorbs
more generally on the crystal surface.(118)

Additionally, de Leeuw shows that calcite growth can be severely impeded by
the presence of other metal cations at step edges, where Fe?* and Sr?*
cations, in addition to Mg?*, with inhibition increasing with increasing cation
concentration.(119)

Growth forms and surface morphology of KCI crystals have been shown to be
variable based on the concentration of Pb?* ions in solution. Adsorption of
PbCl2 crystallites along the steps of growth layers reduces the advancing
velocity of the growing face in perpendicular directions, resulting in a
morphology change form cubic to octahedral. Further growth results in the
development of ‘hoppered’ or pyramidal structures upon the [111] face, with
higher Pb?* concentrations resulting in the emergence of ‘hoppered’ growth
layers on the [100] face.(120)

2.6.6 Occlusion co-precipitation

Occlusion co-precipitation methods are implemented widely in industry, from
remediation and entrapment of gold (Au) and silver (Ag) nanoparticle
contaminants within water systems through co-precipitation with CaCOs3,(121)
to PbS nanoparticles functioning as nucleation sites to promote the formation
of perovskite lattice structures to improve performance in solar cells.(122)

Perhaps the best example of solid occlusion within calcite at an interface is
the calcification of organic sites on a membrane as part of the process of avian
eggshell mineralisation. These organic structures promote the nucleation and
stabilisation of ACC that is then converted into more a stable calcite structure.
As described by Reddy et al.(123), the principle of high local supersaturation
prompting crystallisation at the solid-liquid interface can be applied, in this
case where sulphate groups on the organic sites concentrate Ca?* ions
promoting the nucleation of calcium carbonate.(123, 124)
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2.7 Factors affecting scale deposition

2.7.1 Flow pattern and turbulence

Highly turbulent flow rates have been shown to result in increased mass
transport of scaling ions and solutes to substrates and pre-deposited crystals,
that can increase crystal growth and exacerbate secondary nucleation.(125)

The relative particle-fluid velocity (Ur) can be used to show how turbulence
can enhance diffusional growth rates (Equation 2.26).(126)

772

Equation 2.26 Ui =2(1- (%))2;2%
P

Where my is the mass of the fluid (g), mp is the mass of the particle (g), Uy is
fluid velocity (cm/s), A is microscale (s) and p is pressure (dynes/sq. cm).

2.7.2 Agglomerate/particle size

The size of depositing colloids and agglomerates in the turbulent flow can
influence the likelihood of deposition or settling. For small colloidal particles
that have precipitated homogeneously in the bulk phase, deposition is
primarily due to Brownian diffusion whereas relatively large particles or
agglomerates are deposited on the surface as a result of inertial effects.(127)
Therefore, the effect of interfacial surface forces on the particle transport to
the channel surface is stronger for smaller particles.(128)

2.7.3 Solution pH

pH can have a significant bearing on mineral solubility and hence
supersaturation, that may determine the predominant pathway for nucleation
in solution as well as surface growth rates etc. For PbS forming solutions at
low pH values or small saturation ratios, fewer particles are grown but at a
higher growth rate. In experimental run times of 24 hours at room temperature
where PbS concentration was 3.5 mg/L at pH 1.45 results in the
heterogeneous precipitation of cubic crystals of approximately 10 pm in
diameter.(129)

Additionally, the charge of a particle or substrate is heavily related to pH, often
influencing colloidal stability of a system and interfacial forces between two
surfaces, as seen in Figure 2.19.
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2.7.4 Substrate topography and roughness

Increased roughness results in an increase in the number of potential
nucleation sites, where the energy required for heterogeneous nucleation is
reduced in valleys or on peaks.(130) Cheong et al.(131) describe the
heterogeneous nucleation of crystals from the tips of surface asperities, where
adhesion is far more persistent than that of crystals that have migrated from
the bulk solution to the substrate surface, as shown in Figure 2.28 where
heterogeneous and homogeneous nucleation are compared as a function of
surface structure.

. .- /

Figure 2.28 a) Heterogeneous nucleation and crystal arrangement on
asperities; b) Migration of homogeneous patrticles from the bulk phase to the
substrate and crystal arrangement on asperities (131)

Migration of particles from the bulk phase onto substrates results in a
comparatively low adhesion strength when compared to crystals that have
precipitated heterogeneously due to reduced contact area of the crystal to the
substrate.

2.7.5 Substrate surface energy/wettability

Heterogeneous surface nucleation, from the point of view of the substrate is
influenced by a number of variables including wettability, chemical
composition and structure, rendering it difficult to quantify the precise effect of
wettability on single phase scaling. The contact angle can be regarded as a
measure of the affinity between a deposit and a substrate, whereby large
contact angles of the crystal with the solid substrate are indicative of lower
affinity and vice versa.(69)
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Mass deposition rate (m ) during the induction period is shown by Equation
2.27:

3.2
Equation 2.27 m, = Czexp [—(DMT”,%T;;;’—:(C/Q)

Where v is molecular volume (cm3/mol), k5 is the Boltzmann constant and C;
is a proportionality constant, c is the concentration of the precipitating material
at the bulk and at the surface and y,; the interfacial free energy (mJ/m?)
between the solid crystal and the liquid. The interfacial energies at the
boundary of a three-phase contact point where a crystal is contacting a
nucleus in solution have a massive bearing on the adhesive forces between
the two surfaces, covered in Section 2.4.4.2.

Whilst surface nucleation is strongly influenced by the interfacial free energy
between the substrate and liquid phase (y4;), surface structure and roughness
can also affect scaling tendency.(69) Chevalier (132) shows that after
increasing wettability through UV/Os3 treatment of polyethylene for a 10-minute
period scaling density is drastically lowered, whereas similar UV/Os treatment
of glass results in significant CaCOs scaling, where water contact angles were
20° and 0° respectively. Polyethylene did not promote a specific crystal
orientation, whereby any CaCOs adsorbing to the surface had to compete with
substrate-solution interactions e.g. EDL. On glass however, UV/Os treatment
prompted changes in the surface structure that bought about specific crystal
orientation resulting in high densities.(132)

Dependent on salinity, the supersaturation ratio of CaCOs at 40°C and pH 8
needs to be between 20 and 25 in order for homogeneous nucleation to start
to occur, according to studies carried out by Marion et al.(133) In most
producing wells, this value is only likely to be reached gradually, if at all, when
undergoing pressure and pH changes that coincide with production of
produced water from the wellbore to the topside. As such, heterogeneous
nucleation is the more thermodynamically feasible scaling pathway for CaCOs3
crystallisation as supersaturation is reached. This is the case for other scales
such as BaSOg4, where a reduction in temperature towards the topside is often
the catalyst for reduced solubility and consequent precipitation.(27)

lons are often reported to condense as ACC and later transform into
crystalline CaCO:s. In single phase systems the hydrophobic surface may also
encourage the formation of CaCOs - substrate bonds over that of solution -
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substrate bonds due to a reduction in wettability, and hence decreased net
surface free energy of the CaCOs solution - substrate system. The relationship
between substrate - solution (sub/sol), CaCOs- solution interface (CaCOs/sol)
and CaCOs - substrate interface (CaCOas/sub) is given in Equation 2.28.(132)

Equation 2.28 Ynet = YCa603/sol + h(YCa603/sub - YSub/sol)

Where h is a shape factor and y is the interfacial free energy (mJ/m?).

2.8 Factors affecting scale adhesion

Adhesion is defined by Wu (134) as the state in which two dissimilar bodies
are held together by interfacial contact where mechanical work is transferred
across the interface, or in other words, ‘the mechanical forces necessary to
separate two materials.(134, 135)

At the nanoscale, surface forces play a significant role in adhesion. The
Derajun, Landau, Verwey, Overbeek (DLVO) theory can be used to describe
the adhesion force between colloids and surfaces in solution in terms of
attractive van der Waals forces and repulsive forces that result from EDL
interactions. Other interfacial forces that constitute the extended DLVO model
are hydrogen bonding, the steric interaction, structural forces, hydrophobic
interactions and hydration pressure for example.(136, 137)

Adhesion of two surfaces within an aqueous medium can be summarised as
the combination of a number of forces, as described by Equation 2.29.(102)

Equation 2.29 Faq :Fel+deW+Fcap+Fchem

Where Fe is the electrostatic force, Fvaw is the van der Waals force, Fcap the
capillary force and Fchem forces due to chemical bonds. High concentrations
of divalent ions in high TDS solutions e.g. produced water adsorb to surfaces
consequently diminishing the influence of repulsive electrostatic force and
surface charges.(138)
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2.8.1 Substrate surface energy/wettability

The work of adhesion/free energy of adhesion (W,) in a liquid between two
solid surfaces is related to the surface free energies of a system and is given
by Equation 2.30, derived from the Young-Dupre equation.(69)

Equation 2.30 Wi=Va+VYe—Vsec =7Yca(l+ cosO)

Where v is the solid-liquid interfacial energy, y.; the crystal-liquid interfacial
energy and y,,. the solid-crystal interfacial energy.

The surface energy is typically expressed as the sum of the components,
where dispersive (y'") and Lewis acid-base (y“5) forces are combined to
describe total surface energy in Equation 2.31.(69)

Equation 2.31 Yst=Vsl +Vs

The contact angle of a drop on a liquid surface gives an indication of the
adhesion due to the relationship between contact angle and bonding strength
between a liquid and a surface.(139) Typically, a lower contact angle results
in a stronger bond to the substrate surface.

2.8.2 Agglomerate/particle size

Though adhesive forces between particles and substrates generally increase
with particle size the influence of turbulent flow results in a higher rate of
removal of large objects.(140) Simply, larger particles or agglomerates are
more likely to have stronger adhesion to a substrate but are less likely to
remain adhered due to the physical effects of turbulence. The influence of
interfacial forces on the adhesion of two surfaces e.g. a mineral scale colloid
and a substrate, is described in greater detail in Section 2.9.

2.8.3 Surface charges between bodies

Based on the net charge of particles and substrates, electrostatic attraction of
two oppositely charged surfaces can enhance the deposition and adhesion of
particles from the bulk phase to a substrate. Coulombic attraction (F;) between
particles in contact with a grounded metal plate can be given by Equation 2.32:
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; _ q
Equation 2.32 F; = a16n£0R2

where « is a factor to correct for the polarization of the particle, g and R are
the charge (C) and radius (m) of the particle respectively, and ¢, is the
permittivity of free space.(104)

Fluoropolymer coatings such as Teflon™ acquire charge as a result of the
accumulation of OH- and HsO* ions at the substrate surface. The higher
affinity of OH- at the surface compared to HsO™ results in an iso-electric point
of approximately pHiep 3.7 in KCI solution, where the surface carries a net
negative charge above this point.(141) Given that a particle carrying a net
positive charge e.g. silica, comes into contact with a Teflon™ substrate at a
neutral pH, the electrostatic force will contribute to the attraction between the
two surfaces and ultimately enhance the adhesive force. Conversely, the
interaction of two similarly charged surfaces will result in an electrostatic
repulsion force, limiting the likelihood of deposition and consequent adhesion.

2.8.4 Substrate topography and roughness

Increased roughness of a substrate often increases the density of hooking
sites promoting an interlocking. Keysar et al.(142) demonstrate the enhanced
nucleation of calcite on a rough surface leads to a stronger bond as more
crystallites are created linking the substrate to the crystalline deposit. This
leads to a more compact and dense structure that has a higher tensile
adhesion strength that increases linearly with increasing roughness.(142)
Conversely, the adhesion of individual particles often diminishes with
increased substrate roughness, though the rms value is not a good predictor
of adhesive behaviour due to the complex nature and multitude of roughness
parameters, e.g. kurtosis, asperity spacing, peak/trough height etc.(143)

The influence of surface roughness on adhesion force (Fag) can be described
mathematically by the modified Rumpf model suggested by Rabinovich et al.
(144) based on hemispherical asperities in Equation 2.33.

. _ AxR 1 1
Equatlon 2.33 Fad o 6D [1+(R/1.48 rms) + (1+1.48 rms/Do)Z]
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Where rms is root mean squared roughness, Ay is the Hamaker constant, Do
is the minimum distance between sphere and asperity (interatomic spacing)
and R is the particle radius.

2.8.5 Substrate pre-scaling

Pre-scaling of a surface compromises the anti-fouling characteristics of the
substrate and provides scope for additional growth in supersaturated
solutions, nucleation points from which secondary nucleation can occur and
hooking points that promote homogeneous adhesion of scales and other
impurities from the bulk.(145)

2.9 Forces governing attraction and adhesion between surfaces

2.9.1 DLVO forces

The (Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory considers
both the effects of vdW attraction and EDL repulsion and is used to explain
the interaction of colloids. Figure 2.29 displays the high and low interaction
potentials that occur between two similarly charged particles in a 1:1
electrolyte solution under the influence of both vdW and EDL force. At small
enough distances, the vdW attraction will always exceed the EDL repulsion
as it is a power-law interaction, whereas EDL interaction energy remains finite
as D approaches 0.(146) lonic concentration can increased in order to reduce
the EDL repulsion and reduce the energy barrier resulting in loss of stability
and aggregation in colloidal systems.(103)
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Figure 2.29 Schematic energy versus distance profiles of the DLVO
interaction. The actual magnitude of the energy W is proportional to the
particle size (radius) or interaction area (between two planar surfaces) (103)

2.9.1.1 van der Waals (vdW)

vdW forces are the sum of attractive or repulsive forces between atoms that
arise from intermolecular interactions within any medium, dependent on both
the geometry and physical and chemical properties of two bodies.(103, 136)
Van der Waals forces include three different types of atomic interactions,
where the Debye and Keesom interactions are based on electrostatic
mechanisms, and London dispersion forces that are created by induced
dipoles arising from electronic polarisation of interacting atoms. vdW forces
act over relatively short distances between atoms and are proportional to the
inverse of the 6™ power of the intermolecular distances.(103, 147)

In calculating the Hamaker constant, the Lifshitz theory gives the vdwW
interaction energy as a function of macroscopic electrodynamic properties,
such as refractive indices and dielectric permittivity of the interacting media.
Given that these properties are higher in the medium than that of the two
objects (e.g. scale crystal and substrate), the vdW value will be attractive and
the Hamaker constant positive.(103, 104)

Hamaker constants provide scales for the vdW forces of between various
particles within media and is given by:
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Equation 2.34 A =m2Cipip,

Where €, is a microscopic property of two interacting atoms depending on the
strength of interaction between the two bodies, and p the atoms per millimetre
of the particle.(104)

2.9.2 Non-DLVO forces
2.9.2.1 Hydrophobic interaction

Rabinovich and Derajun (104) showed that the range of attractive force could
be significantly increased through hydrophobisation of a surface. A number of
possible theories have been put forward as the sole cause or effects that
contribute to the phenomena of the hydrophobic interaction:

1) Changes in the structure of the water in the thin layer between hydrophobic
surfaces compared to the structure of bulk water;

2) Capillary force due to cavitation near hydrophobic surfaces
3) Hydrodynamic fluctuations at a hydrophobic surface/water interface;
4) Dipole-dipole or dipole-charge interactions (electrostatic phenomena)

5) Dipole interactions associated with the large domains of ordered
hydrocarbon chains

6) Capillary bridging of nanobubbles attached on hydrophobic surfaces

It is likely that while all may in small part contribute to the attractive effect, is
the primary factor contributing to the long-range interaction.(6)

2.9.2.2 Hydration forces

The hydration or ‘structural’ force is exponentially repulsive force and can be
attributed to the energy required to remove water of hydration from the surface
due to strong charge-dipole, dipole-dipole or H-bonding interactions.(148,
149) Hydration forces arise when strong binding of water molecules to
surfaces containing hydrophilic groups produces repulsion or are prevented
from desorbing as two interacting surfaces approach each other. Adsorbed
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cations retain some of their water of hydration upon binding with the surface,
with dehydration leading to a repulsive hydration force.(104) Hydration force
strength can be ordered as follows: Mg*?2 > Ca*? > Li* > Na* > K* > Cs*.(146,
150)

2.9.3 Oxidation of galena

Oxidation of the PbS or galena surface and the subsequent formation of a
uniform layer of Pb-deficient PbS, would have resulted in increased
hydrophobicity. Experiments by Lei (151) showing the electrochemical
treatment of cleaved galena indicate that oxidation of the surface through
increasing of the surface potential to 0 V caused a sharp rise in contact angle
to 79°, forming a hydrophobic, sulphur-rich layer, the formation of which can
be seen in Equation 2.35.(103)

Equation 2.35 PbS — Pby_,S + xPb** + 2xe™

Lead oxide compounds such as PbO and Pb3O4 were predicted to only be
stable within basic solution and do not form in solutions where pH < 8.9.(152)

From Figure 2.30, oxidative dissolution of a galena surface can be seen at pH
5.8, where oxygen incorporates into the PbS lattice alongside sulphate
species such as thio-sulphate, sulphites and anglesite (PbS0O4).(152)

0, Pb?*
0, S04%

Figure 2.30 Evolution of a cleaved galena surface with time in an oxidised
aqueous environment (152)

The [001] galena surface reacts in oxygen-saturated solutions to form phases
that cover the surface, where partial oxidation occurs at the interface resulting
in accumulation and re-dissolving at a slower rate than galena.(152, 153)
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2.10 Scaling in multiphase flow

2.10.1 Flow dynamics and emulsion types

Flores et al.(154) identified six flow patterns in vertical tubing in which oil and
water flowed upwards, three where oil was the continuous phase and three
where oil was the dispersed phase, as seen in Table 2.3.

Table 2.3 Types of multiphase pipe flow (154)

From
, o/w based w/o based
Figure 2.31

Very fine dispersion of oil in | Very fine dispersion of water

a water in oil

(vfd o/w) (vfd w/o)

b Dispersion of oil in water (d | Dispersion of water in oil (d

o/w) w/0)
c Oil in water churn flow (o/w | Water in oil churn flow (w/o

cf) cf)

Churn flow often occurs at low to moderate velocities and is characterised by
irregularly shaped droplets. Increasing the flow velocity will result in a
dispersion of droplets and globules, with the sphericity and mono-dispersity of
the dispersed phase increasing at higher velocities as droplet size decreases.
As the flow rate of the continuous phase increases so too do turbulent forces,
causing breakage forces to dominate which results in a non-slip state and a
very fine dispersion, where very small droplets are dispersed across the entire
pipe section.(154) It is worth noting that in terms of basic multiphase flow,
behaviour between oil or water dominated flow patterns is largely similar, with
the phase ratio dominating the role of the dispersed phase. Very fine
dispersion, dispersion and churn flow for an o/w system can be seen in Figure
2.31 respectively.(154, 155)
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Direction
of flow

A A A

Figure 2.31 lllustrations of types of multiphase pipe flow; a) very fine
dispersion of oil in water; b) dispersion of oil in water; c) oil in water churn
flow (154)

Experiments carried out in this study worked under the assumption that due
to the low viscosity of the oil from light oil or gas condensate wells upon which
the sulphide tests were based, and the high pressure nature of the reservoirs
from which petroleum was being produced resulting in high flow velocities,
very fine dispersions of either w/o or o/w were produced (dependent on water-
cut). It is feasible that later in the life of the producing reservoir, reduction in
pressure will lead to the formation of either dispersed flow or churn flow
regimes.(154, 155)

2.10.2 Adsorption of particles at a liquid-liquid interface

Particles will bind to a liquid-liquid interface under equilibrium conditions in
order to minimise system energy, their position determined by the contact
angle that is described by Young’s law (Equation 2.15).(156) Arrangement,
position and adsorption strength of solid particles at an o-w interface is reliant
on a myriad of factors including particle charge and wettability; particle size
and shape, the dielectric discontinuity between water and oil as a result of
ionic strength, and particle roughness.(157)(158-160) Positions at the o-w
interface based on partially hydrophilic and partially hydrophobic particles can
be seen in Figure 2.32.
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Figure 2.32 Particle position at an o-w interface based on wettability

Large particles have higher contact area with the oil and water phases either
side of the interface, and as such possess a higher desorption energy, where
energy required for removal for stabilised particles of 1-10 um is approximately
108-10° ksT. Figure 2.33 shows the relationship between particle size and
contact angle at the o-w interface and the energy required to desorb that
particle into its respective phase.(161)

Partially-wetted solid particles are held together in a layer at the o-w interface
by attractive interactions such as capillary forces, with both intermolecular
dispersion and electrostatic repulsion further influencing wetting and
stability.(157)

2.10.3 Desorption of particles from a liquid-liquid interface

The energy required for desorption of a particle from an interface is displayed
in Figure 2.33, where the water contact angle and size of the particle are key
parameters.(162)
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Figure 2.33 Influence of contact angle and particle size on the energy
required for desorption from the o-w interface (162)

The free energy of desorption (AG,,) is given in Equation 2.36 and contact
angle (6) of a spherical particle at a fluid-fluid interface is given by Equation
2.37.(163)

Equation 2.36 AG,, = TR?*y,_,, (1 — cos(0))?
Equation 2.37 0 = cos™?! (g)

Where y,_,, is the interfacial tension (mN/m) at the o-w interface, h is the
height of the particle centre of mass above the interface (m), and R the particle
radius (m).(164) When 6 is equal to 90°, the proportion of the particle volume
wetted within each phase across the interface is identical.(164) The partially
hydrophobic nature of PbS where water contact angle is equal to 48 - 52°
results in the adsorption of particles at the o-w interface, though predominantly
within the aqueous phase, favouring formation of an o/w emulsion given
identical phase volume fractions.(33, 165)
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2.10.4 Crystal growth at liquid-liquid interfaces

Reddy et al.(123) showed that strontium carbonate (SrCO3s) can be grown at
the interface of two immiscible liquid solutions, where stearic acid molecules
would adsorb at the o-w interface, enabling in an enhancement of the metal
cation concentration at the interface and a subsequent rise in local
supersaturation. COs? anions free in solution then readily react with Sr?* ions
at the interface leading to the formation of SrC0Os3.(123)

2.11 Multiphase emulsions

Emulsions are defined as a mixture of two or more immiscible liquids, with
crude oil and water a pertinent example that is able to form both an oil-in-water
(o/w) or water-in-oil (w/0) emulsion, where oil and water form droplets as the
dispersed phase respectively. The type of emulsion formed is dependent on
the volume fraction of the oil and water and the nature of the emulsifier.(166)

2.11.1 Emulsion stability

Emulsion stability is regarded as the capacity of the emulsion to maintain its
properties over time. Instability can occur through flocculation, creaming and
coalescence, where droplets attract to form flocs, rise to the top of the
emulsion and combine to form larger droplets respectively. Surfactants are
commonly used to stabilise emulsions resulting in droplets that do not change
significantly in size with time that usually have a mean diameter of
approximately 1 um. However, solid particles or agglomerates are also a
viable means of emulsification and have an ability to stabilise droplets within
an emulsion without the formation of a monolayer, whereby much larger
droplet diameters are possible.(157, 166)

Emulsions stabilised by solid particles as opposed to surfactants are referred
to as Pickering emulsions, with current applications including drug delivery,
food production and mesoporous materials.(157) Their novelty stems from the
irreversible attachment of particles at the o-w interface, as seen in Figure
2.34.(157)
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Figure 2.34 Solid particles stabilized at the interface in an o/w Pickering
emulsion

Where surfactants generally cover emulsified droplets uniformly, particles and
agglomerates at the interface of Pickering emulsion droplets have been
reported to show incomplete coverage. In an o/w emulsion with a dense
monolayer, the relationship between droplet diameter and the mass ratio of
the dispersed phase to solid particles can be given by Equation 2.38.(157)

6 M(oil)
Poil%solid M(solid)

Equation 2.38 Droplet diameter =

Where poii and asoiid represents the interfacial area covered per mass of solid
particles. This linear relationship however is not maintained with the
introduction of a higher oil fraction whilst particle mass is kept constant.(157,
167)

As the ratio of solid particles decreases, a smaller interfacial area of the
droplet can be stabilised, resulting in larger droplet sizes and higher emulsion
polydispersity. Agitation of the emulsion results in the formation of small
droplets that coalesce when left to settle, with ripening halted by the interfacial
area reaching the area at which coverage is deemed to be full by solid
particles. As such, a stable coarse emulsion is formed after ‘limited
coalescence’, where free oil is released. This results in the formation of a
‘Winsor type III' emulsion where the particle stabilised component is
sandwiched between excess oil and water layers.(157, 168, 169)
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2.11.2 Emulsion inversion

Particle wettability plays a significant role in determining the dispersed and
continuous phases in Pickering emulsions. Particles with an 8w > 90° will
favour the formation of an o/w Pickering emulsion and stabilising particles with
an Bw < 90° favour w/o emulsion arrangement. Pickering emulsion stability is
at its highest however when contact angle is 90°, demonstrated in Figure 2.33.
As such, phase inversions can be triggered by both particle properties and
water and oil phase ratios.(157)

Destabilisation and inversion of emulsions typically occurs through
coagulation followed by coalescence of droplets. However, in Pickering
emulsions the rigid coating formed by partially-wet solid particles acts against
this coalescence, with a persistent emulsion forming between excess oil and
water phases, termed a ‘Winsor — type IllII' emulsion.(170) Reorganisation of
surface materials required for liquid droplets to coalesce is prevented by a
physical barrier; the mechanical strength of the droplet deriving from
aggregation of solid particles at the surface.(157) When the dispersed phase
of an emulsion is increased, or solid particle mass per system droplet volume
is decreased, mass transfer of oil occurs between the dispersed oil phase in
o/w emulsions. Mass transfer of oil between stabilised droplets of different
sizes is referred to as Ostwald ripening where the external phase acts as the
transfer medium. Additionally, coalescence refers to merging of similarly sized
droplets but is based on the direct contact. Figure 2.35 shows Ostwald
ripening and coalescence in images a and b respectively.(167)
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Figure 2.35 a) Ostwald ripening where small drops shrinking and larger
drops swelling as molecules transfer from the small to larger drops; b) if
there are not sufficient particles present formed drop surfaces limited
coalescence occurs (167)

Increasing of the oil fraction to particle mass ratio reduces the influence of the
mechanical barrier preventing coalescence, where droplets not only become
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enlarged but are deformed as they are forced into closer proximity, decreasing
in stability prior to coalescence and Ostwald ripening.(165) Catastrophic
phase inversion then occurs after sufficient shifting of the system to its lowest
energy state.(167)

While conversely in oilfield systems it is likely that oil fraction is likely to
decrease over the production life of the reservoir, the principle should hold
true for w/o emulsions. Water-cut is initially low and a steady increase in
produced water results in larger solid stabilised droplets as water-cut
increases before inversion to an o/w emulsion occurs.

2.11.3 Role of the multiphase in functionalisation and co-precipitation

Janus patrticles are colloids that are customised specifically to have two or
more distinct physical properties, allowing themselves to arrange at interfaces
where one hemisphere is hydrophilic and the other hydrophobic in
character.(171) Modification of particle surfaces can be achieved through
partial contact with reactive media, whereby reacting molecules or particles
are dissolved in the first medium (the second being inert) before attaching to
pre-cursor Janus particles stabilised at the liquid-liquid interface as illustrated
in Figure 2.36.(172)
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Figure 2.36 Particles arranged an o-w interface where half of the colloid is
functionalised from particles within the aqueous phase (172)

This process demonstrates how interfacially stabilised colloids can act as
nucleation or attachment points for attachment of reacting molecules,
secondary nucleation or occlusion growth.
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2.12 Mineral scale mitigation

2.12.1 Chemical — Scale Inhibitors and Dispersants

The primary function of an oilfield scale inhibitor is to prevent/inhibit crystal
growth at threshold concentrations. Inhibitor molecules adsorb at active
growth sites, resulting in a reduction in the driving force towards crystallisation
and subsequent growth. Morphology, tendency to agglomerate and the
potential of the electrical double layer of the growing nucleons are also
altered.(173)

Nucleation inhibition involves disruption of the thermodynamic stability of
growing nucleons during homogeneous nucleation, with endothermic
adsorption of inhibitors at crystal embryos causing an increase in critical
radius for crystallisation.(173)

Crystal growth retardation occurs through blocking the growth processes of
crystals for homogeneous crystal growth. Inhibitors are irreversibly adsorbed
at active growth sites, blocking growth at these points.(173)

Polymeric inhibitors, utilised in the removal of heavy metal cations from
agueous solutions, are commonly implemented in industrial applications such
as wastewater treatment, as well as chemical inhibition of inorganic scale
growth in oilfield systems.(19, 174) The amphiphilic nature of the polymeric
sulphide inhibitor allows both inhibition of crystal nucleation through cation
complexation, and growth retardation after adsorption upon crystalline
surfaces.(175) Water-soluble polymers also behave as surfactants and are
used in a multitude of applications related to emulsion stabilization; such as
gene and drug delivery, detergents, ceramics etc. In oil and gas production,
chemically enhanced oil recovery (CEOR) is driven by adsorption of viscosity
enhancing polymers at the o/w interface, with performance influenced by
aqueous pH, block structure and length, and concentration.(176)

Figure 2.37 displays poly(2-acrylamido-2-methyl-1-propanesulfonic acid) or
PAMPS, a high MW sulphonated polymer that is commonly used as a

thickener for cleaning agents, a friction reducing agent, a lubricant as well as
a mineral scale remover.(177-179)
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Figure 2.37 Chemical structure of PAMPS (177)

2.12.1.1 PAMPS inhibition mechanism

Dietschz et al. (178) conclude that not only does the sulphonated PAMPS
molecule inhibit nucleation through cation complexation but interacts with
crystallites already present in solution through adsorption onto the surface.
The high supersaturation of barely soluble salts e.g. PbS, at concentrations
found in produced waters, is likely to result in the precipitation of solids from
solution and hence both PAMPS complexation and absorption mechanisms
are likely to occur.

2.12.1.2 Squeeze treatments

Industrial scale inhibitor squeeze treatments are carried out to deliver inhibitor
into the reservoir, maintaining downhole inhibitor concentration above a pre-
set threshold and dependent on the field can be required every few days up
to over a year. Directly after treatment in producing wells, the localised
inhibitor concentration around the point of injection can reach extremely high
levels, before displacement further into the reservoir.(12)

Continuous downhole chemical injection coupled with squeeze treatments is
routine in a number of wells, in particular those with CaCOs scales that build-
up in the production tubing as opposed to the reservoir. Constant inhibitor
delivery is able to prolong squeeze lifetimes.(12)
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2.12.1.3 Biocidal treatment of SRB

SRB, responsible for numerous problems in oil and gas production due to the
production of corrosive/reactive H2S, are treated through regular application
of biocides.(180-182) A complication surrounding the treatment of such
bacteria is that protective biofilms are able to grow on the surfaces of tubing
or in the reservoir formation.(183)

2.12.1.4 Nitrate reducing bacteria (NRB)

The introduction of nitrates into the reservoir within injected water as part of
secondary recovery is another viable means of reducing souring. Nitrate
reducing bacteria (NRB) are able to out-compete SRB, with nitrate able to
provide more energy than sulphate when used as a bacterial electron
acceptor. The treatment of sour reservoirs through continuous injection of
nitrate salt has been shown to lead to suppression of SRB and hence results
in the gradual sweetening of the reservoir.(184)

2.12.2 Mechanical — Anti-fouling surfaces

Previous research in the area of mineral scale prevention has predominantly
focused on chemical inhibition, or physical removal through acid chemical
treatment combined with mechanical methods.(12) (22, 185, 186) As an
alternative to batch injection or reactionary mechanical techniques, the use of
anti-fouling coatings has been proposed as a way to drastically reduce the
initial deposition and build-up of inorganic scales on surfaces. This paper
investigates a number of proposed anti-fouling coatings with diverse
physiochemical characteristics. The wettability of anti-scaling surfaces,
particularly in multiphase conditions, has been shown to be of particular
importance with regards to the degree of inorganic scales deposited.(187)

Hydrophilic and hydrophobic coatings are starting to become more widely
applied on downhole coatings, though there is limited consensus on which are
the most effective. Fluoropolymers, sol-gels, diamond-like-carbon and others
are applied industrially, all of which have different characteristics that can
influence the propensity of scale to form under different conditions, shown in
Table 3.1.

Four properties are key when assessing the suitability of coatings for anti-
fouling purposes in downhole applications:
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1) Wettability and surface energy are strong determinants of both crystal
nucleation propensity (Section 2.7.5) and the wetting behaviour of both
water and oil in multiphase systems

2) Roughness has a bearing on both nucleation and adhesion likelihood, and
whilst increased roughness generally increases hooking sites and
adhesion strength of deposits, wettability can be tuned through the design
of ‘self-cleaning’ surfaces e.g. lotus-leaf (188)

3) Durability is of paramount importance in ensuring that any applied coating
maintains its functionality over long periods of time. A lack of resilience to
chemical and physical wear e.g. impingement, will result in damage or
removal of the coating, compromising its anti-fouling characteristics
leading to undesirable fouling

4) Application feasibility takes into account the price and the difficulty of
machining the coating onto complex geometries e.g. SSSV

Whilst the scaling mitigation potential of both anti-fouling surfaces and
inhibitors has been investigated extensively on an individual basis, particularly
for conventional scales, this work is the first on their combined efficacy in
sulphide forming multiphase processes.(19, 131, 185, 189) As operators
become increasingly intent on applying anti-fouling coatings onto downhole
equipment to prevent the deposition and build-up of scales, understanding the
synergy (or lack thereof) between chemical and surface mitigation techniques
is critical.

2.12.3 ASSESS program

The ASSESS (AntiScale Surface Engineering Solutions) program aimed to
develop anti-fouling coatings for application in sub-surface safety valves
(SSSV). Build-up of mineral scales within the well can deposit and build-up on
the inner wall and spring cavities of the SSSV, obstructing the sliding sleeve
and forcing open the flapper controlling the valve mechanism. This then
results in the SSSV being stuck open, and the well being shut-in, consequently
halting production.(16)

A number of coatings with anti-fouling properties, ranging from rough
hydrophobic fluoropolymer based to ultra-smooth hydrophilic surfaces,
underwent scaling tests in complex environments to determine the
characteristics of a coating that prevent initial deposition of scale onto a
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surface. Examples of coating types with varying physiochemical parameters
can be seenin Table 2.4.

Table 2.4 ASSESS coating types and characteristics

Coating type Coating characteristics

- Chemically inert
Fluoropolymer | - Corrosion and chemically resistant

- Low surface energy

- Fluoropolymer matrix reinforced with ceramic particles

Fluoro-

composite - Non-stick properties and enhanced mechanical
properties

Sol-Gel _ _

: : - Low adhesion glass-like

(inorganic)
- Ultra-smooth non-stick

Sol-Gel

(hybrid) - High surface energy

- Low roughness, friction and adhesion
Diamond-like
- Excellent chemical resistance and mechanical

carbon

properties
Inconel 718 _

- Industry standard material
(none)

The overarching aim of the ASSESS program was to take forward promising
anti-fouling coatings for field trials, and ultimately determine the
physiochemical characteristics that promote anti-scaling on surfaces and
develop a surface that can prevent mineral scale build-up in oilfield systems
over extended periods of time. The reduced workover frequency as a result of
minimised scale build-up will ultimately save on operating expenditure.

The best performing coatings per the four requirements in Section 2.12.2 were
selected for further testing and potential field trial applications. Hydrophobic
fluoropolymers were found to be the standout coating and provided a useful
counter-point to Inconel 718 reference steel for testing due to the stark
contrast in characteristics.
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2.12.4 Scale removal

If an undesirable build-up of scale occurs within the well, numerous
remediation methods and tools can be utilised in order to remove it dependent
on the mineral species.

Hydrochloric acid can be used to remove CaCOs scale thanks to fast reaction
rates and low costs, though is associated with exacerbation of asphaltene
deposition, corrosion, emulsion formation and sand production. Sulphate and
sulphide scales are relatively insoluble in acids and hence physical removal
techniques such as milling or jetting are required to remove them. As such,
complete prevention of sulphate scales is generally preferable to attempted
removal.(12)

2.13 Summary of Literature

Proliferation of sulphide scales downhole is specific to sour oilfield systems,
with studies looking at the mechanics of deposition and adhesion of common
carbonate and sulphate scales far more prevalent. Detailing the nature of
initial deposition and adhesion of CaCOs and BaSOa4 upon surfaces is of great
interest to the oil industry, where the build-up of scale downhole can severely
hamper production. Carbonate and sulphate scales generally precipitate
heterogeneously, though homogeneous adhesion is also feasible in systems
with higher SR values. This leads to complex surface interactions and
adhesion of crystals to the substrate, not only through intermolecular forces
e.g. vdW, but chemical bonding of crystals to the substrate surface in addition
to anchoring of the crystals in surface defects.(190) PbS however, owing
partly to its low solubility, precipitates as nanoparticles spontaneously within
the aqueous phase of produced fluids in oilfield systems. Though the AFM
force curve interaction of mineral PbS at the [001] face and AFM tips has been
measured previously (151), this work is the first to observe and quantify the
magnitude of change in interfacial attraction when AFM tip wettability has
been modified under constant experimental conditions. As such, forces acting
between bulk PbS particles and hydrophilic or hydrophobic surfaces
respectively in oilfield scaling systems could be accurately represented
through AFM measurements.

There have been numerous studies on the efficacy of anti-fouling surfaces in
preventing deposition within single phase aqueous scaling systems where
heterogeneous crystallisation is dominant.(16, 131, 191, 192) Whilst a light oll
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phase has been shown to wet surfaces to different degrees based on
wettability in a multiphase system,(193-195) its influence with respect to scale
deposition in sulphide systems had not yet been considered before this work.
The tendency of conventional CaCOs and BaSOs scales, as well as
unconventional PbS to deposit and build-up on a range of anti-fouling surfaces
in turbulent multiphase systems was therefore investigated.

Co-precipitation of scales in complex systems has been widely investigated in
commonly occurring carbonate and sulphate scaling systems. CaSOa crystals
have been shown to act as a precursor to heterogeneous seeding of CaCOs,
where the energetic barrier is reduced leading to precipitation in calcite
form.(196) Incorporation of ions into the lattice is common in CaCOs co-
precipitation, where the adsorption of ions or compounds to the surface layer
of growing calcite can result in changes to wettability and morphology.(197,
198). Whilst limited studies have considered co-precipitation of conventional
carbonate and sulphide scales in single phase, (116) none have regarded the
effects of co-precipitation in multiphase systems. This work assesses the role
of the o-w interface on co-precipitation of CaCOs and PbS when a light oll
phase is present and subsequent crystal complex formation, emulsion/droplet
stabilisation and surface deposition.

The use of PAMPS and other sulphonated polyelectrolytes to prevent scale
nucleation and growth has been previously investigated.(178, 199) Whilst high
MW polyelectrolytes have shown promise with regards to the mitigation of low
solubility sulphide scales e.g. FeS, their efficacy has not been trialled in either
multiphase or complex scaling systems. In addition to the influence of PAMPS
on emulsion stabilisation in PbS scaling systems, the effect of polyelectrolyte
adsorption onto the PbS mineral and subsequent changes in both wettability
and interfacial interactions with hydrophilic/hydrophobic surfaces was
examined.
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Chapter 3

Materials and Methods

A novel experimental set-up was designed to test the performance of a range
of anti-fouling coatings in a range of scaling systems. The addition of an
emulsified light oil phase to the reaction vessel was representative of flow in
oil producing wells, where the interaction between precipitated mineral scale
and the oil-water (0-w) interface was investigated.

To further probe the interfacial forces and interaction between PbS and
surfaces of different wettability, force curve measurements using both
hydrophilic and hydrophobic contacting tips on a cleaved galena surface were
undertaken.

This methodology can be broken down into 4 sub-sections:

a) characterisation of promising commercially available anti-fouling
coatings used in experiments (Section 3.1 and 3.2)

b) description of brine composition and scaling tests carried out in single
and multiphase carbonate, sulphate and sulphide systems, as well as
complex systems representative of oilfield brines (Section 3.3, 3.4,
3.5 and 3.6)

c) post-experimental analysis of anti-fouling coupons, bulk scale and
emulsions (Section 3.7)

d) AFM force curve on galena [001] face: preparation and analysis
(Section 3.8)

3.1 Anti-fouling surface characterisation

3.1.1 Water contact angle

Contact angle measurements were performed on all anti-fouling surfaces in
order to establish the affinity of the oil and water phases to the respective
surfaces. The likelihood of a stable oil film forming over the surface was
associated with the displacement energy (DE), a thermodynamic measure of
the ability of a surface to favour oil wetting via displacement of water
molecules from the interface. DE is defined in Equation 3.1.(200)
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Equation 3.1 DE = Ywa X (COSBWS) —%Yoa X (COSGOS)

Where yw4 and y,, denotes respectively the water/air and oil/air surface
tension while 6,5 and 6,5 denotes the contact angle of water and oil on the
surface of interest. Equation 3.1 shows that the DE is the difference between
the work of adhesion of oil and water, respectively, on the solid surface. An
o/w emulsion with optimal tendency for oil to wet the surface should have a
negative DE and the more negative the value of DE is, the more readily such
displacement takes place. Fluoropolymer coatings are generally highly
hydrophobic and favour the displacement of water and the formation of a
stable oil layer that prevents scale forming at the surface of the sample.(201)

Analysis of the drop shape allowed determination of the contact angle of a
sessile drop and its shadowed image in the substrate. A drop (~ 40 pl) was
metered from a syringe onto the solid substrate (anti-fouling coating) and an
image of the drop was recorded with a camera in conjunction with Attension™
drop shape analysis software as shown in Figure 3.1.(202)

Shape Baseline
line \

Figure 3.1 Sessile drop with fitted contour (202)

The Young-Laplace equation (Equation 3.2) was then applied to the curved
liquid surface in order to measure the contact angle.(203)

Equation 3.2 Pc = a(l + 1)

R1 Ry
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Where p. is capillary pressure, o is the surface tension (mN/m) and the
principal radii of curvature R, and R,.

3.1.2 Substrate hardness

Sufficient adherence of coatings to a substrate is of critical importance as it
ensures full performance and reliability of the coatings during application.
Scratch tests involved a stylus moved over a sample with a linearly increasing
load until failure occurred at critical loads, as shown in Figure 3.2 (204). The
failure events were then examined by optical microscopy.

Applied
load

Diamond

Coated sample movement

Figure 3.2 Schematic of a scratch test (204)

Scratch tests were completed using spherical tip (200 pym radius) with a
loading rate of 10 N/mm, an initial load of 1 N and a final load of 90 N; 3 to 4
repeats were performed for each surface. A typical scratched sample
observed under optical microscope is shown in Figure 3.3, where a) displays
a hard DLC substrate, and d) a soft F3 surface. A TriboTechnic™ Scratch
Tester Millenium 200 was the apparatus used in order to carry out the tests.
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Coating failure

Coating failure

Scratch direction ——

Figure 3.3 Substrates post-scratch test a) DLC; b) F3

3.1.3 Surface roughness

White light interferometry (WLI) analysis on FormTalysurf PG1800 equipment
was used to determine the topographical parameters of each of the coatings,
including average roughness (Sa), valley and peak intensity (Ssk) and
sharpness (Sku).

The coating was applied to a flat substrate and placed within the
interferometer where a broadband ‘white-light’ source illuminated the test and
reference surfaces. A condenser lens then collimated the light, before a beam
splitter separated the light into reference and measurement beams. The
reference beam is reflected by the reference mirror with the measurement
beam being scattered from the test surface. Returning beams are relayed by
the beam splitter to the image sensor where an interference pattern of the test
surface topography was formed.(205)

3.2 Anti-fouling surfaces

A number of anti-fouling coatings with contrasting physiochemical
characteristics were used for anti-fouling experiments. The wettability of anti-
scaling surfaces, particularly in multiphase conditions, has been shown to be
of importance with regard to the extent of inorganic scale deposition.(206)
Table 3.1 lists the name and type of coatings evaluated. Coatings F1 and F2
are classified as hydrophobic (water contact angle > 90°), whilst REF and DLC
are classified as hydrophilic (water contact angle < 90°).
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Table 3.1 Anti-fouling coatings tested

: Water Displace Average
Coati Coating Hardness
oating type contact -ment | Roughness (GPa)
angle (°) | energy (um)
UNS
REF NO7718 71 30 0.01 4.07 £ 0.28
(none)
Diamond-
DLC _ 68 11 0.01 1.43+0.49
like carbon
F1 101 -28 3.62 0.08 £0.02
F2 103 -31 0.93 0.09 £0.02
Fluoro-
F3 polymer 105 -32 1.19 0.08 +0.01
F4 70 6 0.97 3.12+04
SG1 42 33 0.08 0.37 £ 0.04
SG2 Sol-Gel 87 -9 0.2 1.45+0.13
SG3 70 3 0.03 0.21 +0.03

3.2.1 Coating characteristics

This section describes the rudimentary characteristics of the three coating
types selected and applied to Inconel steel due to their anti-scaling properties;
diamond-like carbon (DLC), fluoropolymer (F) and sol-gel (SG).

3.2.1.1 Diamond-Like Carbon (DLC)

DLC coatings are amorphous carbon films comprising significantly of sp3-
hybridized carbon atoms, sp? graphite and hydrogen, where the structure can
be amorphous or contain diamond crystallites.(207, 208) This imbues them
with high hardness, low friction coefficients against DLC and other materials,
high temperature and corrosion resistance and low rates of wear.(209) A
cross-section of a DLC coating and its structure can be seen in Figure
3.4.(210)
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Figure 3.4 DLC film cross-section showing graphical representation of
amorphous carbon structure (210)

3.2.1.2 Fluoropolymer (F)

Fluoropolymers in their most simple form consist of a carbon backbone with
pendant groups that are C—F bonds, where polytetrafluoroethylene (PTFE) is
an example of a linear fluoropolymer.(211)

It is from this fundamental carbon-fluorine structure that its properties are
derived, including excellent temperature and corrosion resistance, chemical
and organic resistance and a low friction, non-stick.(212) A cross-section of a
PTFE coating and its structure can be seen in Figure 3.5.(213)
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Figure 3.5 PTFE film cross-section and chemical representation of
fluorocarbon structure (213)

3.2.1.3 Sol-gel (SG)

Sol-gel coatings are produced through the dispersion of colloidal particles and
their consequent hydrolysis in liquid form a continuous network that can then
be pyrolyzed through heat treatment to form an amorphous or crystalline
structure. The process is commonly performed with silica oxides, but non-

74



silica oxides e.g. TiO2, ZrOz, Al203 have become widely used. Sol-gels are
most commonly applied using dip-coating mechanisms where the substrate
to be coated is immersed in liquid and then withdrawn at a well-defined speed
before the drying process.(214, 215)

Sol-gels are generally thin and provide strong adhesive properties between
the metallic substrate and top coat. They have good corrosive properties and
can easily be applied to complex geometries whilst a gel. Additionally, the
composition of sol-gel coatings are easily tuneable, with high purity products
achievable due to the precursor of the desired ceramic oxide being able to be
mixed and dissolved in a specialised solvent and hydrolysed into a sol.(216)
A cross-section of a sol-gel coating and its structure can be seen in Figure
3.6.(217)
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Figure 3.6 SEM cross-section of silica-based sol gel coating and chemical
structure of typical branched network (217)

3.2.2 Coating selection

As this work was industrially motivated, coatings that did not meet
specification were discarded throughout the experimental process, based on
their performance, feasibility for application and supplier availability/cost. As
such, the range of coatings tested was not necessarily consistent throughout
the work. Coatings that had most promising characteristics and were selected
for field trials, e.g. F1, F2 and DLC, were contrasted and compared
throughout.
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3.3 Mineral scaling tests

3.3.1 Carbonate and sulphate scaling tests

For both carbonate and sulphate experiments, mineral forming formation
water (FW) and seawater (SW) brines were mixed in a 1:1 ratio within the 2.2
L reaction vessel. Experiments performed under multiphase conditions
introduced light synthetic distillate or kerosene (Ci1 - Cie iso-alkanes) as the
oil phase at varying o:w ratios specific to each test. Four cylindrical anti-fouling
coupons (3.77 cm? each) were mounted upon a steel shaft and inserted into
the vessel, alongside a bladed impeller, with both rotated at 400 rpm by
overhead stirrers, where the dimensionless Reynolds number (Re) was
calculated to be 3374 at the substrate interface. N2 or CO2 gas (specific to test
type) was bubbled through the SW delivery vessel and the FW brine
containing reaction vessel for one hour, ensuring anaerobic conditions in both
incompatible brines before mixing, and was continuously fed into the reaction
vessel throughout the experiment. Overpressure within the delivery vessel
allowed flow of SW brine into the FW brine containing reaction vessel once a
connecting valve was opened, initiating the experiment, before the valve was
closed. The experiment run-time was 1 hour, after which the gas flow was
stopped and the anti-fouling coupons carefully extracted. Sample were then
dried under a gentle N2 stream for a 24-hour period to evaporate excess water
and/or oil on the coating surface, allowing any mineral deposits to dry without
risk of crystal deformation associated with drying at temperature.

3.3.2 Modifications to equipment for sulphide tests

Due to the hazardous nature of H2S gas, a number of considerations were
taken into account during the design and operation of the scaling equipment
for tests involving sulphide scales.

- Ultra-high molecular weight poly-ethylene (UHMWPE) plastic was used
to fashion the reaction vessel, delivery vessel and solid scrubbing
vessels. This was due to its low permeability and high resistance to
H2S related failure (218)

- Scrubbing vessels were filled with porous carbon/alumina-based
scrubber in order to remove excess H2S from the system. Pellets were
generally easy to handle due to their inert nature and high capacity for
H2S adsorption

- O-rings and rotary valves were composed of Hz2S resistant Viton in
order to prevent long-term degradation and potential compromise
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- All tests were carried out in a fume-hood where a slam-shut valve
connected to a detector was rigged to cut off flow from the H2S cylinder
given a leak occurred and

3.3.3 Sulphide scaling tests

Sulphide scales are prevalent in sour systems where H2S(aq) is present within
the produced flow-stream. The method and equipment used for sulphide tests
was largely similar to carbonate and sulphate testing, though the introduction
of gas into the vessel was carefully controlled due to high levels of toxicity.
Once sealed, gas in a blend of 1% H2S/99% N2 was introduced into the air
phase of the airtight reaction vessel at a constant pressure of 1.1-1.2 bar
(absolute), controlled via a regulator connected to a pressurized cylinder.
Unlike carbonate and sulphate tests, where the respective CO3? and SO4%
anions were introduced via an incompatible seawater brine, H2S in the gas
phase dissociated from the gas into the aqueous phase over an extended
period time before equilibrium was reached. This novel methodology was
intended to be representative of downhole conditions, where as a result of
gradually changing temperature, pH and chloride ion concentration, sulphide
precipitation would occur at a slower rate than traditionally seen in sulphide
scaling laboratory tests, where metal sulphides are often derived from the
introduction of two aqueous solutions, resulting in spontaneous
precipitation.(19, 22)

All scaling tests were buffered to pH 5.2 using 50 ml of 5 M acetate buffer
(Table 3.2 and Table 3.3), monitored throughout the experiment using a H2S
resistant pH probe. Unbuffered tests resulted in a sharp drop in pH due to the
dissociation of H2S gas into solution and consequent release of protons. A pH
of 5.2 was representative of sour wells where sulphide scaling has occurred,
and from Bjerrem plots in Figure 2.17, was high enough to prompt dissociation
of gaseous H2S into bi-sulphide ions (HS"). Phosphate buffer (PBS) was
considered but not used to control solution pH as it chelated with divalent Pb?*
ions in solution, forming an unwanted precipitate that would have
compromised the accuracy of the experimental mass gain measurements.
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Table 3.2 Solution composition

Solution Compound g/L
A Acetic acid (CH3COOH) 287.5
B Sodium acetate (CH;COONa) 410

Table 3.3 Proportion of solution mixed to form acetate buffer

Buffer Solutions mixed mL/L

A 48
Acetate (pH 5.2)

B 452

Nitrogen (N2) sparging of brines was performed for 1 h before the experiment
was initiated to ensure a completely anaerobic environment, preventing the
formation of sulphates. The H2S blend was introduced into the airspace of the
reaction vessel in a 1% H2S/99% N2 ratio for 1 h. For co-precipitation
experiments, two deaerated incompatible brines were introduced using the
seawater (SW) delivery vessel and injected through overpressure into the
reaction vessel immediately before the H2S blend stream was activated,
initiating the test. Once the test was complete, the flow of H2S from the gas
cylinder was halted and inert N2 gas flowed through the system to ensure that
no residual H2S was present within the system. This was achieved by placing
a H2S detector at the reaction vessel outlet before offsetting a small amount
of gas until the system had reached safe levels (< 1 ppm).

As in standard carbonate and sulphate scaling tests, anti-fouling surfaces
were extracted from the reaction vessel and removed individually into a petri-
dish before drying under a N2 stream.

Co-precipitation experiments incorporated PbS and CaCOs scaling brines,
where seawater brine was introduced into a formation brine from the delivery
vessel directly before activation of the 1% H2S/99% N2 blend into the reaction
vessel. This prompted the simultaneous precipitation of carbonate and
sulphide scales, replicating the proportion of solids that would be expected to
form in actual producing systems.
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3.3.4 Scaling rig

Figure 3.7 displays an image of the rig used for all scaling experiments, with
Figure 3.8 showing a basic schematic of the same system.

SEAWATER &
DELIVERY @
VESSEL

Figure 3.7 Photograph of multiphase scaling rig with H2S injection capability
and seawater (SW) delivery vessel

SW
delivery
2 overhead motors vessel
(400 rpm) (l L)
Regulator_y ;1_@
1% H,S8/99%
3 2 N; cylinder

Solid media scrubbing system

Reaction vessel
pH probe (22L)

Figure 3.8 Schematic of multiphase scaling rig with H2S injection capability
and seawater (SW) delivery vessel
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The rig was designed and constructed based on conventional multiphase
scaling set-ups, where a 2-litre glass beaker containing brine has two
overhanging motors enabling samples to be immersed and the solution to be
vigorously stirred. Due to the hazardous nature of work carried out when H2S
is present, previous experiments investigating sulphide precipitation have
been static, with little to no control over the level of turbulence at the sample
interface or within the vessel. The new design allowed turbulence at the
sample interface and within solution to be controlled, enabling the formation
of multiphase emulsions. As part of our design, materials were selected based
on their H2S resistance, machinability, cost and durability. The new reaction
vessel was airtight to prevent the escape of toxic Hz2S gas injected at pressure
into the air phase before dissociation into the solution. This required careful
design and application of rotary seals around rotating shafts, where the
likelihood of gas leak was heightened, in order to prevent escape of Hz2S.

A H2S resistant pH probe was integrated into reaction vessel lid to ensure
solution pH was consistent to the value at which it had been buffered. For the
safe removal of excess unreacted H2S gas, a series of scrubbers were used.
Porous carbon/alumina pellets were sourced that had a high adsorption rate
of H2S, that once fully saturated were able to be disposed of safely without
special consideration.

Figure 3.9 shows the Solidworks™ design of components that comprised the
reaction vessel, with Figure 3.9a & b displaying the lid from the top and bottom
respectively, with Figure 3.9c the main 2.2 L reaction vessel. A 158 mm
diameter/3 mm thick ethylene propylene (EPDM) H2S resistant o-ring was
inserted into the circular groove on the top face of the reaction vessel (Figure
3.9¢) before 40 mm screws were secured into the 10 holes on the periphery
of the lid in order to create an airtight seal between the lid and the vessel.

Custom-made EPDM rotary seals were inserted into the 2 circular grooves
positioned towards the top of Figure 3.9a, before being secured in place by a
screwed-in cap. They prevented escape of gas from the pressurised vessel
where motor-driven rotating stainless-steel shafts supporting a bladed stirrer
and anti-fouling coupons within the vessel, where the likelihood of a gas leak
was increased.
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Figure 3.9 Solidworks™ images of main reaction vessel a) lid top; b) lid
bottom; main vessel

3.3.5 Hydrodynamic conditions

A bladed impeller was rotated at 400 rpm, necessary to create an emulsion
within the reaction vessel when a second immiscible phase e.g. oil was
present. To propagate turbulence at the surface of the anti-fouling coupons,
the shaft was rotated at 400 rpm, with hydrodynamic conditions represented
in Table 3.4 representative of flow conditions within a single phase system.
Rotating cylinder (RC) equipment, used extensively in corrosion and scaling
research was implemented as flow becomes turbulent at relatively low
rotational velocities, with (Re > 300) sufficient to create turbulence at the
coupon surfaces.(219)
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Table 3.4 Hydrodynamic conditions at coupon interface in single phase

conditions
Parameter Value
Reynolds number (Re) 3374
Wall shear stress t (Pa) 0.17
Surface velocity Ucyi (cm.s-1) 25.13

3.3.6 System limitations

As the reaction vessel was primarily designed to promote turbulent emulsion
forming conditions, it was constructed from UHMWPE. Whilst this versatile
material was resistant to H2S and relatively machinable, it could not withstand
high temperatures and pressures that would be representative of downhole
oilfield conditions. A custom-made autoclave would be required to create
similar conditions at raised temperatures and pressures. Whilst the
thermodynamics of crystallisation would change given exposure to extreme
external conditions, it is predicted that the mechanism for deposition would be
unchanged under ambient conditions.

Turbulent flow in producing oilfield systems can potentially reach Re values of
>200,000 in pipe flow.(220) The experimental value at the coupon interface
(Re = 3374) in these experiments was limited by the speed at which the shaft
housing the coupons could be rotated due to the long-term tolerances of rotary
valves ensuring the vessel was airtight.

3.4 Brine compositions

All brines were made up in MilliQ water (18.2 MQ-cm) and filtered through
0.45 pm filters before experiments were carried out. The composition and
resulting SRinitiar Of the brines can be seen in Table 3.5 to Table 3.8, with a
CaCOs forming brine (Brine A), BaSOa4 forming brine (Brine B), PbS forming
brine (Brine C) and PbS/CaCOs forming brine (Brine D) respectively. All brines
were mixed in a 50:50 FW:SW ratio.
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Table 3.5 Brine A - CaCOs forming brine composition and

SRinitial
lonic concentration (mg/L)
lon SRinitial
Formation water Sea water
Na* 10000 11744
Ca?* 8000 -
K* 468 -
CaCO3 =76
Mg?* 1118 -
HCO3 - 6102
Cl 36629

Table 3.6 Brine B - BaSOa4 forming brine composition and

SRinitial
lonic concentration (mg/L)
lon SRinitial
Formation water Sea water
Na* 31275 10890
Ca?* 2000 428
K* 654 1368
BaSO4 = 1888
Mg?* 739 460
Ba?* 268 -
SrSOs=4
Srz* 771 -
SO4? - 2960
Cl 74306

For calculation of SRnitial of PbS, in Brine C, solubility and IAP was adjusted
to account for a saline brine and pH 5.2 solution.(29) A high concentration of
1000 Pb?* was used to accentuate the differences in scaling severity upon
different anti-fouling surfaces, with KCl electrolyte at 0.5 M introduced to
provide a high salinity system.
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Table 3.7 Brine C - PbS forming brine composition and

SRinitial

SRinitial
lonic concentration (mg/L)

on Formation water H>S injection
Pb?* 1000 -
K* 19405 -
CI 17938 -

| o
(at equilibrium)

PbS = 1.7 x 10%9

For Brine D, the two dominant precipitating species were PbS and CaCOs,
with SRinitiai calculated using both the process detailed in Section 3.5.1 and

Multiscale software (Section 3.5.2) respectively.

Table 3.8 Brine D - PbS and CaCOs forming brine concentration and

SRinitial
lonic concentration (mg/L)
lon SRinitial
Formation water Sea water
Na* 10000 11744
Ca?t 8000 -
K* 468 -
2+
Mg 1118 - PbS = 1.3 x 107
Pb?* 100 CaCOs = 76
HCO3 - 7002
30 (at
HS - e
equilibrium)
Cl- 38196
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3.5 Saturation ratio (SR) calculation

3.5.1 PbS

Initial saturation ratio (SRinitial) Of brine solutions are shown in Table 3.5 to
Table 3.8, where SRiniiai for PbS was calculated and from the ion activity
product (IAP) and solubility product (Ksp) as seen in Equation 3.4.(35, 221,
222) The effect of decreased pH and Cl- presence (salinity) was taken into
consideration during calculations for PbS solubility.(29)

Table 3.9 shows the changing PbS solubility with NaCl concentration at
reduced sulphur concentrations and pH values used in scaling experiments
from Section 3.3. (Adapted from Barrett and Anderson).(29)

Table 3.9 Variation in PbS solubility with NaCl concentration and pH
*msy) is total reduced sulphide concentration

NaCl Pb molar solubility (log M) Molar PbS

strenath solubility of solubility
(M;J pH 4 and pH 5.2 and PbS (M) @ | product (Ksp)

0.001 Ms(r) 0.0001 Ms() pH 5.2 @ pH 5.2

1 -11.2 -12.6 25x10% 6.3 x 1026

2 -10.7 -12.1 7.9x10% 6.3 x102%

3 -10.3 -11.7 2.0x 10 4.0 x 10>

4 -9.92 -11.3 4.8 x 10°%? 2.3x102%

5 -9.63 -11 9.3x 10712 8.7 x 1023

To calculate the molar solubility of PbS at pH 5.2 and 0.0001 ms(), Equation
3.3 was employed. (29)

Equation 3.3

log Mpy, = (Pb log M value in Table 3.9) — (3 + log My()) + 2(4 — pH)

For Brine C, the CI presence was deemed negligible with regards to the
overall PbS solubility e.g. < 0.01 M, where it was inferred from the linear
relationship (R?=0.991) in Table 3.9 that Ksp of PbS at solution pH 5.2 in Brine
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C was 1 x 102, Brine D was calculated to have a ClI- concentration of 1.07 M,
prompting an increase in PbS solubility, resulting in a Ksp value of 6.9 x 10-2.

The ionic activity product (IAP) of Pb?* and S was calculated for all PbS
containing brines from species concentration and the respective activity
coefficient (a). (29, 223) For brine C, where ionic activity was 0.01 M, the IAP
was calculated to be 3.56 x 102 and 6.98 x 10 for Pb?* and S? respectively.
Brine D, with an ionic activity of 1 M, had IAP values of 4.1 x 10> and 2.25 x
10 for Pb?* and S? respectively.

The SRiniial for PbS in brines C and D could then be calculated using Equation
3.4.

] (IAP Pb)(IAPS)
Equation 3.4 SRnitial = "~ (Ksp PBS)

Table 3.10 shows the species activity and final SRinitar for PbS containing
brines.(29, 223)

Table 3.10 Calculation of Brine C and D saturation ratio

lonic Activity lonic activity
Brine | activity | coefficient () prod. (IAP) SRinitial
(M) Pb2* sz Pb2+ s
C 0.5 0.29 0.31 1.4x103 | 2.9x10* | 1.7 x 10%°
1.07 0.17 0.24 4.1x10° | 2.3x10% | 1.3 x 10%

3.5.2 CaCOs and BaSO4

The concentration of scaling ions in brines were based off case studies in the
North Sea, with Forties formation water (FFW) and North Sea seawater
(NSSW) providing the template for CaCOs and BaSOa4 forming brines.

Multiscale™ software was used to calculate the SR of minerals that had the
potential to form within solution after input of chemical concentrations and
physical conditions of the system, seen for CaCO3s and BaSOa in Brine A and
B respectively. In order to determine SRiniial, the software calculated activity
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coefficients of precipitating salts that were extrapolated using the Pitzer model
calculated as a function of molality (Equation 3.5).(224)

Equation 3.5 a; = m;y;

Where q; is the activity (dimensionless), mi the molality (mole/kg H20) and y;
the activity coefficient (dimensionless).

The solubility product for calcium carbonate in MultiScale™ is given by
Equation 3.6.(224)

Equation 3.6 K, (€CaC03) = mg,2+ X Mmey2-

With m,2+ and Meo2- being the molality of the species.

3.6 Multiphase experiments

For o/w emulsions, kerosene (Ci1 - Ci6, ACS reagent grade, Fisher Scientific),
as the light oil phase was introduced to the reaction vessel at an o:w ratio of
5:95in CaCOs, BaSOs4, PbS and PbS/CaCOs o/w emulsion multiphase scaling
experiments.

3.6.1 PbS and PbS/CaCOs emulsion inversion

The o:w ratio at which catastrophic inversion of the Pickering emulsion
occurred was determined by way of dropwise addition of oil to recovered
emulsions, as described in Section 3.7.3.7. Once the o/w ratios had been
extrapolated, experiments were run with an excess of continuous oil phase to
ensure emulsion type was consistently maintained as w/o throughout the
experiment.

PbS forming experiments in w/o emulsion were run at an 80:20 o:w ratio, and
PbS/CaCOs forming solutions at a 60:40 o:w ratio (Table 3.11).
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Table 3.11 Emulsion type and o:w ratios for scaling systems

Scaling system Emulsion type o:w ratio
CaCOs o/w 5:95
BaSOa4 o/w 5:95

o/w 5:95
PbS
w/o 80:20
o/w 5:95
PbS/CaCOs
w/o 60:40

3.6.2 PbS and PbS/CaCOs w/ polymeric inhibitor

Polymeric sulphonated inhibitor (PAMPS) was introduced into PbS and
PbS/CaCOs the brine phase of multiphase o/w systems prior to scaling
experiments at concentrations of 50, 500 and 5000 mg/L.

15% active PAMPS solution was used to formulate 10,000 and 100,000 mg/L
active stock solutions (w/v) that were then dosed accordingly using a digital
pipette into the brine solution in order to reach the required concentration pre-
experiment.(179)

3.6.3 PbS pre-precipitation
3.6.3.1 PbS system

Pre-precipitation experiments were performed whereby approximately 1000
mg/L of pre-precipitated PbS nano-crystals were introduced into Brine C,
where a light oil phase was present in an o:w ratio of 5:95. Further precipitation
did not occur as reacting anions derived from the dissociation of H2S were not
introduced into the reaction vessel. It was hypothesised that PbS
nanoparticles (previously collected and kept in a desiccator to prevent
oxidation) would migrate to the o-w interface to form a Pickering emulsion and
deposit via oil droplet impaction, similarly to PbS nanoparticles that had
precipitated within the brine phase during scaling experiments.

With the exception of introduction of pre-precipitated PbS nanoparticle
introduction and the bubbling of 100% N2 as opposed to 1% H2S and 99% Nz,
all other experimental conditions were kept the same, as detailed in Section
3.3.3.
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3.6.3.2 PbS/CaCOs system

Approximately 50 mg/L of pre-precipitated PbS nanopatrticles were introduced
to a CaCOs forming brine (Brine D), where a light oil phase was present in an
o:w ratio of 5:95. Further PbS precipitation was not expected due to the H2S
containing gas stream being replaced with pure N2. The experiment aimed to
observe whether PbS nanopatrticles still acted as the seeding point for calcite
growth at the o-w interface in multiphase systems.

With the exception of introduction of pre-precipitated PbS nanoparticle
introduction and the bubbling of 100% N2 as opposed to 1% H2S and 99% Nz,
all other experimental conditions were kept the same, as detailed in Section
3.3.3.

3.7 Post-experimental analysis

Post-experimental analysis occurred in three strands dependent on
experiment type:

a) Surface scaling — Single and multiphase
b) Bulk particle characterisation — Single phase
c) Emulsion characterisation — Multiphase

3.7.1 Surface scaling

Deposition upon the surface of anti-fouling coupons was used as the primary
metric in determining the efficacy of different coatings with regards to scale
prevention.

3.7.1.1 Visual analysis

Immediately after removal from the post-experimental solution, photographs
of the extracted anti-fouling coupons were taken to provide a rudimentary
analysis of the scaling tendency. Whilst certainly not a definitive gauge of
scaling severity, the effect of substrate type was well highlighted in systems
where there was a large contrast in scaling tendency between surfaces.

3.7.1.2 Mass gain

Mass gain analysis, whereby cylindrical anti-fouling coupons were weighed
before and after scaling experiments was used to determine the degree to
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which crystallisation and deposition had occurred upon a specific substrate
using a Mettler Toledo XS64 analytical balance (Ohio, USA). Coupons were
removed from the scaled solution post-experiment and placed under a gentle
N2 stream for 24 hours/until dry from oil and/or water before weighing.
Measurements were carried out in a temperature regulated laboratory, with
up to 5 readings of each coupon taken to ensure consistency. Mass gain
results were plotted against the water contact angle of the coating, regarded
the most important parameter in terms of scale prevention, particularly in
multiphase systems.(206)

3.7.1.3 Microscopy

Scanning Electron Microscopy (SEM) was used in conjunction with Energy
Dispersive X-Ray (EDX) analysis to assess scaling severity and coverage, the
scaled species, morphology and size of the deposited crystals and any pattern
related to nucleation type in various conditions on anti-fouling substrates. The
size of emulsified oil droplets was determined after analysis of the size of the
impacted region clear of scale. After mass gain analysis, scaled coupons were
spray coated with iridium (Ir) to inhibit charging and reduce thermal damage
before being imaged on the microscope.

The SEM used was a Carl Zeiss EVO MA15® (Oxford Instruments), with the
EDX system by AZtecEnergy. It incorporated an 80mm X-Max SDD detector
with secondary and backscattered imaging utilised. A high-energy beam
(20keV) interacted with the atoms of samples to generate images of surfaces
and associated deposits. For EDX analysis, two different energies were used
to assess the composition of substrate and deposit layers, where a high-
energy beam penetrated the coating deeper. X-rays emitted by the samples
after bombardment with the beam can be detected and the composition
subsequently assessed.

3.7.1.4 X-Ray Diffraction (XRD)

XRD analysis using a Bruker D8 X-Ray Powder Diffractometer (Billerica,
Massachusetts) allowed identification of the precipitated species collected
post-experiment from single phase PbS forming brines. Solution containing a
high concentration of particles, extracted using a pipette from the bottom of
the reaction vessel where agglomerates had settled, were left to dry on a
silicon zero diffraction plate under an N2 stream before being placed in a
desiccator.
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Once dry, the sample was placed in the XRD where spectra were recorded in
the 20 range between 20-90° with a step size of 0.033°/s, resulting in a 38 min
runtime. DIFFRAC.SUITE™ software was then used to analyse the crystalline
compounds present in detected peaks.

Crystal type and morphology is identified in XRD analysis whereby emitted x-
ray waves are scattered after striking the crystal atoms’ electrons, resulting in
a phenomenon known as elastic scattering. Bragg’s law can then be used to
determine the specific direction in which constructive waves travel, ultimately
leading to the formation of a diffraction pattern used to discern crystal species.

3.7.2 Bulk particle characterisation

Analysis of bulk phase particle behaviour was critical in establishing
depositional mechanisms in single and multiphase systems.

3.7.2.1 Microscopy

Whilst SEM was a valid tool for conventional carbonate and sulphate crystal
characterisation, higher magnifications were needed to properly assess the
size and structure of nano-sized PDbS particles. Transmission Electron
Microscopy (TEM) allowed visualisation of individual PbS nanoparticles
collected from the brine solution post-experiment and dried before analysis
using a FEI Tecnai TF20 TEM (Oregon, USA).

For TEM measurements, a 200keV beam was shone through a thin sample
upon which PbS nanoparticles were mounted, allowing ultra high-resolution
imaging of the crystal structure. Parts of the beam are transmitted based upon
specimen thickness or transparency, with the remainder of the transmitted
beam then focused by the objective lens onto a charge coupled device
camera.

3.7.2.2 Particle charge (zeta-potential)

After single phase experiments, zeta-potential measurements were taken of
collected PbS precipitate using a zeta-sizer (Malvern Instruments, UK),
establishing electro-kinetic potential at the shear plane and hence probability
of agglomeration as a result of reduced electrostatic repulsion. Prior to zeta-
potential measurements being taken, PbS particles suspended in the
recovered brine phase were sonicated within an ultrasonic bath for a 2-hour
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period in order to minimise agglomeration. This enabled more accurate
analysis of the electrophoretic mobility between individual PbS patrticles.

Zeta-potential measurements were performed on systems with 0 and 50 mg/L
of PAMPS present in pre-experiment single phase PbS forming solutions.

3.7.2.3 Particle size distribution (PSD)

Using a zeta-sizer (Malvern Instruments, UK) as in Section 3.7.2.2, particle
size distribution (PSD) measurements allowed the agglomeration tendency
and consequent average size of PbS agglomerates to be determined.
Solutions containing PbS patrticles were sonicated for a 2-hour period within
an ultrasonic bath in order to break up agglomerates to establish their
minimum size after dispersion. As with zeta-potential measurements in
Section 3.7.2.2, PSD readings were performed on systems with 0 and 50 mg/L
of PAMPS present in pre-experiment single phase PbS forming solutions.

3.7.3 Emulsion characterisation

3.7.3.1 Visual analysis

Both simple and complex multiphase sulphide scaling systems containing as
little as 50 mg/L Pb?* ions could result in the formation of stable PbS-based
Pickering emulsions. Post-experiment, a pipette was used to siphon and
extract the emulsion that was partially-wetted between the excess oil and
water phases, before addition into a clear 30 ml vial.

Photographs were taken of the recovered emulsion, where approximately 15
ml of the aqueous phase, 10 ml of the o/w emulsion and 5 ml of oil were
recovered; maintaining the o/w emulsion after collection that was present in
the system where the o:w ratio was 5:95. For w/o emulsions, a higher
proportion of oil was recovered in order to preserve the emulsion type that
was representative of the experiment e.g. 15 ml oil, 10 ml emulsion and 5 ml
brine. Extraction of the Pickering emulsion using a digital pipette is shown in
Figure 3.10.
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Digital pipette
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Figure 3.10 Extraction of PbS Pickering emulsion from post-experiment
reaction vessel to vial using a digital pipette

3.7.3.2 Emulsion stability

Whilst the presence of PbS nanoparticles resulted in the permanent
emulsification of a fraction of the water and oil present to form a Winsor type
[l emulsion, emulsion stability and particle phase affinity could be gauged
through agitation of the vial, and analysis of the time taken for the respective
free oil and water phases to separate and emulsion stabilisation to occur.(159)
Photographs of the Pickering emulsion and excess oil and water phases were
taken before agitation and at regular intervals (e.g. 1 min), until complete
emulsion settling occurred (Figure 3.11).

Agitation of emulsion

' —p J —p
Emulsion stabilisation

Figure 3.11 Agitation of recovered emulsion in 30 ml vial before recording of
emulsion stabilisation time
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3.7.3.3 PbS emulsion thermal stability and conductivity

25 ml of o/w PbS Pickering emulsion was collected into 30 ml vials and
gradually heated within a water filled beaker upon a hot-plate, with a
temperature and conductivity probe within the emulsion used to monitor any
changes in emulsion conductivity and appearance with temperature.

Emulsions were heated up to 95°C, with photographs and conductivity
readings taken for every 5°C rise in temperature.

3.7.3.4 Microscopy

To analyse the stabilising colloids in the Pickering emulsion, optical and cryo-
SEM microscopy were performed, the latter using a Hitachi SU8230 SEM
(Tokyo, Japan). Optical microscopy allowed visualisation of the oil droplet
size, polydispersity and particle agglomerate arrangement at the droplet
interface, whilst cryo-SEM allowed more detailed analysis of particle
distribution and wetting at the emulsion interface. Preparation for cryo-SEM
imaging involved rapid cooling of the specimen before transfer under vacuum
to the cold preparation chamber. Back-Scatter Electron (BSE) techniques
using a 10 keV beam were able to distinguish and highlight PbS arrangement
at liquid interfaces in both simple and co-precipitating systems.

Images were taken using a Brunel SP300 Phase Contrast optical microscope
(Brunel Microscopes, Wiltshire) to analyse oil droplets stabilised by CaCOs
and BaSOas particles after multiphase experiments despite their large
diameter.

3.7.3.5 Pickering emulsion viscosity

Measurements using a Malvern Bohlin Gemini rheometer (Malvern
Instruments, UK) with cone and plate geometry of CP 1°/40mm measured the
viscosity of the three o/w emulsions formed at different polymer
concentrations across a ramping range of shears from 0.01 Pa to 2 Pa at
25°C.

3 ml of collected PbS-based Pickering emulsion was extracted from the vial
using a pipette and placed below the cone and plate geometry, which was
then lowered into position. Shear was ramped up to 2 Pa as viscosity was
recorded. Viscosity measurements were performed on PbS o/w Pickering
emulsions at PAMPS concentrations of 0, 500 and 5000 mg/L respectively.
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3.7.3.6 X-Ray Diffraction (XRD)

XRD of PbS/CaCOs Pickering emulsions was carried out using the
methodology described in Section 3.7.1.4, where the emulsion was extracted
and left to dry on a silicon zero diffraction plate under an N2 stream before
spectroscopy measurements.

3.7.3.7 Emulsion inversion phase ratio

Formed PbS and PbS/CaCOs Pickering emulsions were siphoned and
collected in 20 mL vials, where a proportion of oil and water was also collected
from the reaction vessel. Starting with approximately 5 mL of recovered brine
containing 1 mL of particle stabilised o/w emulsion and 1 mL of light phase oil,
0.5 mL of oil was added drop-wise. The vial was shaken and agitated, with an
image taken after each oil addition until the point of emulsion inversion from
o/w to w/o was observed.

3.8 Interfacial forces governing PbS adhesion

Atomic force microscopy (AFM) techniques were used to highlight the impact
of substrate wettability on interfacial forces controlling the adhesion of
partially-hydrophobic PbS. Force curve analysis of untreated (hydrophilic) and
octadecyltrichlorosilane (OTS) functionalised (hydrophobic) silicon nitride
(SisNa4) tips against a nanometrically smooth galena substrate was carried out.
The influence of the hydrophobic force was examined, in addition to
electrostatic interactions, with long-range forces increasing attraction between
two hydrophobic surfaces, potentially as a result of OH bonds or a deficiency
of water molecules from surfaces.(225) The extended DLVO model including
the effects of electrostatic interactions and hydrophobic attraction was applied
to encompass the influence of all acting interfacial forces.(226)

Additionally, the adsorption of PAMPS onto the cleaved galena [001 face] was
characterised, before force curve measurements were recorded using both
hydrophilic and hydrophobic tips against the PAMPS functionalised surface.

An MFP-3D AFM instrument (Asylum Research, Santa Barbara, CA, USA)
was used for all measurements.
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3.8.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) measures the dependence of an interaction
based on the distance between two surfaces at a given location. The force
curve is established at a particular point on a sample surface where the
deflection of a cantilever (force) is plotted against the extension of a
piezoelectric scanner, calculating force upon approach and retraction away of
a probe from the surface (F vs. D). The deflection of the cantilever, measured
through use of a laser beam reflected from the cantilever to a detector, was
converted to force using Hooke’s law. The intermolecular and surface forces
acting between two solids within an aqueous medium can then be
extrapolated.(103) Figure 3.12 shows a schematic of AFM equipment.(227)

Feedback &
Control

Figure 3.12 Schematic of AFM equipment (227)

Figure 3.13 represents a force curve measurement cycle, from approach of
the tip to the substrate surface, to the retraction where pull-on and pull-off
forces are measured in segments a - d and d - h respectively. The approach
curve elucidates the effect of acting attractive (vdW or hydrophobic force) or
repulsive forces (EDL, hydration or steric forces) acting before contact. Pull-
on force measurement occurs through the forward deflection of the cantilever,
multiplied by the effective spring constant. Pull-off force can be obtained by
analysis of the jump-off contact, occurring when the spring of the cantilever
spring constant is greater than the gradient of the tip-substrate adhesion force.
The maximum backward deflection of the cantilever is referred to as the pull-
off force.(104, 228)
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Figure 3.13 lllustration of force curve example sample displacement vs.
force (104)

From Figure 3.13, points a — b show the approach of the tip to the substrate
sample where distance is reduced at a constant velocity until it is bought into
contact with the surface. When the force acting on the tip exceeds the stiffness
of the cantilever the tip jumps to contact (JTC) the surface of the substrate (b
— ¢). This attraction can result from interfacial forces such as van-der-Waals
(vdW), capillary and hydrophobic forces, based on the interaction of the two
surfaces in agueous media. When the tip is contacted to the substrate (c — d)
deflection is dominated by electronic repulsions between overlapping orbitals
of the tip and sample atoms. The gradient of the curve within the contact
region is a function of tip geometry and elastic modulus. Retraction of the tip
from the substrate shown at d — e is the opposite of ¢ — d, parallel when no
deformation of the substrate occurs. Segment d — f shows the full retraction of
the tip with adhesive bonds keeping the tip adhered to the substrate. As the
tip continues to retract from the sample (f — g), the spring force of the cantilever
overcomes the adhesive force and pulls off sharply, where several short and
long-range attractive forces can influence adhesion.(151) At g — h the
cantilever is not in contact or influenced by forces induced by the
substrate.(104)
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3.8.2 Mineral galena characterisation

Galena (Ward’s Science, NY, USA) was fractured using a rock hammer along
its naturally cleavage surface and cleaned with a N2 stream. The cubic [001]
face was identified using a hand lens prior fracture and selection of a flat
fragment. Figure 3.14 shows a mineral galena specimen before fracture.(229)

Figure 3.14 Mineral galena (229)

3.8.2.1 Galena topography

Tapping mode was used to produce a topographical image of the [001] galena
surface through oscillation of a SisNa AFM tip, contacting the surface
intermittently in an air medium. A 2 x 2 um image was produced through
maintenance of constant tapping amplitude over the surface, whilst a second
‘Phase’ image was recorded based on changes in the phase angle of
oscillation. It was a viable means of both characterising surface roughness
and topography (Figure 3.15), as well as assessing deposition of attaching
PAMPS polyelectrolyte deposition.(230)
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Figure 3.15 2 x 2 ym tapping mode image of cleaved galena [001] face to
determine topography and RMS roughness

3.8.2.2 PAMPS adsorption

In order to assess degree of PAMPS adsorption and coverage, a soft
AC240TS-R3 silicon AFM tip was used in tapping mode on the galena surface
after adsorption had occurred. It was found that there was no significant
change in PAMPS coverage after a time of approximately 30 minutes from a
0.5 M KCI w/ 50 mg/L PAMPS v/v solution, when compared to substrates that
had been immersed in similar solution for a period of 60 and 120 minutes.
Figure 3.16 and Figure 3.17 show PAMPS adsorption on the galena surface
after 30 and 120 minutes respectively.
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Figure 3.16 PAMPS coverage on galena after 30 min adsorption time in 50
mg/L PAMPS 0.5 M KCI solution

pm

Figure 3.17 PAMPS coverage on galena after 120 min adsorption time in 50
mg/L PAMPS 0.5 M KCI solution

3.8.2.3 Galena (PbS) wettability

3.8.2.3.1 Oil-galena-water contact angle

A sealed quartz cell and an inverted sessile drop set up with an oil droplet
injected into an aqueous electrolyte phase was used to study the oil droplet
contact angle on a galena surface in solution, shown in the Figure 3.18.
Galena (Ward’s Science, NY, USA) was cleaved along the [001] plane and
polished until smooth and flat along the face before being set within resin. To
ensure a reduction in oxidation product formation (e.g. Pb0O),(231) the sample
was polished using fine grade silicon carbide sandpaper to reveal an
unoxidised surface, rinsed and Nz dried before being placed immediately
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within the cell containing N2 sparged 0.5 M KCI solution (MilliQ water). The
electrolyte solution pH was adjusted to 5.2, corresponding to pH used in
scaling experiments and representative of sour oilfield brines, resulting in a
galena surface charge of approximately -9 mV.(232)

An oil filled syringe was stoppered and inserted into the cell in such a way that
ejected oil droplets would rise to the flat mineral galena surface where the oil
contact angle could be imaged and analysed by the camera and software. For
each measurement, oil droplet contact angles at ten different positions on the
galena substrate was recorded and imaged using a camera with Attension™
software. To reduce the error attributed to variation in oil droplet volume,
similar pressure was applied to the syringe when ejecting the droplet, with
average contact angle extrapolated from three measurements where droplet
volume was within a narrow deviation of approximately 40 £ 2 pl.

Synthetic kerosene was used as the light oil phase.

Galenain resin

Oilin syringe Camera

0.5 M KClI
solution

Figure 3.18 Inverse goniometer cell for oil-galena-water contact angle
measurements

The cell was then filled with 0.5 M KCI w/ 50 mg/L PAMPS v/v solution and
the freshly polished galena surface inserted promptly into the solution to
minimise oxidation. After being immersed for 30 minutes within the solution to
allow adsorption of PAMPS upon the galena surface, an ~ 40 pl oil droplet
was released from the syringe and a series of ten measurements were taken
to establish the influence on average oil-galena-water contact angle.
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3.8.2.3.2 Water-galena-air contact angle

Simple water-galena-air contact angle measurements were prepared using
the method detailed for oil-galena-water in Section 3.8.2.3.1. Directly following
polishing of the galena surface, a 40 pl droplet of 0.5 M KCI solution was
placed on the surface in air and the contact angle recorded using Attension™
software. For PAMPS functionalised galena, immersion of the resin-contained
mineral for 30 minutes in N2z sparged 0.5 M KCI w/ 50 mg/L PAMPS v/v
solution was performed before removal, N2drying and application of a 0.5 KCI
solution droplet onto the flat surface.

3.8.3 AFM tip hydrophobisation

Octadecyltrichlorosilane (OTS, CisHs7ClsSi, 95%, ACROS organics) and
toluene (CeH14, ACS reagent grade, Fisher Scientific) were used as received
without further purification AFM tips were hydrophobised by way of OTS
functionalization, where treatment resulted in a water contact angle of
95°.(151) Tip preparation required cleaning of the SisNa4 tip in UV-ozone for
120 min, 30 min immersion in a 1% OTS and 99% toluene v/v solution, before
rinsing with toluene/ethanol solution; sonication in MilliQ water and drying with
N2 prior to force curve measurements. Water contact angle of the treated tip
was established after simultaneous OTS functionalization and sessile drop
analysis of a glass slide treated in conjunction with the above method.

3.8.4 AFM solution preparation

Potassium chloride (KCI, ACS reagent grade, Fisher Scientific), was heated
to 400°C to achieve complete purification before use. 0.5 M KCI electrolyte
solution was then prepared in MilliQ water and pH adjusted to 5.2 using HCI
and KOH as buffer solutions. A high electrolyte concentration was required to
compress the electrical double layer (EDL) barrier, thus enabling attractive
forces i) vdW; and ii) hydrophobic; to become dominant between the AFM tip
and PbS substrate. Use of electrolyte solution was necessary due to the
nature of the scaling work that simulated particle deposition in high salinity
oilfield brines. For experiments where the cleaved galena surface was
functionalised with PAMPS polyelectrolyte, freshly cleaved galena was
cleaned with an N2 stream and attached to the bottom of a sterile petri-dish
with nail varnish before 0.5 M KCI w/ 50 mg/L PAMPS solution was introduced
into the dish in order to fully submerge the mineral. Allowing 30 min for the
[001] galena face to become fully covered with polyelectrolyte before
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adsorption onto the surface started to plateau as equilibrium was reached, a
syringe was used to extract the polyelectrolyte solution before 0.5 M KCI
solution (no PAMPS) was re-introduced into the petri-dish immediately after.
This enabled irreversible PAMPS adsorption upon the galena surface before
force curve measurements were carried out, but removed high MW
polyelectrolyte from the solution that could have adversely affected the
accurate measurement of interfacial forces e.g. trapping and compression of
polymer chains between tip and substrate.

3.8.5 AFM force curve measurements

Experiments were performed on a freshly cleaved galena substrate immersed
in 0.5 M KCI using a MFP-3D AFM instrument (Asylum Research, Santa
Barbara, CA, USA). AFM tips of pyramidal geometry were assumed to be
conical in shape with a spherical cap at the apex.(233) The geometry of SisN4
AFM tips with was determined by Field Emission - Scanning Electron
Microscopy (FE-SEM) on a JAMP-9500F Field Emission Auger Microprobe
(JEOL, MA, USA). ImageJ software was used to determine the radius of
spherical cap R and the geometry angle of the spherical cap a. R was
determined to be 32.5 + 10 nm, and a was measured as ~65 + 1°, based on
Figure 3.19.

Figure 3.19 FE-SEM image of SisN4 tip where R was determined to be 32.5
+10 nm

Constant velocity and loading force of 0.1 um/s and 10 nN respectively were
used for force measurements, with the tip driven to approach and then retract
from the surface, with the ‘jump-in’ force measured on the tip approach. The

103



spring constants of the cantilevers used were determined to be 0.1 - 0.2 N/m
using the Hutter and Bechhoefer method.(234) Measurements were recorded
in 10 different areas upon each galena substrate, with 2 separate surfaces
tested for each condition. Calculations for both attractive vdW and
hydrophobic force (Fus) can be seen in Equation 3.7 and Equation 3.9
respectively.(151)

Equation 3.7
F _ Ay |R+D-2Ly R-D| Ay (i R sinatan a—D—R(1—cos a))
vdW = ¢ L2 Dz | 3tan?a\L; 212
Equation 3.8 Li=D+R(1-cosa)
Equation 3.9 Fyg = —CRe™P/Po
Equation 3.10 C=2ny(1—cos0)

The attractive vdW force between AFM tip and galena substrate (Fvaw), given
by Equation 3.7, where the non-retarded Hamaker constant (An), used to
analyse the measured forces between an SisN4 tip and a galena surface was
6.3x1020 J for SisNs-water-PbS.(151) D is the separation distance (m) from
the tip to the substrate and L the distance (m) between a differential surface
section of the tip and substrate (Equation 3.8).(235) Hydrophobic force (Fug)
followed an exponential equation (Equation 3.9), where Do is the decay length
(nm) of hydrophobic interaction and C (N/m) is a constant (Equation
3.10).(146, 236-238) y is the interfacial energy (mJ/m?) and 6 is static water
contact angle (°).From recorded adhesion force (nN) upon tip retraction, the
measured adhesion could be calculated (Equation 3.11). Fadn is adhesion
force and R is the AFM tip radius.

Equation 3.11 Measured adhesion = F 4, /R

Force (nN) vs. distance (m) data was then plotted, from experimental data and
theoretical values based on vdW and hydrophobic forces.
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Chapter 4

Scale Behaviour and Deposition in Single Phase Flow:
Calcium Carbonate (CaCO:s), Barium Sulphate (BaSO4) and
Lead Sulphide (PbS) Systems

The proliferation of inorganic mineral scale is a cause for concern in a number
of industries, with anti-fouling surfaces now being more routinely applied in
conjunction with chemical treatments in order to control the initial nucleation
of crystals upon substrates. Whilst single phase conditions where no oil is
present are rare in producing oilfield wells (though can occur potentially as the
result of cross-flow from a high pressured wet region that can be remedied by
a cement squeeze job), these tests help to identify and compare the
nucleation mechanisms of different scale species under simple
conditions.(239) The scaling tendency of simple CaCOs, BaSO4 and PbS
forming brines and their nucleation both in the bulk phase and onto substrates
of varying wettability was explored. PbS particle adhesion was of particular
interest, with AFM force curve analysis of hydrophilic and hydrophobic AFM
tips (representative of anti-fouling surfaces) contacting a freshly cleaved
galena (mineral form of PbS) surface to assess the role of attractive interfacial
interactions in scale adhesion. PbS and CaCOs, scales that often occur in
tandem in oilfield wells where sulphides are present were precipitated
simultaneously to assess the effects of co-precipitation on nucleation and
deposition.(45) Eight coatings were tested preliminarily in simple scaling tests
to establish a correlation between coating characteristics and deposition.
Testing in complex solutions, e.g. PbS/CaCOs systems, was undertaken later
in the process with coatings that had already been selected for field trials.

4.1 CaCOs deposition

In simple carbonate systems (Brine A), calcite crystals can be seen to
precipitate heterogeneously upon anti-fouling surfaces, characterised by
clearly defined rhombohedral morphologies up to 20 pum in diameter
emanating from the substrate. Large halite (NaCl) crystal deposits acted as
nucleation sites for secondary calcite precipitation, as seen on coupon F2 in
Figure 4.2. Homogeneous nucleation in the bulk and consequent adhesion
was assumed to have been negligible due to the relatively low CaCO3 SRinitial
of 76, where surfaces induced nucleation at degrees of super-cooling lower
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than those required for spontaneous nucleation. SEM images in Figure 4.2
show little evidence of homogeneous deposition, where calcite crystals
appear to have nucleated either directly on the substrate or as a result of
secondary nucleation where amorphous shaped deposits appear to over.
Whilst rhombohedral calcite is clearly present on all surfaces, there is a large
degree of amorphous calcium carbonate (ACC) on the surface that has no
defined shape. ACC is a metastable precursor to calcite that frequently forms
in highly supersaturated solutions, its presence indicative of CaCOs in which
physisorbed H:S is below the critical level. As such, removal from solution and
drying under a N2 stream before desiccation and SEM imaging may well have
enabled the maintenance of ACC on the coupon surface.(240, 241)

F1

10 mm

Figure 4.1 Photographs of samples — CaCOs single phase conditions
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Figure 4.2 SEM images — CaCOs single phase conditions

From Figure 4.3, it can be seen there is no correlation (R? = 0.19) between
water contact angle and mass gain upon surfaces, with fluoropolymer
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surfaces showing a higher degree of surface scaling density. Fluoropolymers
tend to have rougher surfaces as a consequence of application and finishing
procedures, providing an increased number of potential nucleation sites,
resulting in higher surface scale coverage in single phase systems. The
smoothest fluoropolymer F2 had an average roughness (Sa) of 0.93 pm,
whereas REF and DLC coatings had and Sa of 0.01 um. This can be seen in
work by Charpentier et al. (16), where fluoropolymer surfaces undergo
significant scaling in turbulent, single phase carbonate and sulphate systems.
The hydrophobic surface may encourage the formation of CaCOs-substrate
bonds over that of solution-substrate bonds due to a reduction in wettability,
and hence decreased net surface free energy of the CaCOs3 solution-substrate
system, as demonstrated by Equation 2.28.(132)
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Figure 4.3 Water contact angle vs. mass gain — CaCOs single phase
conditions

4.2 BaSO4 deposition

In simple sulphate forming systems (Brine B), EDX analysis (Figure 4.6)
showed barium (Ba) and strontium (Sr) containing species had precipitated
heterogeneously upon the surface, measuring approximately 1 pum diameter
with surface coverage close to 100% in single phase systems (Figure 4.5). It
has been reported in numerous field studies that Sr co-precipitates with Ba to
form BaSOa4 and SrSO4 scale, where SrSO4 contents were between 1.2 and
15.9 percent and BaSOa4 varied from 63.7 to 97.5 percent. The SRinitiai Of
BaSOa in experiments described in Table 3.6 based off field water chemistry
data is usually a few degrees of magnitude higher than that of SrSO4 (1888
and 5 in tests described in this section respectively). Consequently, the

108



frequent precipitation of BaSOa4 is far more feasible thermodynamically, with
tests by Weintritt and Cowan (242) showing that the Sr ion co-precipitated into
the BaSO4 lattice and was not found as SrSOs4 as a distinct crystal
species.(242, 243)The high SRiniial of BaSO4 compared to CaCO3 (1888 and
76 respectively) resulted in smaller stable crystal size and a higher degree of
homogeneous nucleation and adhesion, where spontaneous bulk nucleation
was more thermodynamically viable than in CaCOs forming systems.
Overlying clustered homogeneously precipitated BaSOs4 and SrSOas of
snowflake-like appearance were visible upon REF, F1 and F2 coupons from
SEM images in Figure 4.4. Though barite is the only polymorph of the BaSO4
crystal, it can exist in a number of morphologies that are highly dependent on
saturation ratio and temperature.(31) Low SR (< 50) typically resulted in
rectangular platelets that exhibited clear pyramidal growth, with increasing
supersaturation (> 2500) resulting in a loss of preferential growth direction and
irregular plate-like shape, as seen clearly in Figure 4.5.(31)
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10 mm
Figure 4.4 Photographs of samples — BaSOs single phase conditions

F2 10pm SG2 10pm =

Figure 4.5 SEM images — BaSOa single phase conditions
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Figure 4.6 EDX analysis of REF coupon showing extensive
presence of Sr, likely incorporated into the BaSOa4 lattice

From Figure 4.7, there is no real correlation between coating water contact
angle and mass gain (R? = 0.12). All surfaces show near total surface
coverage, though due to small crystal size the mass gain seen on surfaces is
comparatively lower than with CaCOs deposits. The anti-fouling
characteristics of surfaces e.g. wettability, are negated after formation of a
single layer of sulphate crystals on the substrate, resulting in homogeneous
deposits adhering from the bulk solution on all surfaces. As such, mass gain
on all substrates was recorded to be between 0.13 and 0.4 mg/cm?.
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Figure 4.7 Water contact angle vs. mass gain — BaSOa single phase
conditions

4.3 PbS deposition

As a consequence of the exceedingly high SRinitial 0f 1.7 x 101 for PbS in the
system, scale precipitation occurred spontaneously within the homogeneous
phase, with the rate-limiting step the gradual absorption into the aqueous
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phase and consequent dissociation of H2S to form aqueous HS- anions. The
rate of PbS precipitation could be gauged through the darkening of the
reaction solution over the course of the experimental run time, becoming an
opaque black color after approximately 15 minutes over the course of 1 hour
as a result of the dark black appearance of the precipitating PbS
nanoparticles. Any homogeneously precipitated PbS scale that therefore
deposited onto a surface did so by way of adhesion as opposed to direct
heterogeneous nucleation, with agglomerates attaching to surfaces through
turbulent and gravitational deposition.(244) Loose deposits of PbS formed
through aggregation of individual particles within the bulk phase are
associated with lower adhesion rates to the surface than individual
nanoparticles due to the reduction of contact area to volume ratio and
consequent removal in turbulent flow.(140) Agglomerates show increased
detachment rates from the substrate, likely due to turbulence and high shear
flow at the interface, where the dimensionless Reynolds number (Re) is 3374
at rotary speeds of 400 rpm.(129) Figure 4.8 displays images of the anti-
fouling coatings after removal from the reaction vessel post-experiment, with
negligible PbS deposition on all surfaces, as seen on SEM images in Figure
4.9.

10 mm

Figure 4.8 Photographs of samples — PbS single phase conditions
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Figure 4.9 SEM images — PbS single phase conditions

From Figure 4.10 it can be seen there is a degree of correlation between mass
gain and wetting properties of the anti-fouling surfaces, though very little
overall deposition was seen. As deposition within the PbS system is adhesion
driven, surface wettability has less influence in a single-phase system due to
the low adherence of loose agglomerates; with topographical parameters
such as average roughness (Sa) likely to have greater significance.
Hydrophobic fluoropolymers see a higher degree of adhesion, thanks in part
to the effect of attractive interfacial forces stemming from the hydrophobic
interaction between the substrate and the partially hydrophobic PbS. Work by
Charpentier et al. (16) shows that whilst turbulent flow conditions on a surface
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significantly increase scale build-up in precipitating carbonate and sulphate
systems, primarily due to the increased transport and availability of solute ion
embryos at the sample surface and heterogeneous crystal interface; anti-
fouling surfaces immersed in pre-precipitated carbonate and sulphate scaling
brines under identical flow conditions show comparably negligible mass gain.
Additionally, when adhesion of particles precipitated in the bulk phase is the
sole mechanism for deposition, it has been shown that laminar flow (Re < 300)
results in higher surface mass gain due to a reduction of the critical shear
stress required for removal of loose agglomerates at the adhering surface.(16)
Hydrophilic substrates were shown to accumulate < 0.05 mg/cm? of PbS
scale, whilst hydrophobic surfaces typically saw 0.11 — 0.16 mg/cm? of scale
deposit.
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Figure 4.10 Water contact angle vs. mass gain — PbS single phase
conditions

4.4 PbS characterisation

PbS nanocrystals were prone to agglomeration in aqueous solutions as a
consequence of attractive vdW forces coupled with limited electrical double
layer (EDL) repulsion, where the zeta potential (ZP) of nanoparticles at pH 5.2
was measured to be -9 mV.(232) Figure 4.11 shows the post-experimental
brine, where loose PbS agglomerates formed within the bulk phase have
settled at the bottom of the vial through gravitational deposition.(54)
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Figure 4.11 Post-experiment — PbS single phase conditions

Analysis of precipitated PbS nanocrystals revealed the formation of large
agglomerates, ranging from 0.5 — 3 um in diameter (Figure 4.12a & b).
Individual crystals of galena precipitated in the homogeneous single aqueous
phase were of cubic morphology and ranged from 30 — 60 nm in diameter, as
represented in Figure 4.12c & d. The PbS particles formed were therefore
within the range of 20 — 100 nm, as reported by Andritsos and Karabelas for
spontaneous nucleation.(65) The very high saturation ratio of PbS in the
experimental system described in Section 3.5.1 where SRinitiar is 1.7 x 1019,
likely results in different growth velocities at crystal faces. This leads to curving
of crystal edges and the formation of rounded rectangle to spherically shaped
crystals, in contrast to CaCOs crystals and PbS crystals grown at lower
supersaturations that are characterised by sharp, clearly defined edges due
to significantly slower growth rates at lower supersaturation.(31)
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Figure 4.12 TEM images of precipitated PbS crystals

XRD analysis of PbS nanoparticles revealed that no undesirable oxidation
products were present, indicating negligible oxidation had occurred, where
spectra for PbS corresponding well with those found in literature for
unoxidised PbS surfaces (Figure 4.13).(245) Anglesite (PbSO4), one of the
primary oxidation products that has the potential to form upon the galena
surface in weakly acidic conditions, though was not present in Figure 4.13.

Under downhole conditions there is usually a negligible concentration of
dissolved oxygen, with injected seawaters used as part of secondary recovery
techniques being treated thoroughly to ensure there is less than 0.01 ppm O:
where H2S is present.(246) As such, precipitated PbS nanoparticles were kept
in a desiccator after extraction from the reaction vessel, and galena used in
AFM force curve experiments was freshly cleaved and immersed in solution.
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Figure 4.13 X-Ray Diffraction spectra of PbS nanoparticles

4.4.1 Mineral galena and synthetic PbS differences

Leiro et al.(247), after conducting XPS and AFM experiments on natural and
synthetic galena samples, found negligible difference in surface oxidation
behaviour, where both surfaces are relatively inert in air at short exposure
times. Small differences were shown in the surface core level shift, i.e. the
difference in electron binding energy between the surface and bulk atoms,
between the two specimens. These were attributed to the deviation in
relaxation and reconstruction of the surface, due to the influence of impurity
atoms in the mineral galena.(247) Results and conclusions derived from
analysis of mineral galena could therefore justifiably be used to explain
phenomena observed from experiments with synthetic galena, due to their
near identical properties and characteristics.

4.5 PbS adhesion

4.5.1 AFM force curve analysis

Force curve analysis of a freshly cleaved galena surface in 0.5 M KCI solution
against untreated and OTS treated SisN4 AFM tips, where water contact angle
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was 5 and 95° respectively, provided insight into the various interfacial forces
present upon interaction of PbS nanoparticles with various anti-fouling
substrates. As a consequence of the partial hydrophobicity of PbS,
hydrophobic force was expected to be the primary contributor to the higher
degree of attraction and hence mass gain seen on hydrophobic surfaces F1,
F2 and F3 in Figure 4.10.

4.5.2 Topography of galena

From tapping mode analysis of a freshly cleaved galena surface (Figure 4.14),
the RMS roughness over a 2 x 2 um area was determined to be 503
picometres (pm), smooth enough to ensure that force curve measurements
were not affected by uneven topography that would likely disrupt molecular
ordering at the interface.(248)
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Figure 4.14 AFM contact mode image of cleaved galena
[001] face — RMS roughness of 503 pm

4.5.3 Interfacial forces in PbS deposition

Figure 4.15a displays the approach of a hydrophilic tip on the galena
substrate, where small but observable SisN4 tip jump-in’ was measured.
Force at a distance of 4 nm becomes slightly negative, a result of vdwW
attraction on AFM tip approach to the substrate (calculated using Equation
3.7), fitting well with theoretical DLVO predictions (highlighted green) where
the tip is strongly hydrophilic, representative of a hydrophilic coating e.g. REF,
DLC. Jump-in was recorded at a separation distance of ~4 nm, with measured
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adhesion upon retraction (pull-off force) of 26.7 + 2.4 mN/m. No hydrophobic
attraction force is present due to the highly hydrophilic SisNa4 tip.(249)

Figure 4.15b shows the effect of both vdW attraction and hydrophobic force
(Fue) after OTS hydrophobisation of the SisNs tip, representative of a
hydrophobic surface e.g. F1 or F2, where experimental results are shown in
open symbols, and extended DLVO calculations by the red curve (calculated
using Equation 3.9). Based on galena surface energy of 38.03 mJ/m? and
measured static water contact angle of unoxidised galena 49°, constant C was
calculated to be 0.268 NmM/N.(250) As such, the decay length was
approximated at 0.9 nm in 0.5 M KCI solution, corresponding well with the
available literature.(151) Experimental data matches well with theoretical
extended DLVO predictions where jump-in occurs at a separation distance of
9 nm and measured adhesion (Fadn/R) upon retraction was 62.1 + 4.7 mN/m.
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Figure 4.15 Force curve approach — a) Untreated SisNa tip - hydrophilic and
galena substrate; b) SisN4 (OTS treated) tip - hydrophobic and galena
substrate

Both jump-in and pull-off force for the hydrophilic and hydrophobic surface
condition are good indicators of the degree of attractive forces between galena
and substrates of varying wettability. It can be inferred that adhesion of
deposited partially-hydrophobic PbS patrticles to a hydrophobic substrate will
be significantly higher than that on a hydrophilic substrate of identical
smoothness. Measured adhesion was 26.7 = 2.4 mN/m and 62.1 + 4.7 mN/m
on hydrophilic and hydrophobic surfaces respectively (Equation 3.11).
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Figure 4.16 Force curve retraction — a) Untreated SisNa tip - hydrophilic and
galena substrate; b) SisN4 (OTS treated) tip - hydrophobic and galena
substrate

Through force curve measurements, it can be shown that partially
hydrophobic PbS exhibits a higher degree of interfacial attraction towards
hydrophobic surfaces due to the additional effect of the hydrophobic force.
Though literature exploring the nature of the hydrophobic force has not
reached a definitive consensus, recent studies support the influence of gas
molecules near the hydrophobic surfaces instantaneously forming a gaseous
capillary where the barrier to nucleation was low.(225) This is demonstrated
empirically in Figure 4.10 where hydrophobic fluoropolymers F1 and F2 see a
higher degree of scaling than the hydrophilic coupons REF and DLC.

Whilst fundamentally the effect of hydrophobic force between PbS particles
and the hydrophobic substrate is expected to result in higher degrees of
homogeneous deposition on surfaces, the complex influence of substrate
roughness for different anti-fouling surfaces is more difficult to quantify.
Roughness parameters, such as asperity kurtosis, height, skewness, spacing
etc. can contribute to the density of hooking sites that promote mechanical
interlocking of particles on the substrate and ultimately adhesion.(142)

4.6 PbS/CaCOs single phase

Figure 4.17 shows the deposition of CaCOs and PbS upon the anti-fouling
coupons in single phase conditions. From Figure 4.18 it can be seen that
calcite deposits of truncated octahedron morphology have nucleated
heterogeneously upon substrates, with PbS agglomerates dispersed across
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the surface of the substrate and upon calcite crystals, having adhered from
the bulk solution after calcite growth.(251)

REF  F2 F1  DLC

10 mm

Figure 4.17 Photographs of samples — PbS/CaCQOs single phase conditions

F2 10pm DLC 10pm i

Figure 4.18 SEM images — PbS/CaCOs single phase conditions

Similar observations were made by Okocha et al.(19), where Pb?* and CaCO3
co-precipitation resulted in the formation of truncated octahedron shaped
calcite, with no indication that the precipitated PbS acted as a point of seeding
for nucleation in the bulk phase when CaCO3s was later co-precipitated with
PbS particles. In this system, as a result of the rate-limiting dissociation of the
H2S gas into the aqueous phase, unreacted free Pb?* ions were initially
present in solution during calcite precipitation. It is likely that Pb?* ions
incorporate into the forming calcite lattice, inhibiting the growth of
rhombohedral crystals that were observed in solely CaCOs forming
systems.(197)
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Figure 4.19 shows a reasonable correlation between water contact angle and
mass gain where R? = 0.88. The nature of CaCOs scaling results in high mass
gain where heterogeneous growth can occur on substrates regardless of
wettability. More extensive scaling occurs on fluoropolymer coatings due to
the higher roughness and hence frequency of nucleation points, as well as the
favouring of formation of CaCOs-substrate bonds over solution-substrate
bonds as a result of increased net surface energy with decreased substrate
wettability.(132)
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Figure 4.19 Water contact angle vs. mass gain — PbS/CaCOs single phase
conditions

4.7 Chapter Summary

Whilst single phase conditions are rarely representative of down hole
conditions due to the absence of a produced oil phase, these tests illuminated
the mechanism by which different scale species form and grow upon different
anti-fouling substrates.

Upon mixing of CaCOs forming carbonate brines, where SRinitia was 76,
crystallisation occurred heterogeneously upon substrates, where surfaces
provided a lower energy path to nucleation than that of the bulk phase. As
such, heterogeneous calcite nucleation was observed on all substrates
regardless of wettability. High solution cloudiness and measured turbidity of
>500 NTU after 1 min indicated that while heterogeneous crystallisation was
the primary driving force for deposition, homogeneous nucleation of CaCOs
occurred readily within the bulk phase. This was either caused by
spontaneous nucleation and formation of CaCOs solutes above the critical
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radius, or by seeding from calcite nuclei that would otherwise have
incorporated into a heterogeneously precipitated calcite crystal displaced as
a result of high shear flow.(35)

There was no correlation between coating water contact angle and mass gain
from Figure 4.3, where the disparity in surface mass gain between
hydrophobic coatings of similar wettability was 1.6, 1.1, 0.5 mg/cm? on F1, F2
and F3 coatings respectively, highlighting the importance of surface
roughness in calcite crystallisation. Additionally, hydrophobic surfaces may
have encouraged the heterogeneous nucleation of calcite when compared to
hydrophilic surfaces, where formation of CaCOs-substrate bonds were
favoured over that of solution-substrate bonds.(132)

Sulphate scale forming solutions resulted in heterogeneous crystallisation on
all anti-fouling surfaces, where surface coverage was > 95% and no
correlation seen between water contact angle and mass gain (R? = 0.12).
Whilst the high SRiniial Of BaSO4 (1888) resulted in significant homogeneous
bulk nucleation as determined by turbidity measurements of > 500 NTU, the
presence of a foreign substrate prompted nucleation of a monolayer of small
barite crystals, approximately 1 um in diameter. The limited growth of surface
nucleated barite resulted in less mass gain upon substrates when compared
to calcite, where the mass of deposit on the REF coupon was 0.32 mg/cm?
and 1.0 mg/cm? for a BaSO4 and CaCOs respectively.

The mechanism of mineral deposition in PbS scaling systems was generally
easier to characterise due to the absence of heterogeneous nucleation and
growth of crystals directly onto anti-fouling substrates. The level of PbS
supersaturation (SRintar = 1.7 x 10%°) resulted exclusively in spontaneous
nucleation within the bulk phase of the solution. As such, any PbS adhesion
that occurred did so by way of adhesion of agglomerates from the bulk phase,
often a result of turbulent activity at the solid-liquid interface and the influence
of interfacial forces binding the deposit to the substrate. From Figure 4.10, it
could be seen that though deposition was generally negligible (0.02 mg/cm?),
slightly higher levels of deposition were observed on fluoropolymer surfaces,
where deposition on F2 was, resulting in a reasonable correlation where R? =
0.7.

AFM analysis showed the action of interfacial forces on PbS adhesion, where
the influence of hydrophobic force when galena was in contact with a
hydrophobic OTS functionalised surface revealed the presence of an
additional long-range attraction (Figure 4.15). Measured adhesion from AFM
tip retraction was determined to be 62.1 = 4.7 mN/m and 26.7 £ 2.4 mN/m for

122



galena surfaces in contact with hydrophobic and hydrophilic AFM tips
respectively. This explained higher levels of mass gain on hydrophobic
surfaces where PbS agglomerates were both more likely to impact low surface
energy substrates and strongly adhere due to the presence of the long-range
hydrophobic force. Though a correlation between PbS deposition recorded
and surface wettability was present, the effect of substrate roughness for
various coating anti-fouling surfaces was difficult to quantify.

CaCOs forming systems generally resulted in the highest levels of deposition,
where the REF coupon saw 1.0 mg/cm? of scaling upon its surface, with
BaSO4 and PbS showing 0.32 mg/cm? and 0.02 mg/cm? on the coupon
respectively. Lower crystal supersaturation of 76 favoured heterogeneous
nucleation upon foreign surfaces, where rates of CaCOs crystal growth on
calcite were of the second-order, indicating that a surface-diffusion-controlled
mechanism existed, resulting in significant mass gain after the 1 h
experimental run-time.(252) Though supersaturation strongly influenced
crystal size and growth rate for various species, work by Bracco (253)
compared the step velocities of calcite and barite under similar conditions,
where variables such as saturation index, pH, temperature, anion-cation ratio
were unchanged, showing that the growth rate of calcite was comparatively
faster. Calcium was shown to have a much faster attachment rate at 25°C
based on activation energies, resulting in increased crystal face growth
velocity.(253)

Due to very high SR of PbS under experimental conditions, crystal embryos
form readily, and nanoparticles precipitate spontaneously within the bulk
phase in simple systems resulting in no further growth of nucleated crystals
due to a lack of Pb?* or S? ion availability at the PbS crystal interface. An
absence of heterogeneous PbS crystallisation accompanied with negligible
deposition from the bulk phase, where surface adhered agglomerates are not
prone to further growth in solution, results in limited mass gain. As such, any
crystals or agglomerates that had adhered on anti-fouling substrates from the
bulk phase were not prone to further growth in solution, with free Pb?* ions
reacting with HS™ anions upon dissociation into the aqueous phase.

In complex PbS/CaCOz systems, presence of Pb?* ions appeared to alter
calcite  morphology, where rhombohedral and truncated octahedron
morphologies formed when Pb?* ions were not present and present at 100
mg/L concentration in SEM images (REF coupon) from Figure 4.2 and Figure
4.18 respectively.
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Figure 4.20 Truncated octahedron crystal morphology; a) lllustration;
b) Imaged from PbS/CaCOs single phase systems

From Figure 4.20, two hexagonal faces can be clearly identified, with a square
face in the top left of Figure 4.20b, indicating a truncated octahedron
morphology.(251) Pb?* ions have previously been shown to incorporate into
the calcite lattice, with the presence of cations such as lithium (Li*) influencing
the typical rhombohedral morphology to form a hexagonal lattice.(197, 254)
Pastero et al.(254) observed that the growth mechanisms forming hexagonal
patterns on the [0001] form of calcite crystals were driven by temporary
adsorption of Li2COs onto the surface structure of the [1014] face, where step
ledges are hindered by the presence of these islands.(254) Since the
dissociation of H2S(g) into the aqueous solution is the rate-limiting step in the
experiment described in Section 3.3.3, unreacted Pb?* ions are present in
solution for a period of time before becoming fully exhausted as barely soluble
PbS nanoparticles are formed. Consequently, Pb?* ions free in solution as
calcite precipitates may result in the temporary formation of PbCO3s, prompting
the change in morphology seen between rhombohedral and truncated
octahedral in CaCO3s and PbS/CaCOs systems respectively.

PbS agglomerates did not appear to act as seeding points for calcite, where
heterogeneous nucleation of CaCOs occurred on the surface, with
homogeneous deposition and adhesion of PbS likely enhanced by the
presence of calcite crystals due to a significant increase in the frequency of
hooking and attachment sites on the substrate. From comparison of Figure
4.3 and Figure 4.19, it could be seen that mass gain rose from 1.0 to 1.2
mg/cm? for CaCOs and PbS/CaCOs forming systems respectively. Higher
mass gain on hydrophobic F1 and F2 compared to the REF coupon occurred
as a combined result of preferential CaCOs nucleation from high net surface
energy between CaCOzs and the substrate, and the additional influence of the
hydrophobic attraction between PbS agglomerates and the substrate.
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4.7.1 Chapter Highlights

In single phase conditions, hydrophobic surfaces encourage CaCOs-
substrate bond formation.

Surface Ra was significant in single phase as the increased density of
nucleation points on rough surfaces drove heterogeneous crystallisation.

Heterogeneous nucleation is the dominant mechanism in both CaCOs and
BaSO0a4 systems. The high SR of PbS resulted in precipitation exclusively
within the bulk phase under given conditions.

Particle deposition occurred through adhesion of PbS from the bulk phase
to the surface, with higher rates of deposition on hydrophobic surfaces due
to increased interfacial attractive forces (predominantly hydrophobic
attraction) and rough surfaces of the fluoropolymer.

In complex PbS/CaCOs systems, presence of calcite where Pb2* has been
incorporated into the crystal lattice, altering the morphology from
rhombohedral to a truncated octahedron.

Seeding/occlusion of PbS agglomerates into the calcite crystal did not

occur, with heterogeneous precipitation of calcite on the substrate
promoting attachment of PbS agglomerates from the bulk phase
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Chapter 5

Scale Behaviour and Deposition in Multiphase Flow: Simple
Calcium Carbonate (CaCO:s), Barium Sulphate (BaS0O4) and
Lead Sulphide (PbS) Systems

Single phase experiments in Chapter 4 demonstrated the precipitation
mechanisms and nucleation tendency of several scale species found in oilfield
systems. In practice, all oil and gas producing systems will exhibit two-phase
flow, where water-oil-ratio (WOR) increases during the lifetime of a field.(255)
Turbulent, multiphase flow conditions were generated in order to assess the
role of the o-w interface in simple CaCOs, BaSO4 and PbS scaling systems.
Experiments aimed to contrast the precipitation and deposition mechanisms
of conventional carbonates and sulphates with sulphide scale, proposing an
alternative mechanism of deposition whereby scale particle stabilised
Pickering emulsions impacted surfaces, as opposed to nucleating directly on
substrates from solution.(23, 50) Influence of the multiphase on deposition
was considered for anti-fouling coatings where wettability was the key
parameter. The nature of the PbS Pickering emulsion in relation to surface
fouling was investigated, with interfacial particle arrangement and emulsion
stability providing insight into the mechanism by which PbS scale deposited,
the role of the oil phase and the viability of this mechanism occurring under
actual field scenarios. Eight coatings were tested preliminarily in simple
scaling tests to establish a correlation between coating characteristics and
deposition. Testing in complex solutions e.g. PbS/CaCOs systems was
undertaken later in the process with coatings that had been selected for field
trials.

5.1 CaCOs in a multiphase (o/w) emulsion

Introduction of a light oil phase into a single-phase scaling system (Section
3.6), at an o:w ratio of 5:95 was able to demonstrate the effect of an oil phase
on scale deposition upon surfaces of varying wettability. A carbonate scaling
brine prompted the formation of CaCOs crystals that increased deposition and
growth upon all anti-fouling surfaces when compared to single phase results
in Chapter 4. The formation of an o/w emulsion resulted in stabilisation of
CaCOs crystals at the interface, with the depositional pattern on the REF
coupon in Figure 5.1 showing circular areas free of scale where oil droplets
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had impacted the surface, resulting in deposition of CaCOs scale in the
surrounding agueous phase and on the substrate. This effect was not visible
on hydrophobic coatings F1 and F2, where the oil wetted surface largely
prevented contact of the substrate with the scale-forming aqueous phase. As
a result of the turbulent nature of the system, localised heterogeneous
crystallisation occurred on F1 and F2, with precipitated calcite acting as a
nucleation site for secondary nucleation. This prompted homogeneous
deposition from the emulsified bulk after the hydrophobic effects of that region
of the substrate was compromised by scale presence. Secondary nucleation
and growth was seen to be more extensive than in single phase,
demonstrated through comparison of scaling on REF coupons in SEM images
from Figure 4.2 and Figure 5.2, where well-defined, rhombohedral calcite
crystals at the surface are overlain by large undefined calcite crystals. This
trend, replicated on other anti-fouling surfaces, can be explained by enhanced
attraction between oppositely charged Ca?* and COs? ions near the o/w
interface relative to that of the bulk, and the interface providing a
thermodynamically favourable nucleation barrier for calcite precipitation.(256,
257) Agglomeration of ionic clusters and calcite of pre-critical radii at the o/w
interface in multiphase systems increased the mass of conglomerates and
therefore kinetic energy of collision; a similar phenomenon to that seen in
single phase, whereby growth rate of crystals as a result of secondary
nucleation has been shown to increase with rising shear rate.(258-260) The
nature of the interlocking calcite structures, particularly apparent on the
surface of the F2 coupon in Figure 5.2 indicate that a degree of the deposited
calcite may have formed at the o-w interface before depositing through droplet
impaction and rupture. This observation is also founded based on the
depositional pattern on the coupon photographs, where circular areas free of
scale on the REF and F1 coupons suggest o/w emulsion impaction as the
mode of deposition.

REF SG2
ol | TR |
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10 mm

Figure 5.1 Photographs of samples — CaCO3s multiphase conditions
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F2 20pm SGZ 20pm —

Figure 5.2 SEM images — CaCOs multiphase conditions

From Figure 5.3, the influence of presence of a light oil phase on depositional
mass gain led to reversal of the trend seen in single phase CaCO3s systems,
though correlation was still very weak (R? = 0.19). Envelopment of the oil
phase around fluoropolymer coatings reduced overall surface coverage of
scale, an example of isolated nucleation seen on coupon F2 in Figure 5.1.
Whilst scaling was for the most part prevented upon the F2 coupon surface, it
is possible that imperfections acted as nucleation sites, prompting
heterogeneous nucleation that then culminates in an increasing rate of
secondary nucleation and homogeneous deposition confined to a specific site.
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Figure 5.3 Water contact angle vs. mass gain — CaCOs multiphase
conditions
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5.2 BaSO4 deposition in a multiphase (o/w) emulsion

In multiphase sulphate systems where o:w ratio was 5:95, BaSOa4 crystals had
a tendency to stabilise and assemble at the o-w interface, leading to the
snowflake-like deposits seen in SEM images in Figure 5.5. In o/w systems, oil
droplets around which BaSO4 particles have assembled from the bulk phase
impact the anti-fouling substrate, resulting in the depositional pattern of scale
on coupons in Figure 5.4, a similar pattern observed to that in CaCOs forming
systems. Hydrophilic surfaces (REF; SG2) showed uniform scale coverage,
with circular areas visibly free of scale where oil droplets had impacted the
surface. Analysis of circular impact regions showed they were similar in
diameter to BaSOas stabilised oil droplets, confirming the mechanism of
deposition through droplet impaction.

Hydrophobic surfaces (F1; F2) however, had isolated regions where
deposition had occurred; with homogeneously precipitated scale adsorbed at
the o-w interface building up and adhering on to pre-scaled areas through
collision of BaSO4 and SrSO4 scale particle-encapsulated oil droplets. Figure
5.5 shows SEM images of homogeneously precipitated ‘snowflake’ shaped
deposits that have precipitated homogeneously within the bulk phase before
depositing on the surface under the turbulent flow regime at the sample
interface.

10 mm

Figure 5.4 Photographs of samples — BaSO4 multiphase conditions
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F2 10pm H SG2 20pm +—

Figure 5.5 SEM images — BaSO4 multiphase conditions

A similarly poor correlation (R? = 0.42) was observed for water contact angle
vS. mass gain in sulphate systems (Figure 5.6), when compared to a CaCOs
based multiphase system (Figure 5.3); though fluoropolymers showed more
limited mass gain in general than hydrophilic surfaces. The higher the SRinitial
of a mineral salt, the more probable it is that stable crystal nuclei will
precipitate homogeneously within the bulk phase.(35) The mass gain on
surfaces through adhesion of scale particles from within the bulk phase is
more heavily influenced by the presence of a light oil phase than those that
nucleate directly for two reasons. Firstly, fluoropolymer surfaces are wetted
by oil within an o/w emulsion as a result of their hydrophobicity, forming an oil
wetting enveloping layer that shields the surface from scale within the brine
phase. Secondly, the adsorption of particles at the o/w interface of oil droplets
(given that the particle is partially wetted where barite water contact angle is
28°) increases transport and deposition of homogeneously precipitated scale
onto surfaces via droplet impaction.(261) Due to the lack of an enveloping oil
layer on hydrophilic surfaces, they are more prone to adhesion of partially-
wetted particles under a turbulent regime.
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Figure 5.6 Water contact angle vs. mass gain — BaSO4 multiphase
conditions

5.3 PbS deposition in a multiphase (o/w) emulsion

As in single phase systems, homogeneous precipitation of PbS scale within
the bulk phase of the system occurred spontaneously, with the rate-limiting
step the diffusion and dissociation of H2S to form reactive HS™ anions, as seen
in Equation 2.22. As such, darkening of the solution occurs at a similar rate to
that seen in single phase, turning an opaque black color after approximately
15 minutes. pH measurements demonstrated that the presence of an artificial
oil phase at an o:w ratio of 5:95 did not affect the pH of the solution, which
was recorded at pH 5.2. Consequently, the SRiniiar Of PbS and the rate of
hydrolysis of H2S into the brine phase was unchanged. Additionally, as in a
single-phase system, transport and adhesion from the bulk was the sole
mechanism driving the deposition of PbS scale when an oil phase was
introduced at an o:w ratio of 5:95. It can be seen from Figure 5.7 that a thick,
black deposit has adhered to all anti-fouling surfaces, with the exception of
fluoropolymer coatings F1, F2 and F3. The behavior of PbS particles changes
dramatically with the addition of a light oil phase, with adsorption of PbS at the
o/w interface under turbulent conditions, whereby oil droplets within the water
phase are encapsulated and stabilised by solid nanopatrticles. As a result, PbS
particles anchored at the o/w droplet interface become adherent upon
impaction of surfaces, forming circular deposits around the point of collision;
as seen in Figure 5.9 on hydrophilic REF, SG2, SG1, F4 and DLC surfaces.

Similarly, in multiphase BaSOa4 systems, circular scale-free areas were formed
as a result of oil droplet impaction upon anti-fouling substrates. From SEM
images in Figure 5.9, these scale-free areas upon hydrophilic surfaces ranged
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in diameter from 100 — 500 pm, representative of the diameter of PbS
stabilised oil droplets as seen in Figure 5.14.

The SG3 coating was replaced with F4 for these experiments. This enabled
assessment as to whether there were characteristics of the fluoropolymer
surface that enabled limited deposition of scale, or surface wettability was the
dominant variable. The water contact angle for SG3 and F4 was identical at
70°.

10 mm

Figure 5.7 Photographs of samples — PbS multiphase conditions

F2 500pm+—-+ SG2 500pm—-+

Figure 5.8 SEM images — PbS multiphase conditions
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Figure 5.9 SEM images — PbS multiphase conditions

From Figure 5.10 it can be observed that there is a strong negative correlation
between the water contact angle of an anti-fouling surface and the degree of
mass gain through PbS scale deposition. Hydrophilic surfaces with a low
contact angle see significant scale build-up, with the degree of PbS deposition
decreasing as water contact angle increases. Coatings with a water contact
angle over 90° that can be described as hydrophobic, such as fluoropolymer
samples F1, F2 and F3, show little to no PbS deposition upon their surface.
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Figure 5.10 Water contact angle vs. mass gain — PbS multiphase conditions
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5.4 PbS pre-precipitation

Pre-precipitation experiments showed that homogeneous adhesion was the
mechanism by which PbS stabilised Pickering emulsions and their associated
particles deposited, when the possibility of direct heterogeneous
crystallisation upon surfaces was removed. Adhesion was predicted to be the
sole mechanism by which PbS scale deposited on to surfaces within the
scaling system, due to the spontaneous homogenous precipitation of scale
within the bulk phase. Figure 5.11 shows the degree of PbS deposition
through mass gain measurements described in (Section 3.6.3.1) when new
anti-fouling surfaces were inserted into a multiphase system post-experiment,
and the experiment carried out in a pre-formed 5:95 o/w PbS Pickering
emulsion.
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Figure 5.11 Photographs of samples — PbS multiphase conditions (pre-

precipitated)
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Figure 5.12 Water contact angle vs. mass gain — PbS multiphase conditions

(pre-precipitated)

Deposition of PbS on anti-fouling surfaces in a pre-precipitated system follows
a similar trend to that seen during initial multiphase scaling tests, where
coating wettability strongly influenced degree of scale build-up (R? = 0.96).
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Upon comparison of Figure 5.10 and Figure 5.12 however, it can be seen
there was generally less deposition on all surfaces in pre-precipitated
systems. This may be explained through a significant proportion of existing
PbS scale precipitated in the initial test being deposited onto the reaction
vessel and initial samples during the first experiment. Consequently, there is
less PbS within the system after a second test is carried out in a pre-
precipitated system, reducing the likelihood of scale particles contacting the
anti-fouling surface and forming deposits.

5.5 PbS emulsion characterisation

Figure 5.13 shows a post-experimental o/w Pickering emulsion composed of
oil, PbS nanoparticles and water, formed through vigorous shaking (a); with
breaking of the oil and Pickering emulsion after 40 seconds; and significant
migration of PbS particles from the water phase to the interface after a period
of approximately 220 seconds (b). Phase separation after agitation gave an
indication of PbS particle affinity within the emulsion and the oleophobic
nature of the particles making up the Winsor type Il emulsion.

a —— ~220 seconds ——» b

Synthetic oil —»

PbS Pickering emulsion——»

Water —»

4

Figure 5.13 Qil, emulsion and brine phase separation: a) PbS emulsion after
shaking; b) separation of oil phase (40 seconds) and significant migration of
PbS particles from water to o/w interface after approximately 220 seconds

Optical microscope images of oil droplets stabilised by PbS that make up the
emulsion can be seen in Figure 5.14a and b. At 1000 mg/L Pb?* and oil volume
fraction of approximately 0.3, the emulsion is relatively polydisperse, with olil
droplet size ranging from 0.3 - 1 mm. PbS agglomerates were shown in Figure
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4.12 to range from 0.5 — 3 um in diameter, and here are closely packed at the
spherical interface.

Figure 5.14 PbS stabilised oil droplets in o/w Pickering emulsion

Cryo-SEM imaging (Figure 5.15) displays the cross-section of an oil droplet
encased and stabilised by a thin layer of PbS nanoparticles, highlighted as
white dots through the use of BSE. EDX analysis further confirmed the role of
PbS in stabilisation of the oil droplet, where yellow and pink highlighted areas
show encompassing PbS nanopatrticles at the o-w interface.

Carbon (C) Sulphur (S) Lead (Pb)

Figure 5.15 Cryo-SEM of oil droplet with PbS nanoparticles at o-w interface;
EDX highlighting oil droplet and PbS species
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PbS particle arrangement can be seen in greater detail in Figure 5.16, where
it was revealed self-assembly of PbS agglomerates 6 - 10 nanoparticles deep
form a network contained within the aqueous phase at the o-w interface.
Transmission electron microscopy (TEM) embedded in the same image
illustrates the appearance of the stabilising PbS patrticles.(262) PbS particle
arrangement across the o-w interface is not entirely uniform however, with
gaps appearing in-between agglomerates, Figure 5.16 showing one
agglomerate around 3 pum in diameter with particle-free interface either side.

Figure 5.16 Cryo-SEM image of PbS arrangement at o-w interface; TEM
image shows size and shape of PbS

Assembly of PbS nanoparticles in the aqueous phase at the o-w interface
(Figure 5.16) can be explained by their hydrophilicity, with attachment to the
interface rather than the bulk phase driven by partial hydrophobicity. Oil
contact angle on unoxidised galena within an aqueous medium can be seen
in Figure 5.17, where three-phase contact (TPC) angle at an oil-galena-water
junction was 132.1 + 1.8°, and 47.9 £ 0.6° for a water-galena-air system.
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Figure 5.17 Main image shows inverted sessile drop of oil on galena in
agueous solution where oil CA was 132.1 * 1.8°; thumbnail displays water
contact angle on galena in air where water CA was 47.9 £ 0.6°

Natural mineral surfaces are typically heterogeneous due to the existence of
impurities/functional groups on the surface, crystal orientation and
hydrophilic’/hydrophobic sites on the surface, therefore a single value for
surface energy is not representative of the whole surface. Only through
repeated water contact angle experiments could an average value could be
established. Sulphide minerals have a low degree of surface polarity and
hydrophobic characteristics, potentially as a result of surface oxidation and
hydrolysis. Whilst sessile drop measurements provided a crude measure of
PbS wettability, the heterogeneous distribution of hydrophobic sites upon the
PbS [001] crystal plane results in the characterisation of PbS mineral
throughout this work as ‘partially hydrophobic’.(263)

5.6 PbS emulsion viscosity

A relative viscosity curve displaying ramping shear rate vs. apparent viscosity
measurements (Figure 5.18) as described in Section 3.7.3.5, was able to
predict the critical flow strength at which droplets within an 5:95 o/w emulsion
ruptured.(264) Shear thinning, where the viscosity of the non-Newtonian
emulsion drops under shear strain, was prompted by flocculation of oil
droplets that lead to eventual coalescence and emulsion breaking.(265) This
occurs at a shear rate of approximately 0.1 s, where viscosity drops from
0.13 Pa.s to 0.01 Pa.s at a shear rate of 10 s before stabilising, indicating
that emulsion breaking and shear thinning had occurred. Large shear rates
can prompt oil droplets within the emulsion to rupture and consequently
destabilise.(266)
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Figure 5.18 Shear rate vs. viscosity of o/w PbS Pickering emulsion at shear
values of 0 - 2 Pa

Flocculation is potentially induced by the removal of stabilising PbS particles
from the interface into the dispersed medium under high shear.(267) This
subsequently reduces the packing fraction at the interface allowing oil droplet
bridging to occur.

5.7 PbS emulsion thermal stability

The thermal stability of a PbS Pickering emulsion was investigated using the
methodology in Section 3.7.3.3. From Figure 5.17, the oil-galena-water
contact angle (6,) and water-galena-air contact angle (6w) were found to be
132.1 £ 1.8° and 47.9 £ 0.6° respectively that lead to partial-wetting at the
interface and formation of an o/w emulsion at o:w ratio of 5:95. The
conductivity of the emulsion (0.9 mS/cm) was found to be in agreement with
that of a saline water, indicating water was the continuous phase. The
adsorbed layer of PbS crystals formed a rigid coating around oil droplets that
acted as a mechanical barrier, preventing oil droplet coalescence. Equation
2.36 shows the free energy of desorption (AG,,) required for desorption of a
PbS particle into water phase. Even at high temperatures, the free energy of
adsorption of a PbS particle of 50 nm radius (R) at the oil water interface (yo-
w = 50 mN m™), and exhibiting a water contact angle (6w) of 49°, the free
energy required for desorption AG,, =1.3x101® J is much larger than the
thermal energy K: (5x10721 J at 95° C), demonstrating the stability of such
emulsions at high temperatures. Figure 5.19 shows the influence of

139



temperature on the conductivity of the emulsion and confirms its stability over
the range of temperatures tested; the conductivity of the emulsion remains
high and no visual breakage of the emulsion was observed up to temperatures
of 95°C.
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Figure 5.19 Thermal stability of a PbS Pickering emulsion — Conductivity vs.
Temperature

5.8 PbS emulsion inversion

The phase ratio at which PbS Pickering emulsion inversion occurs (Section
3.6.1) can be observed in Figure 5.20, whereby an o/w emulsion formed
above the aqueous phase when oil volume fraction was less than 0.75.
Increasing of the oil volume fraction to over 0.75 resulted in destabilisation
and sudden inversion of the continuous phase from water to oil, forming a w/o
emulsion. This process was termed ‘catastrophic inversion’, as the system is
responding to a change in drop volume fraction, where PbS particle
concentration and water fraction are kept constant.(167)
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Figure 5.20 PbS multiphase system — a) o/w emulsion at < 0.75 oil phase
fraction; b) w/o emulsion at > 0.75 oil phase fraction

Addition of oil resulted in Ostwald ripening, where molecules stabilising
smaller oil droplets transferred and adsorbed onto larger drops as a result of
the difference in Laplace pressure across the fluid interfaces.(167) The
ripening process is hindered at constant phase fractions below 0.75 oil phase
fraction as seen in Figure 5.20a, by the presence of PbS patrticles at the o-w
interface of oil droplets. This rigid PbS patrticle layer resulted in the droplet
interface possessing zero mean curvature, preventing coalescence as
Laplace pressure dropped to zero.(268) Droplets flocculate and ripen, where
swelling of drops resulted in insufficient PbS packing fraction at o-w droplet
interfaces that eventually resulted in coalescence.(167) Ata (269) showed the
sequence whereby a particle (silanised glass beads) stabilised air bubble and
an uncoated bubble merge, that could be likened to light oil droplets (PbS
coated/uncoated) within a continuous water phase (Figure 5.21). Oscillations
created as a result of the merging bubbles drove the beads into the centre of
the formed bridge, where amplitude of the oscillations gradually slowed until
the merged bubbles stabilised.(167, 269)
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2 mm

Figure 5.21 Particle laden droplet coalescing with uncoated droplet. The
time between each photograph (top left to bottom right) was reported to be
0.5 ms (269)

Figure 5.22 displays PbS deposition upon anti-fouling coupons in a multiphase
system with an o:w ratio of 80:20, where high oil volume fraction lead to a w/o
emulsion in which PbS stabilised water droplets were the disperse phase. F1
and F2 remained clear of scale, while REF and DLC showed heavy
deposition. Whilst excess oil present prevented fouling upon the hydrophobic
fluoropolymer coatings, the low stability of the inverted emulsion lead to a high
degree of surface deposition upon hydrophilic substrates, where the REF
coupon saw 0.16 compared to 0.32 mg/cm? of PbS scaling in o/w and w/o
emulsions respectively. This can be likely explained by the ease with which
the unstable water droplets rupture having impacted the surface, resulting in
a clear lack of persistent PbS-coated droplets residing on the substrate, unlike
those seen in Figure 5.7 on the REF coupon.

10 mm

Figure 5.22 Anti-fouling coupons in a multiphase PbS system (80:20 o:w
ratio)
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Figure 5.23 plots the coating water contact angle against the mass gain for a
multiphase PbS system with an o:w ratio of 80:20. As with o/w emulsion
scaling in Figure 5.10, there was a reasonable correlation between coating
wettability and mass deposited (R? = 0.79), with PbS fouling generally
decreasing with increasing surface hydrophobicity.
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Figure 5.23 Water contact angle vs. mass gain in a multiphase PbS system
(o:w 80:20 ratio)

5.9 Chapter summary

5.9.1 Deposition mechanisms in multiphase systems

The deposition of PbS Pickering emulsions occurred largely via mechanical
means, whereby particle stabilised droplets impacted against surfaces within
a high-energy turbulent o-w multiphase system and either ruptured or
adhered.(262) Rupture of an oil or water droplet (dependent on emulsion type)
after impacting a substrate can result in the deposition and adhesion of
particles that previously contributed to droplet stabilisation.(206, 270, 271)

Similar depositional patterns upon the hydrophilic REF coupon can be seen
in CaCOs, BaSO4 and PbS systems, indicating that oil droplets had impacted
the substrate within the turbulent regime, leaving a circular area scale-free.
The lack of scale in areas impacted by oil droplets can be attributed to the
hydrophilic nature of the formed scales, where water contact angle of calcite,
barite and galena was recorded to be 6, 28 and 49° respectively.(261, 272)
Analysis of average droplet size through optical microscopy confirmed
commonalities between the size of imaged droplets and scale-free areas on
substrate surfaces with respect to their specific systems. From analysis of the
PbS emulsion and comparison with single phase results (Figure 4.10), it can
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be seen that stabilisation of oil droplets through arrangement of PbS
nanoparticles at the o/w interface enhanced transport of PbS scale to the
hydrophilic substrate after droplet impaction.

Super-hydrophobic/super-oleophilic meshes are currently applied in the
separation of diesel oil and water, where oil spreads quickly on the film and
subsequently permeates the mesh.(273) The principle with regards to
hydrophobic anti-fouling coatings is similar, where oil wet to a specific region
is able to largely prevent undesirable contact with the agueous phase that
results in substrate fouling. This principle is demonstrated in Figure 5.24,
where the excess free oil in solution is wetted to hydrophobic surfaces whilst
PbS stabilised droplets are free to impact hydrophilic surfaces under turbulent
conditions.The measure of a surface to become oil wet is described by the
displacement energy (DE). Fluoropolymers F1, F2 and F3 had negative DE
values of -28, -31 and -32 J respectively, prompting displacement of water
molecules from the surface. The formation of a stable oil layer largely
prevented the contact and precipitation of scaling ions within the aqueous
phase upon the surface. Metal Inconel and other hydrophilic surfaces with
positive DE were generally polar, possessing an affinity for water that drove
contact with the aqueous phase and therefore precipitation and bulk adhesion.

Oil layer s
\ ' \ |~ Hydrophilic

OI| / — -

\ ‘ Hydrophobic
4 |
Hydrophilic
PbS /' :
stabilised ‘j ; - N
oil droplet - Hydrophilic
PbS deposits

Figure 5.24 QOil droplet state in-situ within turbulent system. Oil wetting of
hydrophobic surfaces by free excess oil and impaction of hydrophilic
surfaces by PbS stabilised oil droplets

Impaction of the PbS particle stabilised oil droplets appears from SEM images
(Figure 5.26) to occur via radial splashing, whereby a circular area of the
substrate is left relatively scale-free, with particles splashing and emanating
outward after contact. This is represented by Supakar et al. (274), where a
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water droplet encased with hydrophobised glass beads is dropped upon a
hydrophobic surface (Figure 5.25).(274)

Figure 5.25 A liquid droplet coated with hydrophobised beads and impacted
upon a hydrophobic surface where t =-0.2, 1, 2.2, 4.8. Scale bars in each
image are 2 mm long (274)

Though similar in principle, the system described by Superkar et al. (274) is
not wholly representative of the experimental mechanism for droplet
deposition elucidated within this Chapter where an PbS coated oil droplet
impacts a hydrophilic surface.(274) The process shown in Figure 5.25,
whereby hydrophobic particles surrounding a water droplet impact a
hydrophobic surface, likely results in reduced spreading of the water droplet
across the surface and higher attachment of particles to the centre of the
impacted area than PbS coated oil droplets due to the influence of attractive
hydrophobic forces.
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Figure 5.26 SEM of deposition pattern on DLC coupon in a o/w multiphase
PbS system

The adhesive strength of particles once deposited has been shown to depend
on the particle size and charge, in conjunction with the surface charge of the
substrate.(104, 275)

The high stability of PbS patrticle-stabilised emulsions derived from a high
energy requirement for the desorption of particles from the interface led to the
attachment of intact oil droplets from the emulsion to the surface of hydrophilic
substrates, as can be clearly seen from Figure 5.7. Initial deposition would in
all probability have led to further build-up of PbS emulsion whereby the degree
of emulsion attachment was reliant on the height of the turbulent boundary
layer normal to the substrate, in addition to the increased effect of inertia
acting on deposits further from the axis of rotation central to the RC sample.

The influence of water-cut has been shown to be substantial (Figure 5.20),
where a water-cut <0.25 water phase fraction in a simple PbS multiphase
system results in the formation of a w/o emulsion that is prone to catastrophic
inversion as water-cut increases beyond this value. The emulsion type
however had a limited effect on deposition of PbS upon surfaces of varying
wettability, with hydrophobic surfaces seeing negligible PbS deposition when
immersed within both regimes. Figure 5.27 displays a schematic of the scaling
mechanism in w/o emulsion systems, where oil as the continuous phase still
wets hydrophobic fluoropolymers and water droplets within which PbS
particles are contained and stabilised at the interface are drawn to hydrophilic
surfaces that they then impact.
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Figure 5.27 Water droplet state in-situ within turbulent system. Oil wetting
of hydrophobic surfaces by bulk oil and impaction of hydrophilic surfaces
by PbS stabilised water droplets

The low stability of the w/o emulsion results in the rupture of water droplets,
where the 0.2 phase fraction of water used in the experiment (Section 3.6.1)
is close to the inversion point at which catastrophic inversion will occur. As
such, droplets rupture easily upon surfaces distributing their particles across
the substrate in a manner similar to that seen in Figure 5.25. Kee et al. (155)
showed that in turbulent w/o vertical pipe flow where velocity was 1 m/s, 10%
water-cut was sufficient to ensure stable water-wetting of a hydrophilic steel
surface. Consequently, it can be inferred that significant deposition on
hydrophilic surfaces occurs due to the wetting of PbS patrticle-stabilised water
droplets upon them before rupture.

5.9.2 Predicting scale deposition in multiphase flow

Despite conventional CaCO3s and BaSOa4 scales being strongly hydrophilic
with water contact angles of 6° (calcite) and 28° (barite) respectively, the
wetting effect of the oil was not sufficient to completely prevent deposition on
fluoropolymer surfaces.(261, 272) Figure 5.1 and Figure 5.4 show localised
scale deposits on the F1 and F2 fluoropolymer substrates, with SEM images
for CaCO3s and BaSOa4 deposition from Figure 5.2 and Figure 5.5 respectively
indicating that heterogeneous nucleation has occurred through limited
exposure of the aqueous phase to the coating. Once calcite or barite crystals
had nucleated upon the substrate, that anti-fouling attributes of that region are
compromised, where the hydrophilic crystals and enhanced surface
roughness reduced the wetting efficacy of the oil. Within PbS forming systems
however, the exceedingly high SR at experimental conditions presented in
Section 3.5.1 results exclusively in homogeneous precipitation within the bulk
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phase and as a result, the integrity of hydrophobic fluoropolymer coatings was
not compromised. Consequently, a relationship between the saturation ratio
of a precipitating salt and the depositional tendency in multiphase systems on
surfaces of varying wettability becomes apparent from the results, as seen in
Table 5.1.

Table 5.1 Relationship between salt, SR and CA vs. mass gain correlation

Scale R? value (coating CA vs.
SRinitial .
type mass gain)
CaCOs3 76 0.19
BaSOa4 1888 0.42
PbS 1.7 x 10*° 0.95

Inevitable and spontaneous crystallisation within the bulk aqueous phase at
ambient temperatures eradicates uncertainty with regards to deposition often
caused by heterogenous nucleation directly onto surfaces that results in the
compromising of a substrate’s anti-fouling attributes. The two key elements
for deposition of bulk precipitated particles in turbulent multiphase systems
include; i) particle or agglomerate wetting at the o-w interface and the
formation of a Pickering emulsions; and ii) the hydrophobicity of the
substrate.(262)

Pre-precipitation experiments in systems where a PbS Pickering o/w emulsion
had been formed highlighted the role of the emulsion and excess free oll
phase on deposition in PbS systems. Additionally, inversion of the emulsion
type, where systems contained an 80:20 o:w ratio, prompted the formation of
an w/o PbS Pickering emulsion that displayed similar depositional trends to
o/w emulsions with excess oil wetted to hydrophobic surfaces preventing
scaling.

Work presented in this Chapter lays the foundation for the development of a
simple model of multiphase PbS deposition on surfaces based on their
wettability. Its reliability was contingent upon a number of factors:

- Consistent multiphase flow dynamics at the substrate interface and in
the emulsified bulk phase,
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- Known interfacial tension between synthetic oil (kerosene) and brine in
two-phase flow and the corresponding arrangement of unoxidised PbS
at the o-w interface,

- PbS crystallisation was spontaneous and limited to the bulk phase,

- Constant pH, temperature and pressure (though temperature was
shown to have little influence on emulsion stability up to 95°C)

Whilst laboratory studies demonstrate the highly predictable nature of simple
PbS scaling in multiphase systems under the conditions described above,
application of realistic downhole conditions would likely drastically influence
system behaviour and complexity. In practicality, producing oilfield wells
contain multiple scale forming species that nucleate heterogeneously, high
levels of total dissolved solids (TDS), surfactants, inhibitors, and other
colloidal particles e.g. clay fines, that can all contribute to emulsion
stabilisation. Additionally, the saturation ratio of PbS can be driven down by
low pH, high temperature and high free CI- ion concentration, where under
extreme conditions, precipitation is no longer spontaneous.(29, 37, 38, 65)
Despite this, the stability of PbS Pickering emulsions was unaffected up to
temperatures of 95°C, as shown by observations and conductivity readings,
due to the high energy of desorption of particles and agglomerates from the
o-w interface.

5.9.3 Chapter Highlights

- Deposition of mineral scale under turbulent flow regimes in multiphase
systems is enhanced through the formation and impaction of particle
stabilised droplets onto substrates, as shown by the depositional patterns
where radial splashing had occurred, resulting in splaying of particles

- Particles stabilisation at droplet interfaces leads to formation of highly
stable Pickering emulsions, with the strength of particle attachment at the
oil-water interface heavily influenced by wettability

- Through empirical deposition measurements, it was clear that substrate
wettability was critical in determining the degree of scale deposition in
multiphase systems

- Hydrophobic surfaces became oil-wet in multiphase systems, preventing
impaction of particle-stabilised droplets (as part of a Pickering emulsion
with an affinity to the agueous phase) depositing upon surfaces
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A correlation between water contact angle and surface mass gain was
therefore observed

The strength of this correlation increases as the SR of the mineral within
the system increases. PbS scale that crystallises exclusively within the
bulk phase provides a very strong correlation between water contact angle
and mass gain upon surfaces.

Minerals at experimental SR’s that are prone to heterogeneous nucleation
e.g. CaCOs and BaSOg, show a weaker correlation between water contact
angle and mass gain. This is due to the heterogeneous nucleation of
crystals upon both hydrophilic and hydrophobic substrates, subsequently
compromising their anti-fouling characteristics (ability to become oil-
wetted).

In both o/w and w/o systems, similar observations were made with regards
to the relationship between water contact angle and mass gain. Oil wetting
of hydrophobic surfaces prevented deposition, particularly in systems with
high SRinitial that precipitate spontaneously within the bulk phase.

Emulsions were stable at elevated temperatures, due to the extremely high
displacement energy required to remove particles and agglomerates from
the o-w interface
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Chapter 6

Scale Behaviour and Deposition in Multiphase Flow:
Complex Lead Sulphide (PbS)/Calcium Carbonate (CaCOs)
Systems

As case studies have shown, precipitation of PbS and CaCOs3 species can
occur both near the wellbore and higher up the production tubing.(37, 38) PbS
precipitation tendency is significantly influenced by temperature, salinity and
pH, and as such is analysed on a well-by-well basis through both custom
modelling techniques and fouling analysis after equipment recovery.(38, 116)
The likelihood therefore of co-precipitation occurring is high, where the
spontaneous precipitation of barely soluble PbS towards the wellhead occurs
in tandem with CaCOs crystallisation. Whilst previous studies have explored
PbS and CaCOs co-precipitation under single phase conditions, this Chapter
aims to explain the influence of the multiphase and presence of an oil-water
interface, both on synergistic particle behaviour and interaction in addition to
the depositional behaviour on various anti-fouling coatings. Coatings F1, F2
and DLC selected for field trials were tested within this Chapter.

6.1 PbS/CaCOz deposition (o/w) emulsion

Figure 6.1 shows PbS/CaCOs deposition upon anti-fouling coupons in a
multiphase system with an o:w ratio of 5:95, leading to the formation of an o/w
Pickering emulsion (Section 3.3.3). It can be seen that far heavier deposition
occurred on the REF and DLC surfaces, as opposed to the largely scale-free
F1 and F2 hydrophobic coatings. After droplet impaction and rupture however,
interfacially stabilised particles remained interlinked, maintaining a persistent
film after deposition upon a surface as seen on the REF coupon. Crystal
arrangement at the o-w interface can have a significant influence on emulsion
stability, where attraction and bridging of particles leads to the formation of a
rigid layer or ‘shell’, cocooning the droplet that forms a film upon rupture.(276,
277) Figure 6.2 shows heavy deposition of PbS/CaCOs complexes upon
hydrophilic REF and DLC coatings with the PbS/CaCOs complexes anchored
and grown at the o-w interface deposit as flower-like structures recognisable
from those observed from cryo-SEM analysis of the emulsion (Figure 6.6).
Underlying heterogenous calcite deposits nucleated directly upon the surface
may act as points of attachment for the homogenously deposited PbS/CaCOs
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complexes, where droplet rupture results in the radial splashing of co-
precipitated particles upon hydrophilic surfaces.(270, 271) Bridging and
interlocking of the arrangement of PbS/CaCO3s complexes at the o-w interface
(Figure 6.6) prompted formation of a persistent film as described by Douaire
et al.,(276) resulting in significant deposition after droplet impaction, best
represented on the REF coupon in Figure 6.1.

10 mm

Figure 6.1 Anti-fouling coupons in a multiphase PbS/CaCOs3 system (5:95
0:w ratio)

REF 10pm H F1 10pm H

Figure 6.2 SEM of deposited PbS/CaCO3s complexes on anti-fouling
coupons (5:95 o:w ratio)

Figure 6.3 shows SEM and EDX imaging on the REF coupon respectively,
where EDX analysis highlights the presence of incorporated PbS
agglomerates (blue) within flower-shaped calcite structures (yellow/red).
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Figure 6.3 SEM and EDX of deposited PbS/CaCOs complexes (REF
coupon) — o:w 5:95 ratio

As with simple PbS based multiphase systems, there was a particularly strong
correlation between the water contact angle of the coating and the mass gain
upon coatings (Figure 6.4) due to the tendency of the oil phase to envelop
hydrophobic surfaces where R? = 0.96. This is counter to simple CaCOs
systems, where heterogeneous nucleation occurs upon both hydrophobic and
hydrophilic surfaces, negating the correlation caused by envelopment of the
oil layer around F1 and F2 to prevent deposition.(262) The recorded mass
gain upon the surfaces of hydrophilic coupons was significantly higher than in
simple PbS systems, likely due to the large size and hence mass of the calcite
crystal, with deposits on the REF coupon weighing 0.32 and 3.8 mg/cm? for a
PbS and PbS/CaCOs o/w system respectively.
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Figure 6.4 Water contact angle vs. mass gain in a multiphase PbS/CaCOs3
system (o:w 5:95 ratio)
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6.2 PbS/CaCOs emulsion characterisation

Figure 6.5 shows optical microscope images of an oil droplet stabilised by PbS
and CaCOs within an o/w emulsion. The emulsion at the brine concentration
used was relatively polydisperse, with oil droplet size ranging from 0.2 - 1 mm.
Images show clearly PbS agglomerates as black dots up to 5 um in diameter
embedded centrally within flower-like calcite structures around 30 - 80 pm in
diameter.

Figure 6.5 Optical microscope images of PbS/CaCOs stabilised oil droplet

From cryo-SEM imaging (Figure 6.6), a hemispherical indent from which an
oil droplet from an o/w emulsion was dislodged after freezing was investigated
(Section 3.7.3.4). PbS/calcite complexes were arranged along the droplet oil-
water interface, with BSE revealing occluded PbS agglomerates acting as the
centralised nucleation point for propagating calcite crystals. EDX confirmed
that PbS agglomerates are incorporated into the calcite structure, with XRD
analysis of the dried emulsion showing that PbS and CaCOs were the only
species formed (Figure 6.9).
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Figure 6.6 Cryo-SEM of PbS/CaCO3 complexes at o-w interface; EDX
shows centralised PbS within calcite structures

Further magnification at the o-w interface (Figure 6.7) showed the pyramidal
structure of calcite growing outward from PbS agglomerates, known as
‘hopper growth’.(278) Loose PbS agglomerates were also present at the
interface that have not acted as seeding points for calcite crystallisation,
indicating that self-assembly had occurred at the o-w interface prior to calcite
growth. The area highlighted by the red box shows calcite that has grown at
the o - winterface, extending around 20 um and into the aqueous phase where
CaCOs forming ions are available. Conversely, the PbS/CaCOs complex
extends only 2 - 3 um into the oil phase, suggesting that the free energy
required for desorption from the interface is lower than that of pure PbS due
to hydrophilic properties of calcite.
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Figure 6.7 Cryo-SEM of PbS/CaCOs complexes at o-w interface

Calcite crystals are typically defined by a perfect rhombohedral shape with a
dominant [104] face.(279) The transition between rhombohedral and hopper
growth occurs at supersaturation where the growth rate of the rhombohedral
crystal reaches a maximum. Above this threshold, the growth rate varies as
the third power of supersaturation and is hence controlled by the maximum
speed of surface integration of new ions, inducing hopper growth as seen
centrally in (Figure 6.7). Rhombohedral growth is limited by the incorporation
of ions into the calcite surface, with new surfaces being created in their place,
where the position of the calcite likely limits ion availability due to the presence
of the oil phase.(278) Both galena (cubic) and calcite (trigonal) are prone to
hopper growth, indicating a degree of structural similarity that may prompt
incorporation of PbS into the calcite structure during co-precipitation.(278,
280)

The exceedingly high SRiiar of PbS (1.3 x 10%7) resulted in spontaneous
precipitation of nanoparticles that acted as seeding points for the
crystallisation and growth of calcite by occlusion co-crystallisation.(121)
Calcite is naturally hydrophilic, with a water contact angle of 6° and as such
would not typically adsorb at the o-w interface.(272) The incorporation of PbS
into the calcite structure enhanced the hydrophobicity of the PbS/calcite
structure, leading to adsorption energy at the o-w interface. Andersson et
al.(197) showed that incorporation of the weakly hydrated lead ion into the
calcite lattice through cation substitution resulted in increased hydrophobicity
of the calcite structure.
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From Figure 6.8, where a cross-section of cryo-frozen oil droplet was viewed
from the top down, the proportion of the PbS/CaCO3s complex was immersed
in the aqueous phase (lighter) relative to the oil phase (darker) could be
gauged, where only a very small proportion of the structure was present in the
organic phase due to the hydrophilic properties of calcite. Similarly, alongside
Figure 6.6, the degree of calcite extrusion into the aqueous phase was
determined to be approximately 20 um. Occluded PbS agglomerates around
which calcite has grown could be seen in Figure 6.8, highlighted in white,
within the grey coloured PbS/CaCOs structure in the centre of the image.

Figure 6.8 PbS/CaCOs complexes at the o-w droplet interface

XRD spectra for deposited PbS/CaCOzs scale can be seen in Figure 6.9, where
peaks for both calcite and PbS could be clearly identified and matched to
standard reference patterns with high accuracy, where no unidentified species
were present. The lack of any non-identifiable peaks indicated that negligible
incorporation had occurred, where peaks for species such as PbCO3z were not
visible on spectra. Cryo-SEM with BSE imaging, in conjunction with EDX
analysis in Figure 6.6 and Figure 6.7 therefore shows PbS agglomerates that
have merely been occluded, rather than Pb?* ions incorporated into the calcite
lattice.
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Figure 6.9 XRD of dried PbS/CaCOs3s co-precipitate emulsion

6.3 PbS pre-precipitation (o/w emulsion)

Pre-precipitation experiments where approximately 500 mg/L of PbS
nanoparticles were introduced into the reaction vessel prior to the experiment
demonstrated that agglomerates acted as seeding points at the o-w interface
(Section 3.6.3.2), with deposited PbS/calcite structures are similar to those

seen in co-precipitation tests (Figure 6.10).
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Figure 6.10 SEM and EDX of deposited PbS/CaCOs complexes after pre-
precipitation and dosing of PbS agglomerates — o:w 5:95 ratio
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6.4 PbS/CaCOs emulsion inversion

The phase distribution at which emulsion inversion occurs for a complex
PbS/CaCOs system can be observed in Figure 6.11, whereby an o/w emulsion
formed above the aqueous phase when oil volume fraction was less than 0.5
(Section 3.6.1). Increasing of the dispersed oil phase volume fraction to over
0.5 resulted in a catastrophic inversion, similar to that observed in PbS
stabilised systems (Figure 5.20).(165)

Water

< 0.5 il > 0.5 ail

Figure 6.11 PbS/CaCOs system — a) o/w emulsion at < 0.5 oil phase
fraction; b) w/o emulsion at > 0.5 oil phase fraction

Emulsion inversion at an oil volume fraction of 0.5 suggests that the
PbS/CaCOs complex at the o-w interface has a water contact angle of
approximately 90°, incongruent with the partially and strongly hydrophilic
nature of PbS and calcite respectively.(272) It may be the case that the nature
of calcite complex growth at the o-w interface, as opposed to typical bulk
nucleation and adsorption observed with PbS, leads to interfacial growth and
protrusion into the oil phase and seemingly higher hydrophobicity at the
interface.

6.5 PbS/CaCOs3 deposition (w/o emulsion)

PbS/CaCOs deposition upon anti-fouling coupons in a w/o emulsion, where
o:w ratio is 60:40, can be seen in Figure 6.12. As with scaling in the o/w
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emulsion system, hydrophobic fluoropolymers F1 and F2 are scale-free, whilst
the hydrophilic REF and DLC have a significant amount of deposition upon
their surface (Figure 6.13). Excess oil, readily available to envelop the
hydrophobic surfaces, prevents the deposition of PbS/CaCOs stabilised
emulsion that is prone to impaction on surfaces contained within the agqueous
phase.

REF F2 F1 DLC

10 mm

Figure 6.12 Anti-fouling coupons in a multiphase PbS/CaCOs3 system (60:40
o:w ratio)

Figure 6.13 SEM of deposited PbS/CaCOs complexes on anti-fouling
coupons (60:40 o:w ratio)

SEM and EDX imaging (Figure 6.14) revealed the familiar pattern whereby
PbS agglomerates acted as seeds for calcite nucleation and growth before
deposition through emulsion droplet impaction upon the REF coupon. The
average size of the PbS/CaCOs complexes varied from 10 - 20 um, smaller
than in o/w systems where typical size of PbS/CaCO3s complexes ranged from
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20 - 30 um. Reduction in the availability of scaling ions due to a drop in overall
aqueous volume (0.95 to 0.4 volume fraction) was likely responsible for the
limited growth of calcite structures around PbS agglomerate clusters.

Figure 6.14 SEM and EDX of deposited PbS/CaCOs complexes (REF
coupon) — o:w 60:40 ratio

Figure 6.15 showed that similarly to deposition in o/w PbS/CaCOs Pickering
emulsion systems, hydrophilic coatings saw a proportionally high degree of
mass gain due to the lack of an enveloping oil layer on the surface, whereas
hydrophobic fluoropolymers F1 and F2 received less than 1 mg of scaling
where R? = 0.78.
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Figure 6.15 Water contact angle vs. mass gain in a multiphase PbS/CaCO3
system (o:w 60:40 ratio)

161



6.6 Chapter summary

6.6.1 PbS occlusion in CaCOs at the o-w interface

Co-precipitation of PbS and CaCOs in a turbulent multiphase system resulted
in the formation of a Pickering emulsion, stabilised by complexes in which PbS
agglomerates were incorporated into a flower-shaped calcite structure
through occlusion co-precipitation at the o-w interface. Spontaneous
nucleation of PbS in the bulk aqueous phase as a result of an exceedingly
high SRinitiat of 1.3 x 10%7 resulted in adsorption of particles and agglomerates
to the o-w interface that then acted as seeding points for the secondary
nucleation of slow growing calcite structures.(113-115)

The role of the multiphase was of paramount importance in the formation of
the partially-wetted PbS/CaCOs complex, as shown when compared to tests
in single phase conditions, where truncated octhahedral calcite was nucleated
upon the substrate with negligible incorporation of PbS into the structure
(Figure 4.18). The assembly of PbS particles at the interface is therefore
integral with respect to growth of the incorporated PbS/CaCOs structure. In
Pickering emulsions, the arrangement of emulsion stabilising particles
adsorbed at the o-w interface can prompt creation of an encompassing PbS
matrix that acts as a template for the interfacial heterogeneous nucleation of
calcite in the aqueous phase, lowering the activation energy of calcite
nucleation.(276) Such behaviour has been documented in the crystallisation
of fat crystals in emulsified foods such as butter, where additives are included
in the melt to act as seeding or crystallisation points.(276) For the stabilising
particles to act as a template, the emulsifier (PbS) and the solidifying crystal
(calcite) should exhibit some level of structural similarity. The propensity for
both galena and calcite to exhibit cubic morphology enforces the notion that
similarities in the crystal structure enabled occlusion of the PbS agglomerate
within the calcite. In this case, the PbS stabilised at the interface enhances
both the heterogeneous nucleation process and Kkinetics of calcite
crystallisation.(281, 282)

pH values for formation waters will lie between approximately 4.6 and 8.9, a
pH band at which sulphate groups form readily on the PbS surface given that
conditions are anoxic.(153) This will, as with sulphate rich organic sites within
an eggshell membrane that promote calcification (Section 2.9.3), create an
area of elevated local supersaturation at the surface of the PbS agglomerate
extending into the aqueous phase to which Ca?* and COs? ions from solution
migrate and nucleate. It is possible that, as a result of the high SRinitia Of
CaCOs, flat ACC accumulates on the PbS surface immersed within the

162



aqueous solution, forming substantial deposits. The CaCOs mineral deposits
then transform through secondary nucleation into large calcite crystals, with
disk-shaped ACC and smaller CaCO3 on the surface dissolving and supplying
ions for further calcite growth where flat surfaced morphologies are dominant.
The flower-shape of the calcite that occluded the PbS agglomerate at the
interface is likely a result of the secondary nucleation determining the calcite
orientation, based on the initial calcite seeds that provided a template for
propagation of the initial ACC front transforming to calcite at neutral pH values
of < 7.

The driving force behind the direct transformation of ACC to calcite may be
the formation of pre-nucleation clusters with a proto-calcitic and poorly
crystalline structure.(283-285) Turbulent multiphase flow results in the high
mass transport of scale-forming ions and pre-nucleation clusters to interfaces,
where they crystallise through secondary nucleation from ACC to calcite.(125)
The presence of impurities such as Mg?* ions has been shown to remove the
intermediary transformation stage, where vaterite is formed as a pre-cursor to
calcite under ambient conditions.(124, 286, 287)

Figure 6.16 shows the growth of calcite around occluded PbS agglomerates
at an o-w interface, adapted from Navarro et al.(124)
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Figure 6.16 Growth of calcite around occluded PbS agglomerates at an o-w
interface

6.6.2 PbS/CaCOsz emulsion behaviour

Emulsion type was inverted from o/w to w/o at approximately 0.5 oil volume
fraction. From (Figure 5.20) it can be seen that PbS only systems undergo
emulsion inversion from o/w to w/o when the oil phase fraction is > 0.75,
demonstrating high kinetic stability. Particle arrangement at the o-w interface
plays an important role in emulsion stabilisation, preventing the flocculation,
ripening and coalescence of droplets due to high PbS packing fraction and
subsequent particle jamming.(268) From comparison of oil droplet particle
packing fraction in both PbS and PbS/CaCOs systems, it can be inferred that
in PbS systems, the nature of the particle/agglomerate arrangement results in
a higher packing fraction of adsorbed scale at the o-w interface. Highlighted
areas in Figure 6.17, show > 90% and ~ 60% coverage for a PbS and
PbS/CaCOs coated droplets respectively. In PbS/CaCOs systems this likely
results in higher flocculation and Ostwald ripening due to the ability of oil
droplets to form a bridge and ultimately coalesce at lower oil phase
fractions.(167)
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Figure 6.17 a) PbS arrangement at oil droplet interface — high packing
fraction; b) PbS/CaCOs arrangement at oil droplet interface — low packing
fraction

The presence of calcite likely reduced the energy required for desorption of
the PbS/CaCOs complex from the o-w interface, where its hydrophilicity
dictated a large portion of the crystal would be contained within the aqueous
phase. This detachment in turn would have aided in the flocculation and
ripening of droplets as oil phase fraction was increased.(288)

The deposition of PbS and CaCOs crystals upon the surface of anti-fouling
substrates did not follow the deposition patterns seen in simple CaCOs,
BaS04 and PbS multiphase systems where impacting oil droplets left circular
areas free of scale (Figure 5.9). In PbS/CaCOs systems, coverage was
generally uniform on hydrophilic surfaces, where scale had nucleated directly
onto the substrate, with large areas covered by homogeneously adhered
ruptured film (Figure 6.1). Calcite of truncated octahedron morphology that
had precipitated heterogeneously upon surfaces likely promoted the emulsion
deposition of PbS/CaCOs complexes adsorbed at the o-w interface due to
increased substrate roughness driving attachment. The lower stability of
PbS/CaCOs droplets, as shown in Figure 6.17 as a consequence of the lower
packing fraction at the interface, resulted in the probable rupture of any oil
droplet impacting the substrate.

Whilst this system is clearly not entirely representative of downhole conditions
due to obvious differences in temperature/pressure etc., the interaction
between two different scale types and the influence of a multiphase interface
on said interaction is both relevant and significant. Calcite, due to its high
hydrophilicity, does not adsorb at the o-w interface as readily as PbS. The
presence therefore of partially hydrophobic particles or agglomerates that can
prompt nucleation at the droplet interface as opposed to on other foreign
surfaces could be beneficial in reducing heterogeneous crystallisation and
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further growth in oilfield systems. It was shown in Figure 6.1 however that
hydrophilic REF and DLC surfaces were still prone to heavy deposition, due
to the impaction of scale particle-coated droplets within a Pickering emulsion
upon their surface and subsequent adhesion. As with PbS systems seen in
Chapter 5, hydrophobic surfaces F1 and F2 were able to largely prevent
contact and deposition of the scale-stabilised emulsions by way of excess oil
wetting the surface, demonstrated by the minimal mass gain.

Comparison of the degree of scaling seen on hydrophobic fluoropolymers in
CaCOs and PbS/CaCOs multiphase systems showed mass gain was 0.75 and
0.15 mg/cm? respectively on the F1 surface. It is therefore clear that the
presence of PbS at the o-w interface impacted the ability of calcite to deposit
and grow directly upon hydrophobic substrates.

6.6.3 Chapter Highlights

- During co-precipitation of PbS and CaCOs, PbS agglomerates can act as
seeding points for calcite growth at the o-w interface in multiphase systems

- Entrapment of the PbS agglomerate in the growing calcite structure is
characterised as ‘occlusion co-precipitation’

- As with PbS deposition in multiphase systems (Chapter 5), oil wetting
plays a critical role in determining surface deposition within complex
multiphase systems

- The presence of PbS particles in CaCOs multiphase systems was shown
to reduce calcite deposition upon hydrophobic surfaces, by providing an
alternative nucleation point at droplet interfaces at which calcite could
precipitate and grow. This ultimately limited the heterogeneous nucleation
of calcite upon hydrophobic surfaces

- Sulphate groups at the PbS surface resulted in an increased flux of Ca?*
and COz? ions, with high SR leading to the growth of amorphous calcium
carbonate (ACC) that then transforms into calcite, resulting in a flower-
shaped structure

- Reduced packing fraction of mineral scale at the interface of PbS/CaCO3
systems compared to PbS only systems (~60% to ~90% respectively)
results in catastrophic phase inversion occurring at 0.5 oil volume fraction
as opposed to 0.75 in PbS systems. When packing fraction at the o-w
interface is reduced, flocculation and oil droplet bridging occurs more
readily.
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Chapter 7

Influence of Poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) (PAMPS) on PbS precipitation and deposition in single
and multiphase systems

Sulphonic acid-based polymers such as poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPS) are widely used in metal cation removal for
wastewater applications. Consequently, they are of use in the oil and gas
industry in both preventing the nucleation and growth of problematic scales.
Chapter 7 aims to quantify the fundamental acting interfacial forces between
PAMPS functionalised PbS and surfaces of varying wettability through force
curve analysis, before demonstrating empirically that anti-fouling surface
characteristics have an influence on PbS deposition in both single and
multiphase systems. The effect of high PAMPS inhibitor concentration on PbS
precipitation and emulsion behaviour was explored in multiphase
experiments. Testing at elevated concentrations simulated batch injection
methods or squeeze treatment, often used for scale inhibitor delivery in oilfield
wells, whereby very high concentrations of inhibitor are pumped into the near-
wellbore area that are then diluted by the produced water stream over time.
The influence of additional scale-forming species was also probed, with the
effect of PAMPS on scale formation in a PbS/CaCOs forming system
investigated. Coatings F1, F2 and DLC selected for field trials were tested
within this Chapter.

7.1 PAMPS adsorption on PbS/galena

From topographic and phase scanning measurements using AFM contact
mode, it can be seen that PAMPS adsorbs onto the cleaved galena substrate
on the [001] face, where white dots on Figure 7.1 represent deposited polymer
acting as raised asperities. ImageJ analysis of Figure 7.1a showed that
PAMPS surface coverage was approximately 80%, where the influence of
electrostatic repulsion of the sulphonic acid head groups between adsorbing
molecules prevented formation of a uniform film.(289) Adsorption of PAMPS
was performed in 0.5 M KCI electrolyte solution to alleviate the influence of
the EDL and provide a solution representative of high TDS oilfield brines. The
net negative surface charge of the galena substrate at pH 5.2 (-8.8 mV) and
respective contact angle of 49° when unoxidised, resulted in a partially

167



hydrophobic surface directly after cleaving. Oxidative dissolution of isolated
cubic areas upon the freshly cleaved galena occurred with time after
exposure, leading to the emergence of regions with increased hydrophobicity,
prompted by the limited formation of anglesite, thiosulphates and sulphites
under weakly acidic conditions of pH 5.2.(152, 290)

PAMPS, as an amphiphilic molecule with a hydrophobic backbone and
hydrophilic sulphonic acid group, is able to adsorb onto both hydrophilic and
hydrophobic areas. Long range attraction because of hydrophobic force has
been shown to be responsible for higher levels of PAMPS adsorption onto
areas of higher hydrophobicity.(177, 291) Consequently, it was expected that
a significant proportion of adsorbed PAMPS molecules would have their
negatively charged sulphonic acid group facing away normal to the substrate
and into the solution, endowing the surface with a higher negative overall
charge, as shown in Table 7.1. Areas of high and low PAMPS coverage in
Figure 7.1 may be explained by the tendency of cleaved galena to form
hydrophobic regions more susceptible to adsorption. As such, during AFM
force curve measurements, contact mode analysis was performed on the
galena substrate prior to force curve readings in order to identify areas of high
PAMPS coverage.(177, 290)

pm

Figure 7.1 a) 2 x 2 um area of PAMPS functionalised galena analysed
through contact mode topography; b) respective phase image

Zeta-potential measurements of PbS particles synthesised in single phase
systems in the presence of 0 and 50 mg/L PAMPS gave an indication as to
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the influence of PAMPS functionalisation on surface charge. Table 7.1 shows
the influence of PAMPS concentration on PbS particle zeta-potential.

Table 7.1 PbS zeta-potential at 0 and 50 mg/L concentration

PAMPS

PbS zeta-potential (mV
concentration (mg/L) P (mV)

0 -8.8+0.7

50 -24.8 +2.2

Wettability of the galena substrate as a result of increased net negative charge
after PAMPS functionalisation is shown in Figure 7.2, where oil-galena-water
TPC is 151.4 + 3.3° compared to 132.1 + 1.8° where no polyelectrolyte is
present. Subsequently, water-galena-air contact angle is reduced to 29.5 +
2.4° from 47.9 + 0.6° on untreated galena substrate.

Water in air

QOil in water

Figure 7.2 Main image - inverted sessile drop of oil on PAMPS
functionalised galena in aqueous solution where oil CA is 151.4 + 3.3°;
Thumbnail - water contact angle on PAMPS functionalised galena in air

where water CA is 29.5 +2.4°

7.2 PAMPS functionalised PbS adhesion

Figure 7.3a and b show the force curve approach results for an untreated
(hydrophilic) and an OTS functionalised (hydrophobic) SisN4 tip against a
polymer functionalised galena surface respectively. Unlike on an untreated
galena surface, there does not appear to be any jump-in as a result of
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attractive forces in Figure 7.3a due to moderate electrostatic repulsion
between two hydrophilic surfaces despite high system salinity. No obvious
jump-in is detected in Figure 7.3b however, perhaps due to the compression
of long chain polymers as the tip approaches the galena substrate.(292)
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Figure 7.3 Force curve upon approach — a) Untreated SisN4 tip and PAMPS
functionalised galena substrate; b) SisN4 (OTS treated) tip and PAMPS
functionalised galena substrate

Despite no apparent jump-in recorded on approach for a hydrophobic tip on a
polymer functionalised surface where vdW attraction was expected (Figure
7.3b), the measured adhesion force upon tip retraction was significantly higher
for the OTS hydrophobised condition than for the untreated hydrophilic tip.
This may indicate the presence of a net positive charge on the OTS
functionalised tip due to preferential adsorption of hydronium ions (HsO?"),
resulting in electrostatic attraction between the PAMPS functionalised
substrate and the positively charged tip.(293) Figure 7.4 displays the adhesion
force upon retraction of the tip, where measured adhesion force was 0 and
33.4 + 4.6 mN/m for an untreated AFM tip and OTS treated AFM tip upon
functionalised galena respectively.
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Figure 7.4 Force curve upon retraction — a) Untreated SisN4 tip and PAMPS
functionalised galena substrate; b) SisN4 (OTS treated) tip and PAMPS
functionalised galena substrate

The hydrophilic REF and DLC coupons show negligible PbS surface
deposition due to the lack of attractive vdW and hydrophobic forces present
between the substrate and polymer functionalised PbS patrticles, where zeta-
potential was measured as -24.8 + 2.2.(104) The hydrophobic substrates F1
and F2 however prompted adhesion of functionalised PbS particles from the
bulk phase, driven by the vdW electrostatic attraction. This is demonstrable
from Figure 7.4b, where adhesion was measured as 33.4 = 4.6 mN/m.

Force curve measurements on long-chain polymer functionalised surfaces
can often lead to measured inaccuracies that stem from unwanted attachment
of the branched polymer to the tip. This can result in pulling and peeling of the
attached polymer from the substrate upon retraction of the AFM tip, distorting
adhesion force measurements.(292) This phenomenon was not encountered
in force curve measurements upon retraction of the AFM tip under either the
hydrophilic or hydrophobic condition.

7.3 PbS deposition in single phase — 50 mg/L PAMPS

Figure 7.5 shows PbS deposition on anti-fouling surfaces when 50 mg/L of
PAMPS polyelectrolyte was present in the initial KCI/PbCl2 (Brine C) solution.
Whilst visually the degree of PbS deposition on the black F1 and DLC surfaces
was hard to determine, it can be seen that the REF coupon is virtually scale-
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free, and the usually green F2 coupon has undergone significant PbS
deposition.

10 mm

Figure 7.5 Photographs of samples — PbS single phase conditions - 50
mg/L PAMPS

From Figure 7.6, there is a reasonable trend (R? = 0.83) between coating
water contact angle and mass gain upon surfaces, where hydrophobic
surfaces are more prone to PbS deposition.
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Figure 7.6 Water contact angle vs. mass gain in a single phase PbS system
— 50 mg/L PAMPS

Increasing the negative surface potential (Table 7.1) of PbS particles from -
8.8 to -24.8 mV through PAMPS polyelectrolyte functionalisation enhanced
the strength of the electrostatic repulsive force of PbS against hydrophilic
substrates such as REF and DLC. Interaction of functionalised PbS particles
with hydrophobic substrates however increased the net surface charge and
hence attractive vdW force.(294) The presence of interaction forces on a
molecular level was subsequently confirmed through AFM analysis, as seen
in Figure 7.3 and Figure 7.4.

172



As an amphiphilic molecule, PAMPS had the potential to adsorb primarily onto
positively charged hydrophobic surfaces, as well as hydrophilic surfaces as a
result of hydrophobic force and electrostatic attraction respectively.(177)
Consequently, recorded mass gain could be partially attributed to
polyelectrolyte attachment, with PAMPS adsorption upon both the scale
particles and substrate likely to limit PbS deposition as a consequence of
increased electrostatic repulsion.

The influence of PAMPS functionalisation on PbS particle size distribution and
agglomeration tendency may also play a role in deposition, where PSD
analysis showed average diameter of colloids was determined to be 4434 nm
and 837 nm for systems with 0 and 50 mg/L of PAMPS respectively. Whilst
adhesion force of a particle or agglomerate to a substrate increases with
particle size, the influence of turbulent flow at the interface on particle removal
in systems is dominant. Smaller particles or agglomerates, albeit with lower
adhesion, have a higher substrate contact area to volume ratio and therefore
are less likely to be removed from the substrate.(140) This may in part explain
the increase in deposited mass gain on fluoropolymer surfaces F1 and F2
between PAMPS-containing and PAMPS-free systems, displayed in Figure
7.5 and Figure 4.8 respectively.

As discussed in Section 4.3, it is feasible that the increased roughness of
fluoropolymers F1 and F2 compared to REF and DLC had an influence on
PbS particle deposition. Due to the complex influence of the many substrate
roughness parameters on deposition it was difficult to quantify how significant
coating topography is on overall mass gain when compared to interacting
forces.(140)

7.4 PbS deposition in o/w multiphase — 50 mg/L PAMPS

From Figure 7.7, it can be seen that there is very little effect on depositional
pattern and appearance when compared to uninhibited systems (Figure 5.7),
where a black emulsion is deposited on the REF coupon and hydrophobic
fluoropolymers F1 and F2 see very low levels of mass gain on their surfaces.
50 mg/L of PAMPS within the initial brine was clearly not sufficient to remove
all 1000 mg/L of Pb?* ions within solution, with a large proportion left free to
react with dissociated HS" anions.
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Figure 7.7 Photographs of samples — PbS multiphase conditions - 50 mg/L
PAMPS

Analysis of the PbS emulsion formed at 50 mg/L PAMPS showed little
difference from the uninhibited emulsion seen in Figure 7.8 in terms of
appearance. There was a slight difference in the time taken for the water
phase to separate and form a stable Winsor type Il emulsion, shifting from 40
to 60 seconds for uninhibited and 50 mg/L PAMPS solutions respectively. This
was caused by the stabilising effect of the high MW polymer alongside the

PbS particles, resulting in emulsion tightening where droplets range from 150
— 400 pm.

60
seconds

Figure 7.8 PbS multiphase system - 50 mg/L PAMPS a) Post-experimental
emulsion after agitation; b) Separation into stable 3-phase emulsion after 60
seconds; c¢) Optical microscope image of oil droplet (x20 mag)

The presence of the excess oil phase wetted to the fluoropolymer substrates
prevented deposition of the PbS emulsion, whilst hydrophilic surfaces saw
significant mass gain upon their surfaces resulting in a strong correlation
between water contact angle and mass gain where R? = 0.89.
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Figure 7.9 Water contact angle vs. mass gain in a multiphase PbS system —
50 mg/L PAMPS

7.5 PbS deposition in o/w multiphase — 500 mg/L PAMPS

Figure 7.10 shows deposition upon coupons of the PbS emulsion, where
deposits can be seen on hydrophilic REF and DLC coupons, with hydrophobic
surfaces F1 and F2 remaining relatively scale-free. PbS presence has been
clearly reduced, with the emulsified deposit a translucent brown colour as
opposed to the opaque black emulsion present when no inhibitor is present
(Figure 5.7).

DLC

10 mm

Figure 7.10 Photographs of samples — PbS multiphase conditions - 500
mg/L PAMPS

As in other multiphase systems where no inhibitor is present, emulsion
deposition is limited on the surfaces of hydrophobic fluoropolymers where an
excess, un-emulsified oil phase is present. This results in a good correlation
between coating water contact angle and depositional mass gain, where R? =
0.92.
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Figure 7.11 Water contact angle vs. mass gain in a multiphase PbS system
— 500 mg/L PAMPS

The appearance of the emulsion changes drastically based on PAMPS
concentration, whereby the precipitation and growth of PbS particles is
reduced through both nucleation inhibition and growth retardation
respectively.(178) From Figure 7.12a, the brown appearance of the emulsion
indicates a reduction in the presence of PbS.

When no PAMPS was present, the Pickering emulsion separated and
stabilised into a Winsor type Il emulsion where three distinct phases
(oillemulsion/water) were visible approximately 40 seconds after agitation
(Figure 5.13). Addition of PAMPS at 500 mg/L however significantly increased
the time taken for the emulsion to become demulsified, where individual
phases separated out, as seen in (Figure 7.12a & b) respectively. At 500 mg/L
PAMPS concentration, though more stable, the oil phase was not fully
emulsified, with a distinct layer present above the o/w emulsion (Figure 7.12b).

The size of oil droplets within the emulsion were generally reduced, with a rise
in mono-dispersity as polymer concentration was increased. Maximum oil
droplet sizes of 700 and 160 microns were recorded at PAMPS concentrations
of 0 and 500 mg/L respectively, from optical microscope images (Figure 5.14
and Figure 7.12c). When no PAMPS was present, agglomerates of PbS
nanoparticles were seen to stabilise oil droplets, forming a Pickering emulsion.
When PAMPS was introduced to the system however, negligible PbS
agglomerates were visible at droplet interfaces due to complexation of the free
Pb?* ions in solution and inhibitory effect of the PAMPS polyelectrolyte.
Tightening of the emulsion occurred however due to the surfactant-like
properties of the long-chain PAMPS molecule leading to increased
stabilisation.
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24 hours

Figure 7.12 500 mg/L PAMPS inhibitor a) Post-experimental emulsion after
agitation; b) Separation into stable Winsor type Il emulsion after 24 hours;
c) Optical microscope image of oil droplets (x20 mag)

7.6 PbS deposition in o/w multiphase — 5000 mg/L PAMPS

From Figure 7.13, it can be seen at heightened concentrations of 5000 mg/L
PAMPS that emulsion deposition is uniform over all anti-fouling surfaces
regardless of wettability, with the formed emulsion cream coloured in
appearance indicating negligible presence of precipitated PbS.

REF F1 F2 DLC

10 mm

Figure 7.13 Photographs of samples — PbS multiphase conditions - 5000
mg/L PAMPS

As a result of the uniform scale coverage over all anti-fouling coatings, there
was no clear correlation between coating water contact angle and mass gain
where R? = 0.48 (Figure 7.14).
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Figure 7.14 Water contact angle vs. mass gain in a multiphase PbS system
— 5000 mg/L PAMPS

Scaling of fluoropolymers F1 and F2 occurs at 5000 mg/L PAMPS inhibitor
concentration due to the complete emulsification of the oil phase in systems
where the o:w ratio is 5:95. As with systems that contain 500 mg/L PAMPS,
high emulsion stability results in emulsion tightening, where oil droplets within
the stabilised emulsion reached a maximum diameter of 120 um (Figure
7.15c¢). 24 hours after agitation of the recovered brine it can be seen that, while
the emulsion has separated from the aqueous phase, there is no excess oil
(Figure 7.15b).

24 hours
Water

Figure 7.15 5000 mg/L PAMPS a) Post-experimental emulsion after
agitation; b) Separation into stable Winsor type Il emulsion after 24 hours; c)
Optical microscope image of oil droplets (x20 mag)
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7.6.1 PbS/PAMPS emulsion rheology

Influence of emulsion viscosity on the presence of excess free oil at the
substrate interface was assessed using rheometric techniques, where a
decrease in viscosity with ramping shear rate from the geometry could be
equated to breaking of the emulsion and consequent shear thinning.

Relative viscosity curves were plotted for PbS emulsions at PAMPS inhibitor
concentrations of 0, 500 and 5000 mg/L. At 0 and 500 mg/L PAMPS
concentrations, emulsions displayed shear thinning between shear rates of
0.1 — 10 s before viscosity became relatively stable, indicating emulsion
breaking had occurred and the oil and water phases had separated. When
5000 mg/L PAMPS was present in solution, shear thinning occurred, with the
gradient remaining relatively linear up to 1000 s. This showed that emulsion
breaking did not occur at high shear rates. The viscous and stable nature of
the emulsion formed at 5000 mg/L PAMPS resulted in uniform deposition of a
persistent coating on all surfaces at experimental shear values.(265)
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Figure 7.16 Viscosity of PbS Pickering emulsions with concentrations of 0,
500 and 5000 mg/L under ramping shear rate

At 0 and 500 mg/L PAMPS inhibitor, the 5% oil phase was not completely
emulsified and the presence of excess free oil resulted in a strong correlation
between coating water contact angle and surface mass gain for scaling
experiments. Complete emulsification of the oil phase at 5000 mg/L PAMPS
and the subsequent departure of the oil partitioning layer present at
concentrations of 0 and 500 mg/L led to uniform deposition of viscous
emulsion upon surfaces, irrespective of wettability (Figure 7.13). Excess free
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PAMPS in solution migrated from solution to the o-w interface to form a stable
o/w emulsion, and hence had a significant effect on viscosity and depositional
behaviour.

7.6.2 Emulsion behaviour at the coating interface

In two-phase flow regimes, a phenomenon known as the ‘wall depletion effect’
can occur upon surfaces, contingent on o:w phase ratio, phase compaosition,
flow rate and surface characteristics. Particles dispersed in the continuous
phase migrate to the central region of the fluid and away from the wall (high
shear region). Subsequently, a thin fluid layer close to the wall containing a
low concentration of particles allows the central core to effectively slip.(265)

7.7 Influence of PAMPS on PbS deposition

7.7.1 Multiphase system - 0 mg/L PAMPS

Figure 7.17a displays an SEM image of a PbS deposited when no PAMPS
was present in the initial solution, with agglomerates amassing on the REF
substrate after PbS stabilised oil droplet impaction to form a continuous ‘cake’
that almost completely covers the surface. EDX analysis revealed that Pb and
S elements constituted the visible deposits (Figure 7.17b & c).

100pm

Figure 7.17 PbS multiphase systems - 0 mg/L PAMPS a) SEM image of
PbS deposition on REF coupon; b and ¢) EDX images of Pb and S
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7.7.2 Multiphase system - 500 mg/L PAMPS

From the SEM image in Figure 7.18a, it can be seen that the presence of PbS
has been significantly reduced in systems where PAMPS is present when
compared to deposition in uninhibited systems. Areas covering most of the
substrate that show cobweb-like transparent deposits are likely PAMPS films
formed at the o-w interface of droplets that have ruptured under drying. EDX
analysis in Figure 7.18b & c displays a circular deposit of PbS, showing the
role of PbS stabilisation at the oil droplet interface and impaction on the
mechanism of PbS scale deposition. From EDX spectra measuring the
intensity of present elements within a scanned area, it was shown that the
intensity of the Pb element, indicating PbS presence on the surface, was 188
and 4 cps/eV for PbS scaling systems containing 0 and 500 mg/L of PAMPS
respectively (Figure 7.19).

Figure 7.18 PbS multiphase systems - 500 mg/L PAMPS a) SEM image of
PbS deposition on REF coupon; b and ¢) EDX images of Pb and S

PAMPS based inhibitor is used widely in the removal of heavy metal ions from
solution, where the affinity to bind metal ions results from electrostatic
interactions between divalent lead cations and sulphonic acid groups on the
PAMPS molecule.(295) As PAMPS is introduced into the experimental brine
prior to the dissociation of H2S(g), the polyelectrolyte is able to remove a large
proportion of free Pb?* ions from solution before reaction with the PbS forming
HS- anion can occur, as well as bind and retard the growth of solutes forming
in solution.(178, 295)
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Figure 7.19 a) EDX spectra of PbS deposit on REF coupon - 0 mg/L
PAMPS; b) EDX spectra of PbS deposit on REF coupon - 500 mg/L PAMPS

PAMPS was introduced to the PbS/CaCOs forming system at concentrations
(50 mg/L) seen in oilfield systems that might be typically encountered towards
the end of a squeeze treatment cycle when further scale injection treatment is
impending. From Figure 7.20, it can be seen that deposition had still occurred
upon surfaces, though not as extensively as when no PAMPS was present
given otherwise identical conditions (Figure 6.1).

Inhibitor presence resulted in deformation and rounding of the calcite crystal
(Figure 7.21). A heterogeneously precipitated layer of CaCOs can be seen to
form directly upon the substrate, most apparent on the DLC coating. On
hydrophobic surfaces, heterogeneous CaCOs growth likely offsets the local
anti-fouling attributes by negating the influence of the enveloping oil layer that
prevents homogeneous deposition of PbS/CaCOs stabilised at the interface.

It can clearly be seen from SEM images in Figure 7.21 that the PbS/CaCOs
complexes are hemispherical in shape, where the rounded side is largely
facing the substrate and the flat side exposing the PbS clusters faces away
from the substrate. After stabilisation of PbS agglomerates at the o-w
interface, solute Ca?* and COs? ions from the aqueous phase adsorb into the
forming calcite lattice surrounding the PbS structure, prompting growth of
calcite exclusively into the agueous phase. This gives an indication into the
scale deposition mechanism, whereby oil droplets impact the substrate and
consequently rupture, with the once spherical particle-stabilised interface now
a film splayed and adhered onto the substrate.
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DLC

10 mm

Figure 7.20 Photographs of samples - multiphase PbS/CaCOs3s system (5:95
0:w ratio) - 50 mg/L PAMPS inhibitor

F2 20um  +— DLC 20pm +—

Figure 7.21 SEM images of deposits on anti-fouling surfaces in a
multiphase PbS/CaCOs system (0:w 5:95 ratio) - 50 mg/L PAMPS

Figure 7.22 shows SEM and EDX imaging of the DLC coupon from Figure
7.21, where occluded white areas highlighted by BSE imaging are shown to
be elementally composed of Pb and S, with Ca, C and O constituting the
calcite crystal highlighted in red/yellow, as well as the heterogeneously
precipitated base layer.
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Figure 7.22 SEM and EDX of deposited PbS/CaCOs complexes - 50 mg/L
PAMPS inhibitor (DLC coupon) — o:w 5:95 ratio

From Figure 7.23, there is a strong correlation (R? = 0.78) due to the presence
of the excess light oil phase that envelops hydrophobic fluoropolymers F1 and
F2. Calcite however can be seen to have precipitated heterogeneously on the
F2 coupon, compromising the local hydrophobic characteristics and
promoting the adhesion of the PbS/CaCO3s complex from the bulk phase.
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Figure 7.23 Water contact angle vs. mass gain in a multiphase PbS/CaCO3
system (o:w 5:95 ratio) - 50 mg/L PAMPS

PAMPS has been reported to act as both a nucleation inhibitor and a growth
retardant and as such, step-growth of calcite crystals was disrupted, with
rhombohedral structures replaced by more rounded calcite that encapsulates
clusters of PbS agglomerates, as seen in Figure 7.22. (178, 295)
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The affinity of divalent Pb?* and Ca?* cations to a sulphonic acid group is
similar due to their equal valency, though the size of the Pb?* ion increases
adsorption potential of the PAMPS molecule, subsequently reducing
nucleation potential of free metal ions.(296) The presence of numerous
additional cations such as K*, Na*, Mg?* within the complex brine contribute
to adsorption by the polyelectrolyte, hence a more significant concentration of
PAMPS would be required to prevent nucleation and growth of mineral scales
in complex systems.

7.9 Chapter Summary

The partially hydrophobic nature of the [001] face of unoxidised cleaved
galena (WCA of 49°) invited the adsorption of amphiphilic PAMPS
polyelectrolyte due to the interaction of the hydrophobic backbone with the
substrate.(177) It can be inferred through contact angle measurements in
Figure 7.2 that orientation of the PAMPS electrolyte is with the sulphonic acid
head group towards solution, prompting a more negatively charged and hence
hydrophilic surface. This was reflected by zeta-potential measurements,
where PAMPS functionalisation of sonicated PbS nanoparticles resulted in a
surface charge shift from -8.8 to -24.8 mV.

From Figure 7.1 it can be seen that surface coverage was ~80%, with
electrostatic repulsion between the sulphonic acid heads of the amphiphilic
PAMPS molecules likely to prevent the formation of a closely packed, uniform
film.(289) Isolated oxidation of surface was also likely to have influenced
adsorption density, with adsorbing PAMPS favouring oxidised areas due to
their hydrophobic tendency.

From force curve measurements between a PAMPS functionalised cleaved
galena substrate and an AFM tip, it could be seen that no attractive or
adhesive force was recorded upon approach or retraction when the tip was
hydrophilic. This was due to the arrangement and orientation of the PAMPS
molecule on the galena substrate, where the hydrophobic tail was attracted to
the partially hydrophobic substrate resulting in the sulphonic acid group
bringing about a strongly negative charge. The absence of hydrophobic forces
and negligible vdW attraction resulted in relatively neutral contact between the
tip and the substrate. Upon retraction of the OTS functionalised hydrophobic
AFM tip however, a degree of measured adhesion (33.4 + 4.6 mN/m) of the
tip to the substrate was recorded due to the influence of electrostatic vdwW
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attraction. No attraction was detected upon approach as long-range
hydrophobic force was not present due to the negative charge of the PAMPS
functionalised galena substrate.

Empirical measurements in a single-phase system, whereby the deposition of
PAMPS functionalised PbS nanoparticles in solution on anti-fouling surfaces
of both hydrophilic and hydrophobic wettability, enforced AFM findings that
hydrophobic surfaces are more susceptible to deposition via adhesion Figure
7.6. The influence of electrostatic attraction between the net positively
charged substrate and negatively charged PAMPS functionalised PbS
prompts attachment to the surface. Additionally, reduced average
agglomerate size of 873 nm, compared to uninhibited systems where PSD
analysis showed the average to be 4434 nm, resulted in increased attachment
of PbS agglomerates to substrates due to the lesser influence of turbulent flow
at the interface in prompting removal.(140)

Introduction of PAMPS to multiphase systems played a role not only in
reducing the precipitation of PbS particles in solution but altering emulsion
behaviour through stabilisation of the long-chain PAMPS amphiphile at the o-
w interface. Whilst introduction of 50 mg/L PAMPS had little inhibitory effect
Figure 7.7, from Figure 7.10 and Figure 7.14 it can be seen the influence of
500 and 5000 mg/L is significant, with the emulsion tightened and more stable.
Heightened PAMPS polymer concentration at 5000 mg/L, exaggerated to
represent near-wellbore concentrations directly after a scale inhibitor squeeze
treatment, resulted in the complete emulsification of the 5% oil phase that in
turn lead to complete coverage of all anti-fouling surfaces regardless of
wettability. Despite removal of unreacted Pb?* ions from solution through
adsorption onto the PAMPS molecules, the excess PAMPS in solution
migrates to the o-w interface from the aqueous phase to prompt formation of
a persistent emulsion. The high stability of the PAMPS stabilised emulsion at
5000 mg/L PAMPS is apparent through viscosity measurements (Figure
7.16), where viscosity remains high even at raised shear stresses. EDX
imaging and spectra of deposits on the surface of REF coupons post-
experiment demonstrated that the degree of precipitated and adhered PbS
can be estimated, based upon spectral intensity of 188 and 4 cps/eV for Pb in
systems containing 0 and 500 mg/L PAMPS respectively.

Introduction of a complex PbS/CaCOs scaling brine into a multiphase system
showed that while 50 mg/L of PAMPS was insufficient to inhibit significant
scaling (Figure 7.20), precipitated calcite crystals around the occluded PbS
were no longer rhombohedral in morphology (Figure 7.22). In complex
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systems containing significant monovalent and divalent cations, significant

levels of inhibitor would likely be required to reduce the precipitation of
problematic mineral scales.(296)

7.9.1 Chapter Highlights

High molecular weight PAMPS polyelectrolyte adsorbed onto galena/PbS
surfaces through interaction of its hydrophobic backbone to the partially
hydrophobic substrate. This resulted in increased negative surface charge
of PbS particles, increasing the electrostatic repulsion between particles in

solution, consequently reducing agglomeration.

The influence of PAMPS functionalisation of PbS upon interaction of
surfaces with varying hydrophobicity was measured via AFM force curve
analysis. PAMPS presence on the PbS surface removed the influence of
the long-range hydrophobic force that was detected with untreated PbS

surfaces (Chapter 4).

Higher electrostatic attraction between PAMPS functionalised PbS
agglomerates and hydrophobic surfaces when compared to hydrophilic
surfaces, led to increased deposition on hydrophobic substrates in single

phase conditions.

In multiphase systems, high concentration of PAMPS resulted in emulsion
tightening and stabilisation of the excess oil phase in 5:95 o:w emulsions.
Emulsion deposition therefore occurred on all surfaces uniformly,
regardless of their wettability. This phenomenon could conceivably occur
within oilfield systems where a combination of high water-cut and high
polymer/solids concentration around the near-wellbore region could cause
viscosity of the o/w emulsion to rise. E.g. after scale inhibitor squeeze

treatments.

Under complex PbS/CaCOs water chemistries representative of those
found in sour North-sea systems, 50 mg/L PAMPS failed to inhibit the
formation and deposition of PbS, with the polymer binding preferentially to

calcite crystals, affecting their morphology.
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Chapter 8

Conclusion

This Chapter aims to summarise the results and findings from this work on the
mechanisms of lead sulphide (PbS) formation and precipitation through a
range of conditions and onto various anti-fouling surfaces, with a wider scope
of preventing mineral scale deposition on downhole production equipment.
This study achieved:

- Design and construction of a sulphide scaling rig that had the capacity
to allow gradual formation of metal sulphides in turbulent multiphase
conditions

- Evaluation of the performance of a number of anti-fouling substrates in
single and multiphase conditions within both simple and complex
scaling systems

- Probing acting interfacial forces between cleaved galena and surfaces
of opposing wettability, in conjunction with the effect of sulphonated
polyelectrolyte (PAMPS) on interfacial behaviour, emulsion
characteristics and deposition

8.1 Attachment and adhesion of PbS to anti-fouling surfaces

The complex combination of parameters that determine surface crystallisation
and adhesion renders it impossible to identify one single property that either
enhances or prevents nucleation on surfaces with an array of physiochemical
characteristics.(32, 297) Individually, substrate roughness, surface energy
and chemical composition are unable to define the scaling tendency of a
surface as alteration of one can inextricably influence the other.

Scale crystals that nucleate heterogeneously are generally more susceptible
to influence from surface chemistry and topography, where local
supersaturation around surface asperities can lead to crystal formation.
Homogeneously precipitated crystals e.g. PbS, that have a tendency to
adhere to surfaces from the bulk phase are less prone to the influence of
surface chemistry and roughness, where interfacial interactions determine the
likelihood of initial deposition and adhesion.(131)

The degree of attractive force and therefore adhesion likelihood of PbS
nanoparticles from the bulk onto surfaces was heavily dependent on attractive
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interactions at the nanoscale such as van-der-Waals (vdW), and dependent
on the substrate, long-range hydrophobic force. AFM force curve analysis was
used to highlight the additional attraction that arose between a galena (PbS
mineral) substrate and a plane functionalised with hydrophobic OTS, where
hydrophobic forces prompt strong jump-in of the AFM tip ~9 nm from the
surface. For interaction between galena and an untreated SisNa tip that was
highly hydrophilic, vdW was predicted to be the dominant force, where
theoretical predictions matched up with experimental readings at which weak
jump-in was detected at approximately 4 nm from the galena substrate.
Consequently, it was determined that the degree of adhesion upon AFM tip
retraction was significantly higher between galena and a hydrophobic surface,
owing to the effect of the long-range hydrophobic force. It can be inferred that
adhesion of deposited partially-hydrophobic PbS particles to a hydrophobic
substrate will be significantly higher than that on a hydrophilic substrate of
identical smoothness, where measured adhesion was 62.1 + 4.7 mN/m and
26.7 £ 2.4 mN/m respectively.

This study was able to therefore address the strength of adhesive forces
between PDbS particles and surfaces of different wettability located in
producing sour oilfield streams, and ultimately the intensity of scale deposition
and build-up. Andritsos and Karabelas (298) showed that hydrophobic
Teflon™ promotes a higher rate of PbS deposition when compared to
untreated hydrophilic steel surfaces. AFM analysis in this work demonstrated
the role of the attractive hydrophobic force in promoting higher PbS deposition
rate and enhanced homogeneous scaling upon hydrophobic fluoropolymer
surfaces.

8.2 Light oil phase influence on mineral scale behaviour and

Pickering emulsion formation

In the presence of an oil-water boundary, it has been shown that colloids will
bind to a liquid-liquid interface under equilibrium conditions in order to
minimise system energy, with their position determined by the contact angle
that is described by Young's law.(164) PbS nanoparticles are partially
hydrophobic with a water contact angle of 48° and consequently they adsorb
strongly and irreversibly to the o-w interface.(151) The free energy of
desorption (AG,,) required for desorption of a PbS particle into water phase
was determined to be AG,, = 1.3x10-16 J given that the PbS particle had a 50
nm radius (R) at the oil water interface (yo-w = 50 mN m™). Adsorption strength
of the PbS particle to the interface was significant enough to not be affected
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by high temperatures, where the thermal energy (K:) at 95°C (5x10-?* J) was
not sufficient for removal. Calcite and barite crystals are more hydrophilic than
galena, with water contact angles of 6 and 28° respectively, where adsorption
of bulk-formed patrticles to the interface was feasible, but the energy required
for desorption (AG,,) was significantly lower.

As PbS nanoparticles in turbulent multiphase solution migrate to the interface
of formed droplets, stabilisation occurs, leading to the formation of a stable
Pickering emulsion. Dependent on particle concentration and phase ratio,
excess water and oil phases reside below and above the PbS-stabilised
emulsion. Whilst o/w emulsions form when the water fraction is > 0.25,
catastrophic inversion occurs as the phase ratio of water is < 0.25, prompting
the formation of an w/o emulsion. As primary production in oil wells
progresses, this threshold of > 0.25 brine is likely to be reached as water-cut
increases with reservoir life and aquifer expansion.

It was shown through co-precipitation of PbS and CaCOs in complex scaling
systems, based on North Sea water chemistries, that the presence of an o-w
interface significantly affects scaling mechanisms. The spontaneous
precipitation of PbS nanoparticles and their subsequent migration to the o-w
interface not only forms a stable Pickering emulsion, but provides a seeding
point for the co-precipitation of PbS and CaCOs whereby PbS is occluded at
the interface. As such, PbS/CaCOs complexes are anchored at the droplet
interface. Inversion of the emulsion from o/w to w/o, unlike in solely PbS
forming systems, was shown to occur when water phase fraction was < 0.5.

The adsorption of solids at liquid-liquid interfaces is not a new phenomenon,
with Pickering (299) describing the formation of solid-stabilised emulsions as
early as 1907. The mechanism of Pickering emulsions as a mode to deposit
scale in multiphase systems however has not been previously described. The
transport of mineral scales at the interface of the continuous and disperse
phase in oil producing systems has large implications with regards to scale
deposition and prevention, as well as scale inhibitor utility.

The co-precipitation of multiple crystal species in complex solutions has been
widely documented.(114, 196, 198, 243, 300) The formation of crystal
complexes and films as a consequence of occlusion co-precipitation,
otherwise known as mechanical entrapment has not previously been shown
to occur in the context of mineral scaling. The gulf in SR value between PbS
and CaCOs under the scaling conditions described in Chapter 3, and the
subsequent adsorption of spontaneously precipitated PbS at the interface
results in PbS occlusion within growing calcite structures. This previously
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unknown mechanism likely has implications with regards to both PbS and
CaCOs deposition, emulsion inversion and o/w separation.

8.3 PbS deposition in multiphase systems

The nucleation and deposition of mineral scales in single phase systems has
been widely investigated. Precipitation of common oilfield scales e.g. calcite
and barite typically occurs via heterogeneous nucleation, where the low
saturation ratio of calcite and barite results in the energetically favourable
crystallisation of minerals directly onto surfaces and equipment. Given that
bulk nucleation of crystals occurs in single phase brine systems where flow is
turbulent, deposition occurs by a combination of gravitational deposition and
interfacial attraction, resulting in a far lower rate of surface mass gain than
that seen with heterogeneous crystallisation.(129)

Upon introduction of the light oil phase, migration of crystals to a o-w droplet
interface and formation of a Pickering emulsion however changes the
mechanism of scale deposition. Particle coated droplets within a turbulent flow
stream impact surfaces with a higher velocity and frequency than individual
particles or agglomerates within the bulk phase due to their higher mass.
Impaction of droplets leads to rupture that results in splaying of the particles
onto the substrate as part of an interfacial film, as well as attachment of intact
solid-coated droplets from the emulsified phase to the substrate. This
ultimately leads to increased mass transport of scale particles to surfaces,
given that they had been adsorbed at the o-w interface in turbulent flow. Whilst
the enhancement of deposition was clear with regards to bulk-precipitated
particles such as PbS, scales such as CaCOs and BaSOa4 that had a tendency
to precipitate on surfaces heterogeneously also saw increased mass gain. In
addition to the deposition of interfacially stabilised particles from oil droplets,
it was hypothesised that the dispersed phase enhanced the mass transport of
ions and solutes to crystals on the substrate surface, resulting in secondary
nucleation and faster growth rate.

In single phase systems, a complex combination of physiochemical
characteristics determined the scaling tendency of a substrate, rendering
fouling prediction difficult.(131) In multiphase systems however, the wettability
and displacement energy of anti-fouling substrates was of paramount
importance in determining the degree of scaling, particularly in systems where
homogeneous bulk precipitation was predominant. Hydrophobic surfaces with
a negative displacement energy e.g. F1, F2, became oil wetted in the
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presence of a light oil phase, preventing the deposition and adhesion of
hydrophilic mineral scales from the bulk brine phase or Pickering emulsions
with an aqueous phase affinity. The influence of hydrophobic substrates on
fouling mitigation in multiphase systems was not as pronounced in systems
with scales prone to forming on surfaces heterogeneously e.g. CaCOs, where
contact of the aqueous phase can lead to crystallisation directly upon
surfaces, leading to compromise of local coating hydrophobicity. Saturation
ratio, as the thermodynamic driving force for nucleation, is a reasonable metric
for predicting the degree of homogeneous nucleation likely to occur for a
particular scaling compound within a system.(301) Through this work an
empirical relationship was discovered between the saturation ratio of a scaling
compound, and the degree of correlation between coating water contact angle
and mass gain. As such, the depositional tendency of PbS scales that
precipitated exclusively in the bulk phase to form Pickering emulsions could
be predicted with a very high degree of accuracy based on coating
hydrophobicity.

The strong correlation between water contact angle and scale mass gain in
multiphase PbS systems was apparent in both o/w and w/o emulsions, where
the water-cut was 95% and 20% respectively, indicating that hydrophobic
surfaces are a viable means of preventing scaling over the course of
production well life. In complex PbS and CaCOs scaling systems, the
presence of PbS that acted as a seeding point for CaCOs growth at the o-w
interface enhanced the correlation strength between coating water contact
angle and mass gain when compared to simple CaCOs multiphase scaling
systems. This was in all likelihood due to a reduction of scaling ions within the
bulk agueous phase, limiting the potential for heterogeneous nucleation upon
hydrophobic surfaces that would have in turn compromised the coating
characteristics and led to scale build-up. As with simple PbS multiphase
systems, the presence of an oil phase regardless of emulsion type (o/w or
w/o) resulted in negligible deposition of PbS and CaCOs scale upon
hydrophobic surfaces.

Whilst the deposition of PbS has been observed to occur by both
heterogeneous crystallisation at low pH values and concentrations, and as a
result of gravitational and intermolecular forces when precipitated
homogeneously, the mechanics of PbS fouling in multiphase systems was not
previously understood. Impaction of particle coated droplets has been
described, where the radial dispersion of particles from the point of droplet
impaction upon substrates results in scale deposition.(274) Systems in which
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Pickering emulsions are present see repeated droplet impaction upon
surfaces, resulting in either droplet rupture or attachment of droplets to the
substrate. In multiphase systems deposition was mitigated upon hydrophobic
surfaces, where free oil within the solution has been shown to oil wet and
envelop surfaces exhibiting a negative displacement energy.(273)

8.4 Chemical inhibition of PbS scale

Sulphonated polymers are used as inhibitors in metal sulphide scaling
systems to inhibit both the nucleation and growth crystals.(50, 185, 186) As a
consequence of the low thermodynamic barrier for nucleation of metal
sulphide compounds, it is difficult to successfully inhibit precipitation due to
the spontaneous nature in which crystals are formed, requiring unrealistically
high concentrations of inhibitor. The polyelectrolyte can be effective as it is
able to bind to precipitated PbS patrticles, acting as a dispersant in order to
prevent agglomeration and subsequent deposition from the bulk phase.

AFM analysis of PAMPS functionalised galena showed that the attractive
force between both hydrophilic and hydrophobic AFM tips in contact with the
substrate was reduced as a result of polyelectrolyte functionalisation.
Negligible attraction was detected at both approach and retraction of the
hydrophilic tip from the surface, where repulsive electrostatic forces
dominated between the two hydrophilic surfaces. Hydrophobisation of the
AFM tip did not register attraction due to vdW forces upon approach, perhaps
due to compression of the polyelectrolyte adsorbed upon the surface.
Retraction however recorded a measured adhesion force of 33.4 = 4.6 mN/m,
indicating that vdW forces were present. These results were shown empirically
in single phase PbS scaling experiments where 50 mg/L of PAMPS was
present. Comparatively high levels of mass gain occurred on hydrophobic
surfaces F1 and F2 in relation to hydrophilic surfaces REF and DLC as a
consequence of the attractive vdW present between the hydrophobic surface
and functionalised PbS nanoparticles.

Introduction of PAMPS into systems containing a light oil phase was shown to
have little inhibitory effect at low concentrations of 50 mg/L PAMPS and a
limited effect at 500 mg/L, where hydrophobic surfaces were again relatively
scale free due to the wetting effect of the oil phase upon their surface. There
was therefore a correlation between coating water contact angle and mass
gain seen upon surfaces due to the presence of an excess free oil phase, as
seen in systems where no inhibitor was present.
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The PAMPS polyelectrolyte, due to its high MW and amphiphilic nature acted
as a surfactant, resulting in further stabilisation of the emulsion in addition to
the emulsifying effect of solid PbS particles that had precipitated in solution.
At high PAMPS concentrations where the water-cut was high e.g. 95%,
emulsification of all free oil in the system occurred, leading to a 2-phase
emulsion. As such, no oil was available to coat and envelop hydrophobic
surface coatings leading to uniform deposition upon all anti-fouling coatings
regardless of their displacement energy.

Whilst in simple PbS forming systems PAMPS is relatively effective at
inhibiting scale formation when introduced at high concentrations, the
presence of other co-precipitating minerals e.g. CaCOs, likely reduced
inhibitor efficacy. PAMPS is used in CaCOs inhibition thanks to its low Pka and
strong hydration, where the sulphonate group can bind with particles in
solution, whilst the carboxylate groups interact with free metal cations e.g.
Ca?*. In complex PbS/CaCOs systems, the morphology of calcite was
significantly affected by the presence of 50 mg/L PAMPS, where
rhombohedral crystals became rounded. It is therefore likely in oilfield systems
where multiple scale species are present, that the interference of other mineral
scales and free cations retard the inhibitory effect of PAMPS on the metal
sulphides for which it is intended.

Dietzsch et al. (178) explained the role of PAMPS-based co-polymers in
controlling CaCOs scale formation and the mechanisms through which
inhibition occurs. Control of insoluble sulphide scales in oilfield production has
typically been addressed through the use of polymeric inhibitors, with varying
degrees of success.(14, 22, 185) Literature specifically investigating the
influence of PAMPS polyelectrolyte on sulphide scale precipitation has not
been published previously, with inhibition efficacy assessed in both single and
multiphase PbS systems in this work.

8.5 Ranking of surfaces for field application

Hydrophobic fluoropolymer surfaces were deemed to be the most promising
in terms of overall scale prevention, where their anti-fouling attributes in
systems where a light oil phase was present set them apart from hydrophilic
coatings such as DLC. The additional benefits of durability and application
practicality that were typical of PTFE-based coatings rendered them suitable
for field trials and potential application on downhole equipment.
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From the fluoropolymer surfaces tested, F1 and F2 were almost
indistinguishable in terms of performance owing to their similar characteristics.
Whilst F2 may have been marginally better in terms of preventing initial fouling
due to its slightly lower average surface roughness (Sa), upcoming field trials
will be able to determine the true efficacy when applied to actual scaling

scenarios.
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Chapter 9

Future work

This thesis ultimately aimed to establish the mechanism behind fouling in
multiphase systems. Whilst a number of useful conclusions have been drawn
on the nature of Pickering emulsions and their deposition upon different anti-
fouling surfaces, further research is required to understand the fundamental
mechanism governing droplet impaction and scaling of pertinent species in
different conditions. Whilst the prospect of mechanical mitigation of metal
sulphide scales through the application of anti-fouling surfaces appears
promising, more work is required on their chemical inhibition in complex
scaling systems. Any future studies must factor in the advantages of potential
synergy between chemical and mechanical methods.

Future work will take place in two strands:

1) Continued laboratory-based testing and analysis

2) Field trial and sample analysis

9.1 Laboratory-based testing

Future tests will aim to characterise scale deposition mechanism in multiphase
systems under increasingly realistic conditions and brines. The development
of an experimental rig that can support high temperature and pressure tests,
deposition on a number of surfaces and sulphide forming conditions, is critical
in establishing the validity of the oilfield scaling mechanisms put forward in
this work. For future lab tests:

- A custom-built autoclave that is capable of handling HT/HP, whilst
integrating a mechanism that allows complete dispersion of oil or water
within two-phase flow, whilst propagating turbulence on a series of
surfaces. Testing of multiphase PbS deposition mechanisms as
described in Chapter 5 within HT/HP systems is vital to establish the
required thermal energy to destabilise emulsions. Whilst it has been
shown PbS-stabilised emulsions are stable up to temperatures of 95°C
under ambient conditions, pressures and temperatures in deep wells
can far exceed that.(40, 49)
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Further study and eventual refinement of effective anti-fouling coatings,
including development and testing of novel surfaces e.g. polymer
brush. The scope of the project and application may extend beyond
oilfield scale prevention, identifying other industries that could benefit
from such work.

While this study investigated the scaling behaviour of PbS in simple
and complex systems, other metal sulphides e.g. ZnS, are often found
in tandem. Future work will encompass the co-precipitation of multiple
sulphide scales and examine their interaction with conventional
carbonate and sulphate scales, closely mimicking brine compositions
found in North Sea case studies (and beyond).

Though the initial mechanism for deposition of scale in multiphase
systems has been described in this work, the implications of build-up
over long periods of time, as would be representative of actual systems,
were not investigated. Future work should examine the long-term
growth kinetics of CaCOs, BaSO4 and PbS scales by running tests for
extended periods.

The multiphase experiments detailed in this work describe very
dispersed bubble flow induced by high stirrer speeds. During
production however, lower flow rate, higher oil viscosity and changing
o:w ratio can prompt a reduction in dispersion that leads to annular,
plug or churn flow. Through modification of the bladed-stirrer speed and
investigation into the effects specific to this set-up, different types of
flow in multiphase and the influence of deposition could be explored.

Whilst the mechanism of particle deposition via droplet impaction in
solid-stabilised emulsions was well established through post-
experimental analysis, it has not been directly observed. Future work
should aim to image the point of droplet impaction upon a substrate
and assess the mode of particle attachment from the interface of both
emulsified oil and water droplets. This will allow validation of the
deposition model hypothesised in Chapter 5.

There is limited literature on occlusion precipitation as observed in
Chapter 6, with this work certainly the first observing this phenomenon
occurring in crystalline scaling systems. Future work should
encompass deeper investigation into complex PbS and CaCOs co-
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precipitation, eventually introducing other combinations of scales that
precipitate in the field. Ultimately, modelling techniques could elucidate
the co-precipitation mechanism between insoluble sulphide scales and
carbonate/sulphate species, ultimately predicting their behaviour under
different downhole conditions.

- This work showed that high MW polymers and solids are prone to
adsorption at the interface in oil-water systems, contributing to the
stabilisation of droplets within emulsions. Future work should explore
the effects of other solids found naturally in produced flow from
reservoirs, (e.g. clays, sand, asphaltenes) on emulsion behaviour.

9.2 Assessment of field trial samples

Three upcoming North Sea field trials will establish the efficacy of F1, F2 and
DLC coatings with regards to anti-fouling when inserted downhole. Samples
will be placed near critical equipment e.g. sub-surface safety valves, in order
to mimic conditions at surfaces to which they may ultimately be applied. REF
(stainless steel) coupons will be inserted between each coated ring to provide
a reference and ensure adjacent samples do not interfere with the degree of
scale deposition.

The duration of the field trial will be determined by the operational needs of
the drilling well, with recovery of the scaled samples likely contingent on the
need to carry out a workover e.g. if scale inhibitor squeeze is required.

Analysis of coupons will provide a clearer picture as to whether certain
commercially available anti-fouling coatings are able to significantly mitigate
the deposition and build-up of scale in oilfield systems. Once samples are
retrieved from the well post-field trial, they will be carefully transported back
to the laboratory where a number of analytical techniques will be undertaken;

- Mass gain as a result of mineral scaling will provide a comparison of
scaling tendency between different coatings and the standard
reference material under downhole conditions

- Inductively coupled plasma (ICP-MS) will enable determination of
elements present in scale build-up and at what concentration

- SEM microscopy and EDX will be integral in establishing the scale
crystal type, size, coverage, morphology, and initial and secondary
deposits

- XRD analysis will determine scale species and morphology
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Scaling on coupons recovered from downhole field trials will be assessed, with
both the anti-scaling efficacy of coatings and the degree to which lab-based
tests were representative of downhole scaling analysed. Whilst short-term lab
tests are unlikely to yield entirely similar results to samples exposed to real-
life complex scaling scenarios for a period of months, the initial crystallisation
can be surveyed and compared in both cases. Initial attachment and growth
of mineral scale will compromise the coating characteristics and therefore act
as a catalyst for further growth.

In order to compare more accurately the lab and field results, brine and oil
compositions from the field in which the trial has taken place will be recorded
and replicated in the lab. This will then give a good indication into the validity
of lab-based tests in order to determine the performance of anti-fouling
coatings intended for application downhole in producing oil and gas wells.
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