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Abstract

Crystallization in multiphase systems is one of the major problems that is
encountered during oil processing and oil transporting processes. In the petroleum
industry oil and water are produced and transported together and this causes
mixing of oil and water which may result in different flow behaviour. This study is

concerned with the crystallization of calcium carbonate in oil-in-water emulsions.

The crystallization process is studied by following the kinetics in which different
CaCOs polymorphic phases are developed on a surface and in the bulk solution
using a combination of X-Ray Diffraction and Scanning Electron Microscopy. Kinetic
measurements combined with microscopic observations have been monitored with
time and found as a useful way for characterizing CaCO; scale formation on a
surface and in the bulk solution. This new approach enables a better understanding
of the different stages of CaCO3; scale formation in single and multiphase systems.
This includes the formation of different polymorphs, the kinetics of growth of each
polymorph, the order of polymorphic appearance, the mechanisms of
transformation of the metastable phase to the stable one and the prediction of the

time required for a complete transformation to a stable phase.

The results suggest the importance of the early period of the crystallization process.
This period of time represents the nucleation and the growth of the metastable
phase which exhibits simultaneously with the transformation to the stable phase.
The solution supersaturation ratio is found to reduce by about 96% during this
period.

It is found that the formation of the more stable phase mainly depends on the
formation and the transformation of the less stable phase. The results show the
existence of an inhibition effect when adding an oil phase to the surface
crystallization through retarding both the nucleation and the dissolution processes
of the metastable phase. The oil phase impacts the dissolution process by changing
the mechanism of transformation from surface-controlled to diffusion-controlled.
This affects the kinetics of formation of the stable phase and results in a reduction

in the overall surface deposition.

The inhibition effect has also been shown to take place in the bulk solution where
less nucleation has been detected for homogeneous type nucleation. At the same

time the oil provides an extra surface where heterogeneous nucleation takes place.

The presence of oil was shown to have more impact on surface crystallization

kinetics than the bulk precipitation kinetics which showed similar bulk behaviour



between systems with and without oil at 30° C and 60° C. The results suggest the
existence of two simultaneous processes for the precipitation kinetics; the first is the
rapid dissolution of the metastable phase followed by the re-crystallization to the
stable phase according to a surface-controlled mechanism. This process takes
place and ceases rapidly. The second process is the slow dissolution of the
metastable phase and this is followed by the re-crystallization of the stable phase
according to a dissolution-controlled mechanism. This process is very slow and
proceeds for a much longer time.

The existence of two processes in the bulk solution compared to only one process
for the crystallization on a surface results in much faster kinetics on the surface
than in the bulk solution. The results also suggest the similarity in the mechanism of
formation and transformation of CaCOs3 scale between surface and bulk solution.
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1 Chapter One Introduction

Due to the global economic growth, the increase in the world population and the
rise in living standards for people worldwide means there has been a sharp rise in
demand for consuming energy. Although alternative energy sources such as wind
and solar energy have got much attention during the last decade due to being
environmentally friendly and this helps to manage the risks of climate change, the
world demand for crude oil has stayed at the top. According to ExxonMobil’'s 2018
outlook for energy demand and supply through 2040 [1], petroleum fluids including
oil and natural gas are the most consumed source of energy at the present time
and will continue for the next two decades due to the growing demand driven by
commercial transportation and chemical industry. Figure 1-1 highlights the global
energy request in various sectors; a wide variety of energy types support the need
for electricity generation, which is the largest and fastest growing sector. Natural
gas demand increased in almost all sectors whereas the world’s oil demand is
growing to support the fuel supply for transportation and is considered dominant in
this sector. Oil resources will continue to provide the largest consumable source of
energy followed by natural gas as illustrated in Figure 1-2 where the global crude oil
demand was 86.4 million barrels per day in 2010 [2] and has increased to
approximately 99 million barrels per day in 2018 [3] with a growth rate of 15%.

Global energy demand varies by sector
Primary energy* ¥ — quadrillion BTUs

300
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*Includes consumed energy as fuel and feadstocks

Figure 1-1 The world’s consumption of different sources of energy at different sectors [1]
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Figure 1-2 The world’s consumption of different sources of energy [1]

Oil reserves are an estimate of the amount of crude oil located in a particular region
in this world that can be extracted. The ratio of the reserve amount to the
production amount is used to predict the number of years an oil reserve will last at a
particular production rate. According to British oil annual report 2017 [4], the world
oil reserve is 1696.6 billion barrels. This would be sufficient to meet 50.2 years of
global production at 2017 levels. The reserve to production ratio can be changed
when new technologies that enable extraction of oil emerge and this may extend
the life of a reserve. A combination of hydraulic fracturing with horizontal drilling
have opened up recently many unconventional resources such as shale oil and gas
shale [5]. In addition to the emerging of new Enhanced Oil Recovery (EOR)
technologies [6] which enable the extraction of heavy oils but these should be

implemented while maintaining economic oil production rates.

The most efficient way for transporting hydrocarbon products to the market is by a
network of pipelines. Pipeline transporting of petroleum fluids allows continuous
flow, enables the transportation of the products from remote areas and harsh
environment, in addition to being economical. The most severe operational
problems associated with pipeline transportation are the risks of flowing of
multiphase fluids. When water, oil and gas are flowing together, flow assurance
problems can occur; formation of hydrates, waxes, asphaltenes and emulsions
occurs due to mixing of hydrocarbon fluids with water. Scale and corrosion are

issues associated with water.

Mineral scale formation is known as an undesirable phenomenon that is exhibited

due to the disturbances in thermodynamics and chemical equilibria of the water



system. This phenomenon may cause many operational problems and it is
considered as a costly problem and it is found to occur at different stages and
various applications in the oil and gas industry. Moreover, when water is found to
flow with crude oils, emulsions may take place. Emulsions are considered desirable
in one stage of oil productions and undesirable in the others in which they are

known to exhibit serious operating and flow assurance problems.

As the world is expected to rely on oil and gas as primary source of energy for
decades to come, commercial operation of this industry is required to determine the
long-term technical and economic viability of this technology. Studying the
mechanism of scale formation in petroleum industry is more realistic in the
presence of oil than in the single water phase as oil and water are accompanied
together in the different stages of production and processing. This would impact the
identifying, quantifying, and mitigating of the flow assurance risks associated with
scale formation in the oil industry.

1.1 Benefits and problems encountered with emulsions

Emulsions are found to form within various stages of the petroleum recovery and
processing industry. During oil recovery, water is injected into the reservoir to help
maintaining the pressure needed for creating a pressure gradient within the
reservoir. This causes the flow of the oil into the well bore. The injected waters
displace the oil and leave it entrapped in the porous media as oil-in-water
emulsions as shown in Figure 1-3. This is called water flooding which is a cheap
technique particularly for offshore applications because of the availability of sea
water. The only concern with water flooding is the incompatibility between the
injected brine with the formation water in the reservoir which may result in scale
formation. The scale formed in the reservoir may affect the rock permeability and

result in adverse effects.

Emulsions can also be injected into the reservoir such as in recovery of heavy oils
to improve the mobility of high-viscosity oils and hence to increase the production
rate. In another application, the emulsions are formed in the reservoir such as in
micellar-polymer or alkali-surfactant polymer flooding; the injection of surfactant
results in lowering the interfacial tension between the oil and the water and this

allows the recovery of residual oils which is left entrapped in the porous media.
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Figure 1-3 The displacement of oil by water and the entrapped oil in porous media during oil
recovery [6]

Emulsions can also be useful for heavy crude oils pipeline transportation through
using surfactant and waters to form oil-in water emulsions. The principle is to
reduce the viscosity of the flowing fluid when the oil phase which has a very high
viscosity is converted to droplets inside the water phase forming an emulsion. This
is due to the shear thinning property of the emulsions where the challenges
associated with this technology are the costs and the selection of the surfactant
which has the ability to maintain the stability of the emulsion during transportation
[7]. These are some of the applications in which the presence of emulsions is

considered desirable.

Most of the emulsions that are created in the reservoir or during the production
process by previous applications or by different conditions can be turned into an
undesirable type of emulsion which is a water-in-oil emulsion when produced at the
wellhead. Oil-in-water emulsions are also found to form and sometimes both types
of emulsions can be found together. The stability of the emulsions formed depends
on the concentrations and the type of the surfactant added to the emulsions. These
surfactants are sometimes naturally found in crude oils such as asphaltene and
resin which stabilize the emulsions by means of forming protective films around the
emulsion droplets. The presence of fine divided solids such as clay or sand
particles and inorganic solids could also stabilize emulsions according to their
wettability properties. Emulsions could also be caused by applying mechanical
energy and the stability in this case is a result of the reduction in the droplets size.
According to the way that different type of emulsions are formed, determining the
most effective and economic method for breaking an emulsion is generally made

according to the physical properties of the fluids forming the emulsion such as



viscosity, density difference and water percentage. In addition to the way of
emulsification [8]. Produced oils should contain a minimum amount of waters to
meet pipeline specifications and regulations. To achieve the required quality of oils
it is often necessary to treat the crude oil by various processes before proceeding to
refineries. The first process is the desalting process in which the crude oil is
washed by fresh waters to reduce salt content. The increase in the water content
increases the probability of forming emulsions as mixing of phases is applied
through mixing valves. The separation of the oil, the water and the inorganic salts
then take place in a desalting vessel or treater but a complete separation of water
from oil could not be achieved within this stage. A further treatment is required
usually by heating to reduce water content. To break emulsions various methods
can be applied such as gravitational separation, applying chemicals (demulsifies),
thermal treatments and applying electrical fields that promote coalescence. Other
problems encountered with emulsions are oil spills on the ocean which form very
stable emulsions and cause an increase in the quantity of pollutant to the

environment.

1.2 Problems encountered with mineral scale formation

Mineral scales form in the early stages at the pores between rocks where sub-
surface waters become saturated with some divalent minerals such as calcium and
magnesium. These minerals are present in calcite sandstones which are rich with
those ions, causing deposit on the pores’ throats and a reduction in permeability
and hence retard the flow of fluids. Mineral scales may also occur in reservoirs; it is
well known that oil, gas and water are the three components of the reservoir fluids
and during the trip of the crude oil from the reservoir to the wellbore, gases which
contain carbon dioxide will come out of solution due to the reduction in pressure
during extraction. Releasing of carbon dioxide gas is known as a major factor for
carbonate scale formation. Moreover, during oil recovery processes, it is well known
that sea water is injected in wells which are called injection wells to increase or
maintain the pressure in the reservoir. Mixing of the formation water which is
originally found in the reservoir with the injected sea water is the main reason for
sulphate scale formation near the well bore. Sulphate scale is very difficult to
remove by chemical or mechanical treatment. Mineral scale formation in the
reservoir is one of the main causes of formation damage which is undesirable and

can be considered as an economical problem [9, 10].

Mineral scale formation in conjunction with clay particles adsorbed by asphaltene in

crude oils may act as mechanical stabilizers to emulsions, where particles are



found to collect at the water-oil interface and add stability to emulsions. It was also
reported the presence of both organic and inorganic materials in the deposit layers
can be found inside the production tubing. It was shown by [11] that the adsorbed
asphaltene on suspended clay particles may act as seeds for calcium carbonate
precipitation by lowering the activation energy needed for crystallization and hence

decreasing the induction time.

Supersaturated Aqueous Caco,
aqueous solution :> solution crystallites

Asphaltenes Low interfacial tension

\\ High interfacial tension qui Sl
/\/—//\/\/-//*\é—""‘\_/ 7N A

Clay particle Clay particle

Figure 1-4 Schematic representation of calcium carbonate precipitation over clay particles
adsorbed by asphaltene [11]

Scale may also be found to take place in the production tubing and surface
facilities; it may affect these processes either by increasing the surface roughness
of the internal tubing and hence reducing the production rates or if crystal growth
persists then a complete blockage can cause serious operating problems. Scale
formation may also cause chokes in the flow lines sometimes so large that the flow

line needs to be closed. Blockage of safety valves may cause serious safety

problems.

Figure 1-5 Blocking of a pipeline due to the growth of mineral scale [12]

In heat transfer equipment such as in heat exchangers tubes or condensers tubes,

water is brought into contact with hot surfaces causing the inverse solubility scaling



salts with respect to temperature such as calcium carbonate and calcium sulphate
to deposit. Scaling can also occur in boiler tubes due to evaporation of water
causing scaling species to concentrate and because of the low solubility of these
scaling matters at high temperatures, deposition takes place. Scale deposition may
interface with the different heat transfer processes causing local overheating due to
the increase in fouling resistance to heat transfer. This is as a result of an increase
in scale thickness which causes a severe reduction in heat transfer efficiencies [13].
Surface localized corrosion which may form under fouling layers may also take
place. A reduction in the cross sectional area of tubes or flow channels for the heat
exchangers may also lead to an increase in pressure drop or may even lead to total
flow blockage [14].

Mineral scale formation may cause problems in many other areas such as in water
desalination plants; high pressure water treatment systems such as in reverse
osmosis membranes which allow the pass of the pure waters while rejecting
inorganic species, leading to supersaturation conditions nearby the membrane
surface or concentration polarization. This condition leads to inorganic scale
precipitation in the bulk solution which may accumulate on the membrane surface in
conjunction with microbial fouling leading to sludge like deposits. Fouling of
membranes causes serious problems such as minimizing in the flux, loss of

production and membrane degradation [15, 16].

1.3 Reduction of scale potential

Scale prevention is technically and economically more effective than scale removal.
In practice, an effective prediction of the scaling tendency by predicting the nature
and extent of scale formation using chemical models that rely on thermodynamic
principles is not enough and will not lead to accurate estimates of scaling rates.
Studying the kinetics of mineral scale formation by assessing the time required for
the crystallization to elapse and the rate at which it is taking place, such information
about the nucleation and the growth rates for precipitation and deposition can
provide a better characterization for the entire scaling process. Another important
kinetic consideration is the thermodynamic instability of some types of scales and
the transformation to a stable phase can also provide valuable information in
understanding the mechanism of scale formation and an effective way to enable the
development and selecting of the most efficient chemical inhibitors at different

conditions for both scale prevention and controlling.

Scale prevention or removal by adding certain types of chemicals which act through

retarding nucleation or crystal growth is the most applied method and preferable



because of its low cost, effectiveness and applicability for inaccessible locations
such as in down-hole completion equipment. Squeeze treatment is one of the most
used techniques to treat producing wells by squeezing a high concentration scale
inhibitor to ensure a maximum amount of the chemical is retained at the reservoir
rock surface. These chemicals are then slowly released with the produced fluid and
inhibit scale formation and hence ensure well productivity. Treatment of scale
formation in tubing surfaces is strongly affected by strength and texture of the
formed scales [17], where low porosity crystals for example may exhibit a small
surface area to large mass of deposit which will affect how well the chemicals gain
access to the scale.

To minimize scaling potential in heat transfer processes, water treatment is needed
to reduce the amount of scaling constituents that enter the heat transfer equipment
such as by evaporation of water which is then condensed and used as feed water
or by water softening techniques or chemical treatment through additives which is
the main method utilized to retard or control the formation of scale on process

equipment.

It can be concluded that mineral scale formation is a serious problem that imposes
massive costs each year in the oil and gas industry. An understanding of the
mechanisms of its formation and inhibition is required to eliminate its occurrences

and complications.

1.4 Objectives of the research

The kinetics of scale formation is extensively studied in the literature in a single
water phase. In reality, water and oil accompany each other during different stages
in the petroleum industry. Studying the kinetics of scale formation on the surface
and in the bulk of the fluid when the oil phase is present has not yet received much

attention and is considered as a gap in the literature.

Since calcium carbonate can form in three different polymorphs and the
transformation from the metastable to the stable polymorph is exhibited during the
crystallization process, the kinetics at which each polymorph is formed and the
mechanism of the transformation of phases has also not received much attention

and usually has been ignored in oil and gas industry.

This work is concerned with the formation of calcium carbonate in the presence of
oil-in-water emulsions. The impact of adding an oil phase to both surface deposition
and bulk precipitation is not clear and needs to be studied. In this case the surface

of oil droplets may act as a foreign surface at which nucleation may occur according



to heterogeneous type nucleation. The presence of oil may also affect the scaling
characteristics in the bulk solution which in-turn may affect the deposition process.
On the other hand, the oil phase could also impact the deposition process either by
retarding the diffusion of scaling species to the surface or by continuously wetting
the surface and in both cases a decrease in surface deposition is expected. A
schematic representation of the possible scenarios of the effect of the existence of
oil droplets in the bulk solution on scale deposition is presented in Figure 1-6.

Therefore, to what extent does the presence of oil enhance or alter surface
deposition? Does the presence of oil droplets enhance bulk precipitation? Does a
relationship between bulk precipitation and surface deposition exist under such

conditions?
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Figure 1-6 The hypothesis regarding the effect of oil-in-water emulsions on surface
deposition

It is the aim of this research to integrate a detailed description of the kinetics of
calcium carbonate scale formation on the surface and in the bulk solution when oil
and water is mixed together. The objectives of the study are summarized as the

following:

1- To develop a methodology for studying multiphase scale formation in oil-

water systems.

2- To identify the impact of oil-in-water emulsions on the crystallization

process.
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3- To understand the kinetics of calcium carbonate scale precipitation in the
bulk and scale deposition on a surface in oil /water systems under turbulent

conditions.

4- To quantify the kinetics of polymorphic formation and transformation and its
effect on the overall scale formation both in single and multiphase

conditions.

5- To detect the relationship between surface deposition and bulk precipitation

kinetics in single and multiphase conditions.
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2 Chapter Two Background on mineral scale formation,

theories and literature review:;

2.1 Introduction

Oilfield waters often contain high concentrations of alkaline earth metal cations such
as Ca?, Ba?", Mg?" and Sr?*. These inorganic ions can react under specific
conditions to form mineral scales. Scale formation in oil field reservoirs, producing
wells, pipelines and other topside facilities can lead to serious problems, reductions
and sometimes a complete shutdown in the production. In addition to flow problems
and damage to safety valves. These make mineral scale formation one of the major
flow assurance problems that require extensive study. In addition to the economic
consideration which arises from decreased or even complete shutdown of the

production, scale prevention and removal costs.

Calcium carbonate and barium sulphate are among the most common types of
scale encountered with oilfield brines [18, 19]. Calcium carbonate inverse solubility
property is responsible for its formation in heat transfer processes [20], while the
evolution of carbon dioxide gas due to pressure reduction is the main reason for
CaCOs formation in oil producing wells. Carbon dioxide reacts to form bicarbonate

ions which react with calcium ions according to the following reaction:
Ca** +2HCO3; — CaC03; 1 +CO, T+ H,0 2.1

Barium sulphate is formed when two incompatible waters are mixed such as
injection sea water which is rich with sulphate anions and formation water which
contains barium cations during oil recovery. Barium sulphate scale is formed

according to the following reaction:
BaCl, + Na,S0, - BaS0, 1 + 2NaCl 2.2

Many other types of mineral scale are found in association with water in various
industries such as in water desalination [21] and petroleum industry [22]; sulphate
based scales such as calcium sulphate (CaSQO.) and strontium sulphate (SrSQO.)
are mainly formed due to mixing of incompatible waters. Iron carbonate or siderite

(FeCOg) forms a layer on the surface and provides protection from corrosion.

2.2 Thermodynamics of crystallization

When a solute dissolves in a solvent, heat is usually absorbed from the surrounding
and the solution temperature will decrease. This is referred to as the heat of

solution. On the other hand, when a solute crystallizes out of the solution, heat is
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usually released and the solution temperature will increase. This heat is referred to
as the heat of crystallization. However, the reverse is true in some cases. The heat

of crystallization is defined as the following equation:

—AHcyyse = AHS} = AHgg) + AHg;) 2.3
where:

AH .y is the heat of crystallization (kJ/mol)

AHZ3] is the heat of solution for saturated solution (kJ/mol)

AHZ, is the heat of solution for infinite dilute solution (kJ/mol)

AHyg;; is the heat of dilution (kJ/mol)

The driving force for crystallization is the difference in chemical potential of the
crystallizing compounds in the saturated solution (M1) and in crystalline form ().

Ap=py =1y 2.4

According to classical Gibbs-thermodynamic theory a general solubility equation
can be obtained from the chemical potential of the i*" component in the mixture

according to the following:
Mi= M0 4+ RT % ln(ai) 2.5

where: p? is the standard chemical potential (for pure substances at the system T&

P), R is the gas constant and a; is the activity of it* component in the mixture.

In ideal solutions where the dissolved substances and the solute do not influence
each other a; is replaced by the concentration c;, or mole fraction x;. In non-ideal
solutions the activity coefficient gives a measure of the deviation from the ideality

and it is presented by:
ac =vC 2.6

For electrolyte solutions that are completely dissociated, mean ionic concentration

azc and mean ionic activity coefficient yz are used where:

ac = a¥¢ = (Cxys)¥ = (QCyy)’ 2.1
where:

v is the number of moles of ions in 1 mole of electrolyte, v=v, +v_

and

Q= (v, v ")
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The mean ionic activity coefficient can also be estimated by the Debye-Huckel
(1923) correlation for infinitely dilute electrolyte, where the effect that leads to this
deviation is that of interionic attraction which is between ionic charges of unlike

signs:

1
2

logys = —Al|z,z_| X1 2.8

where:
[ is the solution ionic strength (mole/l), 1= %Z Ciz;?

A is a constant which is a function of the temperature, the elementary charges and
the dielectric constant of the solvent.

C; is the ionic concentration (mol/l) of ‘" ionic species.
z, and z_ are the valences of the cations and anions, respectively.

The Debye-Huckel equation is modified by many other theoretical correlations for
ionic strengths ranged from 0 to 0.1 [23]. These correlations differ only in the ionic
valance or in the choice of common ion size parameters such as the Guntelberg

(1927) correlation for sparingly soluble electrolyte:

1
logys = —Alz,z_| [1—211] 2.9
1+12

or the Davis (1962) equation:

1
logys = —Alz,z_| [ 121] —0.31 2.10

1412

Therefore, substituting the activity for an electrolyte solution into equation 2.5,

results in the following equation:
=0 RT [In(QCy4)V] 2.11

According to equation 2.7:

wo + RT[In(a%)] = uleq — RT[In(a%q)] = 0 2.12
or —22=vxIn (afq) 2.13

The solubility product for an electrolyte solution is:
Ksp = ag—-;eq X a‘i,_eq = (QCyz,eq )Y 2.14

and the solubility is:
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1
C* = (—22 ), 2.15

U+V+‘U_”_

For a salt which produces two ions per molecule such as CaCOs, the solubility is:

1

* KSP L — =
Cc* = (H 1+1 = Kspz 2.16

2.21 CO,-H,0 phase equilibria

It is well known that saturation is the main cause of scale formation and the system
has to reach to some level of supersaturation to scale up. Other factors that are
crucial for alkaline scale formation are pH, temperature and pressure. Temperature
and pressure have a high influence on carbonate scale through affecting the
amount of CO, dissolved in the aqueous phase which has a direct effect on the
solution pH. According to CO»-temperature-pressure equilibrium diagram which is
shown in Figure 2-1, high pressures and temperatures keep CO: in the solution
allowing it to react with water and form carbonic acids according to the following

equation:
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Figure 2-1 CO2 temperature-pressure phase diagram [24]
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COx(aqg) + H20 © HyCO30a0) 2.17

In the presence of cations such as Ca?" ions in the formation waters, the
dissociation of carbonic acids and bicarbonate ions are associated with the reaction
to form CaCOs. In this case, lowering of pH occurs due to the release of H* ions

during the dissociation reaction to form CaCOs scale according to the following

reactions:
H2C03(aq) A d HC03_(liq) + H+(g) 218
—_ 2_
HCO; (aq)<—>C03 (aq)+H+(g) 2.19
2 2—
Ca’* (qq) + CO3 (ag) < €aC03 2.20

and the overall reaction is:
COy(qaq) + H20 + Ca*t & CaCO3 + 2H* 2.21

Since the formation of the carbonic acids is followed by hydrogen ion dissociation
where this will generally decrease the pH of the solution and increase calcium
carbonate solubility which in turn will decrease carbonate scale tendencies.
According to Hasson et al. [25] carbonate scale is formed in this case according to
acidic mechanism in which CO; is released out from the reaction and pH is
decreased and the overall reaction is:

Ca* (aq) + 2HCO3™ ) © CaC03 ) + CO4(g) + Hz0(aq) 2.22

The existence of equilibrium between dissolved CO; and bicarbonate ions is the
normal condition but in reservoir conditions different pressures and temperatures
can be encountered such as lowering pressure during production or during
enhanced oil recovery. In this case releasing or degassing of CO- from solution will
result in an increase in pH and a decrease in CaCO3; solubility and hence an
increase in supersaturation and scaling tendencies. CaCO;s solubility is also
decreased with temperature and because of this, high scale deposition on hot
surfaces such as on heat exchangers tubing can be found. The degassing of CO
from the solution occurs according to the following equation:

CO2(aq) © COa(gas) 2.23
Therefore, less carbonic acids and hydrogen ions are formed and the reaction to
form calcium carbonate occurs according to alkaline mechanism [25] where CO: is
consumed and pH is increased and the overall reaction is:

Ca** (q4q) + COy(aq) + 20H™ () © €CaCOs(5y + H;0(qaq) 2.24

The formation of calcium carbonate is controlled by the quantity of the overall

carbonate compounds formed in the solution. These quantities are a function of the
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solution pH as shown in Figure 2-2. Therefore, it is necessary to calculate the
concentration of chemical species in the solution as a function of pH to accurately

determine the supersaturation.

The equilibrium constants for the crystallization reactions in equations 2.17 to 2.19
and 2.23 are estimated by [26] and the ionization constant of water is estimated by

[27] and are defined as the following:

Ky = _Gut@HCO3 2.25

AC0y(aq)tH20

and,

21834.37 1684915
2.26

log K; = —356.3094 — 0.060919464T + +126.83391ogT — 2

K, = —H*%coi 2.27
2 AHCcoy '
and,
log K, = —107.8871 — 0.03252894T + == + 38.92561log T — *=_>° 2.28
= Lz 2.29
H fcoz(g) '
and,
logK; = —108.3865 + 0.01985076T — 2222 _ 40.45154 log T + 2225 2.30
T T2
— Aut%oH"
Kw = =amo 231
and,
4787.3
logK,, = 22.801 — 0.010365T — —7.1321 logT 2.32

where:
ag+ = 10~PH
Acoy» Acoz- are the activities of bicarbonate and carbonate ions in the solution,

respectively.
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Kuis the Henry’s law constant which is derived from the experimental measurement
of CO; gas solubility in water and is available tabulated in the literature for varied

temperatures and pressures.
Kwis the ionization constant of water.

aco, is the activity of COz in aqueous solution.
and fco, is the fugacity of CO- gas.

The activity coefficients for the individual ions can be calculated using Debye-
Huckel correlation or using its modified correlations as shown in equations 2.8 to
2.1.
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Figure 2-2 The distribution of carbonates, bicarbonates and carbonic acids in the bulk
solution according to solution pH

2.2.2 Solute solubility

It is well known that solubility is directly related to temperature where for normal
solute solubility, the solute is dissolved in its saturated solution with absorption of
heat and the decrease in the temperature will result in a decrease in the solubility.
In this case the precipitation will occur upon cooling; barium sulphate is known to
behave as a normal solubility substance. Some other solutes exhibit an inverted
solubility effect; this occurs when a solute is dissolved in its saturated solution with
evolution of heat and an increase in temperature will result in a decrease in the
solubility; calcium carbonate and calcium sulphate are known to exhibit a reverse
solubility [20, 28]. In this case the precipitation will take place upon heating or in the
warm regions of the solution or on hot surfaces such as in heat exchangers.

Solubility curves such as shown in Figure 2-3 show the relationship between solute
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concentration and temperature. Some curves show discontinuity which infer a
phase change such as in the case of some hydrous salts which have different
solubility behaviour from the anhydrous form of the same salt.
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Figure 2-3 Solubility curves for some salts; discontinuity of the lines indicate a phase
change [15]

Many correlations have been proposed for prediction of the solubility data. The
most commonly used expressions are the empirical equations which are based on
thermodynamic relationships relating to phase equilibria. For CaCO3; polymorphs
Plummer and Busenberg [26] developed equations for estimating the solubility
product of calcite, aragonite and vaterite. The correlations are based on

experimental data for CO,-H,O solution between 0 and 90° C and are expressed as
following:

log K¢ = —171.9065 — 0.077993T + =22 + 71.595 log T 2.33
log K, = —171.9773 — 0.077993T + 2222 4 71,595 log T 2.34
log Ky = —172.1295 — 0.077993T + 222 4 71.595 log T 2.35

Where: K., K, , K, are the solubility product of calcite, aragonite and vaterite in M?,
respectively. T is the temperature in K.

The solubility-temperature dependence curve can provide information about the
phase transformation as shown in Figure 2-4. A solution with composition X; at

temperature T, is supersaturated with respect to both the metastable and the stable
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phases, in this case the initial phase to form is the metastable phase and once it
precipitates, the solution composition would fall to the solubility of the metastable
phase X;. Since the system is also supersaturated with respect to the stable phase,
some of the stable phase crystals may also appear in this stage. When the system
is saturated with respect to the metastable phase, it starts to dissolve and this
causes a further reduction in the solubility. The crystallization of the stable phase
will take place until all the metastable phase has disappeared and the

transformation is complete.

Solubility
A

Metastable phase

Stable phase

P
L

T, Temperature

Figure 2-4 Solubility curves for two polymorphs
2.3 Crystallization process

The crystallization process generally takes place when solutions that contain
reacting species become supersaturated and are mixed. The solubility of the
precipitating compounds at specific temperatures and the concentrations of the
reactant ions must be known in order to predict the probability of scaling. These
guantities are usually presented by the activities of the reacting species and the
solubility product of the formed crystals. During the crystallization process, the
dissolution of an electrolyte into x of z* ions and y of z" ions in a solution occurs

according to:
MyN, & xM#* + yN#~ 2.36
The solubility product is:

A 7—
KSP - aM,ean,eq 2.37
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where: ay; and ay are the activities of M and N reacting ions. The saturation ratio is

the product of the activities of the reacting ions over the solubility product.

7+ _ Z—

SR =M 2N 2.38

Ksp

Supersaturation is achieved when SR> 1; a period of time is elapsed between the
moment of achievement of supersaturation and the appearance of nuclei of
detectable sizes. This period of time is called the induction time. In general
crystallization processes are encountered in three stages: (i) achievement of

supersaturation, (ii) appearance of nuclei and (iii) crystal growth.

For stationary systems; there may be regions of supersaturation and others of
under-saturation. If a region of supersaturation exists at a solution-surface interface,
deposition on the surface may occur. Otherwise, crystals may precipitate in the bulk
solution. The precipitate may then be swept from the bulk into regions of under-
saturation where it may either re-dissolve or accumulate at certain surfaces forming

loose agglomerates.

Supersaturation usually declines during the process of crystallization and this is
particularly the case for batch systems. If the system is running in such a way that
the rate at which supersaturation is produced is equal to the rate of crystallization
such as in continuous systems, supersaturation will be kept constant throughout the
process.

2.4 Nucleation

Nucleation denotes the process of nuclei formation in which molecules are
interacting to form short chains which continue to build into a crystal lattice by the
addition of individual molecules. If these nuclei are present at regions of high
saturation and have sizes greater than the critical size (the minimum size required
to stabilize) it will grow, if not, it may re-dissolve into solution [29]. Some studies
focused on detecting the size of which a nucleus must reach to grow into a crystal,
one suggested a critical size of 200um and another between 200-500 um [30].
However, according to the classic theory of nucleation [30, 31], nucleation is

classified into two mechanisms:

241 Primary nucleation

Primary nucleation can take place either homogeneously (without the presence of

any solids) or heterogeneously (induced by the presence of foreign solids).
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The critical radius for homogeneous nucleation is obtained by determining the

critical overall free energy change as represented by the following equation:

2
AGeriy =~ 2.39

where: r. is the critical size radius, y is interfacial tension between the developing

nuclei and the supersaturation solution.

Because of the energy distribution throughout the solution due to fluctuation in
supersaturation, there is no amount of energy change required to form stable nuclei

such as in the case of the critical sizes.

The overall critical free energy change can also be described in terms of solubility
based on Gibbs- Thomson equation for non-electrolyte as follows:

_16my3v?
AGerit = 3 xrmsy 2.40

Where: v is the molecular volume, K is Boltzmann constant; S is the saturation ratio

and y is the interfacial tension.

The rate of homogeneous nucleation can be expressed in the form of the Arrhenius

eqguation as the following:

. _AGy _ __16my3v?
J=AXexp(——) = AXexp(— 50 2.41

According to this equation, there are three main variables affecting nucleation rate;
temperature, interfacial tension and supersaturation. However, the main difficulty in
studying the kinetics of homogeneous nucleation is the preparation of impurity free

systems.

Heterogeneous nucleation is easier to occur and requires less free energy change
to nucleate. The overall critical free energy change for heterogeneous nucleation

AG{, is less than for homogeneous nucleation according to the following:
AG’crit = PAGrj 2.42
where: the factor ¢ is <1

As nucleation rate is a function of the interfacial tension and since heterogeneous
nucleation occurs in the presence of a solid as shown in Figure 2-5, the interfacial
tension between the crystalline solid, the foreign solid surface and the solution is

related by contact angle 6, and can be defined by Young's equation:
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Liquid

Foreign surface

Figure 2-5 Interfacial tensions between liquid, crystal and solid surface; the principle of
heterogeneous nucleation [32]

cos@ = Ysi=¥es 2.43
Ycl

Where: 6 is the angle of wetting for liquid and solid systems, y; is the interfacial
tension between a solid surface and a liquid phase, y.s is the interfacial tension
between a crystal and a solid surface and y; is the interfacial tension between a

crystal and a liquid phase.

The factor ¢ can be expressed by Volmer (1939) equation:

_ (2+c0s0)(1-cos0)?
4

2.44

For the case of non-affinity between a crystalline solid and a foreign surface,
6=180°, @=1 and AG/.i = AGcrit

If 0°<6<180° and @<1, the overall energy change is less for heterogeneous

nucleation.

For the case of a complete affinity between a crystalline solid and a foreign surface,

6=0°, =0, and AG,;; = 0, no heterogeneous nucleation will occur.

242 Secondary nucleation

Secondary nucleation is the nucleation in the presence of solute crystals in the
solution where it can occur in low supersaturation conditions. In the crystallization
industry, continuous nucleation is typically undesirable because it results in the
production of bad product size distribution which is difficult to control. In this case

seeding can help prevent spontaneous nucleation by reducing the supersaturation
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through inducing secondary nucleation where the operation is usually undertaken in
the metastable zone and thus avoids spontaneous nucleation. Secondary
nucleation is also used as a method for producing selective crystal polymorph; the
seeding operation provides a surface for the selective growth of the desired
polymorph and suppresses the nucleation of the undesired one [33]. Some of the
conditions that promote the occurrence of secondary nucleation are [30, 31]: (i)
hydrodynamic forces nearby stationary crystals which shear the loosely bonded
units from crystal-solution interface such as the dendritic needle shaped crystals.
These units reproduce sub-nuclei which develop into stable ones if settled at
regions of supersaturation. (ii) contact or collision between crystals such as in the
case of agitation. This may cause fragments to break off the crystals due to
fractures at the point of contact or at the crystal-agitator contact [34]. (iii) breakage
fragments may also be produced through growing of crystals containing defects
which strain and crack the crystals [35]. (iv) cracks and defects in the vessel
surface which could retain some fragments from previous batch. Secondary
nucleation was also found to have relation with solute solubility; sparingly soluble
substances promote secondary nucleation while intermediate and readily soluble
substances may not [31]. This is as a result from crystals size where small crystals
are less subject to the above conditions whereas aggregate of crystals in which
large particles are formed promote the onset of secondary nucleation by forming a
crystalline bridge between particles and form agglomerate. Some studies [36, 37]
indicate the similarity in supersaturation dependency between secondary nucleation
and crystal growth. Secondary nucleation rate can be expressed using a power law

empirical relation of the form [38]:
Bror = kyM&NPAc™ 2.45

where: ky is the nucleation constant. M, is the suspension density (g/l). N is the
mixing speed (rev/min). Ac is the concentration driving force (g/l). a, b and m are

constants.

2.5 Crystal growth

Once stable nuclei are found in a supersaturation solution, they will start to grow to
visible sizes. There are many proposed growth mechanisms in the literature, the
most acceptable two theories are [31]: (i) the diffusion process in which molecules
transport from solution to crystal surface by diffusion or convection or both. (ii)
surface reaction process in which species incorporate into the surface of the crystal

lattice, also called surface integration process.
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Growth rates were first proposed by Noyes and Whitney (1897) and then modified
by Berthoud (1912) and Valeton (1924) who suggested the previous two processes
for crystal growth and estimating the rate of growth for each process by the

equations [30]:

R; =ky(C—C)) (Diffusion process) 2.46
and,
Rg = kr(C; — Cog)" (Surface integration process) 2.47

where: R, is the growth rate, k; and k, are the mass transfer coefficient for
diffusion and surface integration, respectively, n is the order of the integration
process, C is solute bulk concentration, C; is solute concentration at the crystal-

solution interface and C,, is the equilibrium concentration.

The growth rate can also be expressed by relative supersaturation dependency
[39]:

G=ky,(S—1" 2.48
where: G is the overall linear growth rate, k,, is the precipitation rate constant, S is

the saturation ratio. n is the order of the reaction which can take a value of 1 for the
diffusion process and 2 for the surface integration process.
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Figure 2-6 Growing crystal-solution interface [40].

Each of these processes can be the rate determining step of the overall growth
process where linear growth rate in which the SR dependency is first order
indicates the diffusion growth control and parabolic growth rates where the SR

dependency is second order indicate surface reaction control.
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The trend of the crystal growth versus time then could be converted to a model
which describes the growth rate at certain conditions. Zhang et al. [39, 41] studied
the growth mechanism of seeded calcite and found that calcite growth rate can be
described according to Davies and Jones [42] with reaction order of 2 for solution

pH >7 as the following:
R =k, (5% —1)? 2.49
S = [Ca?*][Co27]/Ksp 2.50

where: R is the precipitation rate (mmol/m?.kg.hr), Kgp is the solubility product for
calcite (mmol?/kg?) , [Ca?*] and [Co3~] are the concentrations of calcium and
carbonate ions in the solution (mmol/kg), S is the saturation ratio and k,, is the
precipitation rate constant. The overall rate constant was estimated as a function of
temperature, ionic strength and over the range of Mg?*/Ca?* of 0.1 and 0.5. The
presence of Mg?* ions was found to cause an average reduction in crystal growth
rate by about 48% and to affect the morphology of the crystals. The calcite growth
constant was found to increase with temperature and ionic strength as shown in the

following equation:
Log (Kp) = 0.1257(IS)%5 — 2504 /(T) — 2.03 2.51
where: IS is the lonic strength, T is the temperature (° C)

The growth rate has also been found to be affected by solute solubility such that the
growth rate of a sparingly soluble solute is lower by an order of 2 than that of a
readily soluble solute [43]. However studies [25, 44] suggested if mass transfer to
the crystals has much higher rate than that of surface incorporation, then the growth
rate is controlled by the surface integration process. On the other hand, if surface
integration rate is much faster than the diffusional rate, the deposition is low and the
growth rate is controlled by the diffusion process. If the rate constants are nearly
equal for both processes then both are important in determining the rate of crystal
growth. Hasson et al. [25] suggested that pH has an important role on detecting the
dominant mechanism for the crystal growth of calcium carbonate, where the
hydration and dehydration of CO- in the solutions occur by the following parallel

reactions:

The acidic reaction mechanism:

CO, + Hy,0 < H,CO3 & H* + HCO7 & HY + C03~ 2.52
The alkaline reaction mechanism:

CO,+0H™ < HCO3; < HCO3 +0OH™ < H,0 + CO5~ 2.53
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The rate limiting step is the acidic reactions for pH range of 7 to 8, alkali reactions
for pH range of 9.2 to10 and both reactions are important and cannot be neglected
when pH is ranged between 8 and 9.2. The relative extent of the CO, reaction and
diffusion was evaluated by comparing the reaction time with the diffusion time
required by the CO; species and the dominant effect is the process which occurs
more rapidly. Diffusion and reaction controlled growth processes and their effect on
calcium carbonate polymorphs have been studied by [45]. The diffusion mechanism
was achieved using a special designed reactor comprising of three cells separated
by movable baffles and microspores sponge. The reactive species are placed in the
side cells and pure water is placed in the middle cell in which the precipitation will
take place. The diffusion of calcium and carbonate ions is well controlled in order to
obtain different compositions of different calcium carbonate polymorphs due to the
change in the crystal growth rates. A reaction-controlled growth process was
achieved by direct mixing of reactant in a glass vessel stirred at 300 rpm. The
precipitate from both experiments at 40° C shows different polymorphs; the
decrease in the diffusion of reactants during the diffusion-controlled process led to a
massive decline in supersaturation and the major polymorph formed was rhombic
calcite whereas spherical vaterite was the major phase in direct mixing

experiments.

2.6 Crystal polymorph

Polymorphism is usually encountered in crystalline matter and is caused by the
change in the molecular arrangement inside the crystal unit, or due to the change in
the spacing of the lattice points. Different polymorphs exhibit different physical
properties such as density, solubility, hardness, thermal and optical properties [30].
Different types of scale may exhibit different polymorphs; calcium sulphate for
example which is the most common type of scale among the non-alkaline scales
known to present in water desalination processes can be present in three
polymorphs [21]; calcium sulphate dihydrate CaSO4.H,O (gypsum), calcium
sulphate hemihydrates (a or p CaSO.. 1/2 H,O) and calcium sulphate anhydrate
CaSO0.. At ambient temperature gypsum is found to be the most common type and
can be present in two morphologies, needle like or plate like depending on
supersaturation. Needle-like crystals are found to form under low saturation ratio
while platelets are found under high saturation conditions. The morphology is found
also to depend on the substrate nature [46]. Unlike other types of mineral scale,
barium sulphate (barite) exhibits an orthorhombic structure which is the only form

that can be found.
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Calcium carbonate is known to exhibit six various forms. Three of which are
anhydrous and these are considered as the more stable phases (calcite, aragonite
and vaterite), and three hydrated forms which are less stable (amorphous calcium
carbonate (ACC), calcium carbonate monohydrate (CaCOs;. H.O) and calcium
carbonate hexa-hydrate (CaCO3.6H20)).

Amorphous calcium carbonate is described as a gelatin structure [47-49] which
consists of spherical particles with an average diameter of 600 nm [48]. ACC is also
described as a nano-sized spherical particles [50, 51]. Calcium carbonate
monohydrate are shown to have branch leaf-like structure [52]. Calcite crystals
have sharp edges which are rhombohedral in structure and usually appear as
individual crystals. Aragonite which has an orthorhombic structure usually appears
as agglomerate with outward oriented needles, emerging from a central point.
Vaterite is described as a polycrystalline sphere consisting of individual rounded
nano-sized particles clustered together with an overall diameter ranging from 0.5-5
pm [21]. Figure 2-7 and Table 2-1 show the difference in the shape and the

characteristics of the three CaCOs crystalline polymorphs.

Figure 2-7 Different polymorphs of CaCOs; (a) CaCOs monohydrate [52], (b) vaterite, (c)
aragonite, (d) calcite [53]
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Table 2-1 Physical and crystallographic properties of CaCOz polymorphs

properties Vaterite Aragonite Calcite
N Least stable More stable
Stability Most stable
Density (g/cm?) 2.66 2.83 2.711

Solubility at 25° C

1.107x10* 6.799x10° 5.761x10°
[26]
Refractive index 1.65 1.70 1.66
) Cubic-
Hexagonal Orthorhombic
Rhombohedral
Crystal structure
azxb+*c a==y # 90°

Among the three anhydrous forms, calcite is the most thermodynamically stable
phase and vaterite is the least stable one. Amorphous calcium carbonate is known
as a template for CaCOs crystalline phases [54]. ACC is transformed to vaterite and
calcite at low temperatures of 14 to 30° C and to aragonite and calcite at high
temperatures of 60 to 80° C [51]. All the three polymorphs are observed at
intermediate temperatures of 40 to 50° C [51]. However, certain conditions such as
temperature [51, 55] as shown in Figure 2-8, solution pH [56] as shown in Figure 2-
9, reactant concentration ratio [39, 52], mixing conditions [45, 47] and the presence
of certain additives such as cations, solvents and some chemical inhibitors are all

found to affect the abundance of crystal polymorphs [52, 57-62].
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Figure 2-8 Effect of temperature on the polymorphic percentage in the bulk solution as taken
from [51]
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Figure 2-9 Effect of pH on the polymorphic percentage in the bulk solution at T =24° C,
Ca?*/C0O3?% =1, (O) vaterite, (A) aragonite and ([7J) calcite; as taken from [43]
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The different factors that affect the formation of different polymorphs, solution pH,
temperature, concentration ratio of components, ionic strength, supersaturation and
different additives were studied by [56]. According to this study the influence of the
concentration ratio and supersaturation is less significant than pH and temperature
which are found as the most important factors. The effect of initial supersaturation
and solution pH on the polymorphic formation of CaCO3; was also studied by [63] for
equal concentrations of calcium chloride and sodium carbonate solution at 25° C
and for a range of pH between 8 and 11. It was shown that the transformation of
ACC is highly influenced by the initial SR and pH; for high initial SR and low
solution pH, high vaterite abundance is present initially followed by calcite
appearance due to aging whereas for low SR and high pH, calcite is observed from
early stages and during the whole experiment time. The importance of initial SR
and pH of the solution on the phase transformation of CaCO3; was also showed by
[48].

2.6.1 Polymorphic transformation

The crystallization process of CaCOs; starts from thermodynamically unstable
hydrated form to anhydrous polymorphic stable forms [54, 64]; the order of the
transformation is from the more hydrated ACC, to the less hydrated ACC, to
dehydrated ACC, then to the crystalline form which takes the order of vaterite,
aragonite then calcite. According to [64] the transformations involve a series of
ordering, dehydration, and crystallization processes, each lowers the enthalpy of
the system where the crystallization of the dehydrated amorphous material lowers
the enthalpy the most. The change in the solubility of different CaCOj; crystalline
phases with temperature which is calculated using Plummer and Busenberg [26]
equations 2.36 to 2.38 shows that the transformation takes place from the higher

solubility crystalline form to lower solubility one as shown in Figure 2-10.

There are two theories regarding the polymorphic transformation of a solid
structure. The first suggests the transformation occurs through a direct solid
transition in which the metastable phase exhibits a rearrangement of its molecules
or atoms to a more stable form [65]. The second is valid in the presence of a
solvent which allows the dissolution and the re-nucleation and grow of the stable
phase [66]. However, in the presence of water the second theory is applied and in
this case two kinetic processes are observed; (i) the dissolution of the metastable

phase (ii) the growth of the stable phase.
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Figure 2-10 The change in the solubility of the different polymorphic crystalline forms of
CaCOs with temperature

Figure 2-11 show some evidences of the transformation of vaterite to calcite.
Extensive studies have been reported in the literature investigating which of these
processes is controlling the transformation of CaCOs. The most accepted kinetic
mechanism suggested that the growth of calcite is the controlling mechanism of the
transition of vaterite to calcite [67-69]. Others such as [70, 71] suggested the
controlling of the vaterite dissolution process. Kralj et al. [68, 72, 73] studied the
rate of vaterite growth, vaterite dissolution and calcite growth each independently
by a series of unseeded and seeded experiments. Both vaterite and calcite growth
with respect to relative supersaturation of the solution were found to follow a
parabolic growth rate whereas the dissolution of vaterite was found to follow a linear
growth rate. The growth rate of calcite is found to be lower than vaterite growth rate

and is considered as the rate determining step.

Some others such as [74, 75] studied the kinetic of polymorphic transformation of
CaCOs based on solid state reaction kinetics. Different models have been proposed
based on mechanistic assumptions which are classified as nucleation models which
account for both nucleation and growth rates such as power law and Avarmi-

Erofeyev models, geometric contraction, diffusion and reaction-order models [76].
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Figure 2-11 The transformation of vaterite to calcite (a) CaCOs precipitated using fast mixing
Y- nozzle [77], (b) CaCOs precipitated by mixing Na2COs (1M) and CacCl. (1M) [69]

The degree of transformation at different time intervals and at different constant
temperatures are then fitted to the different models where the model which best fits
the data is selected and the rate constant and hence the activation energy and the
frequency factor can be d using the Arrhenius equation. The activation energy is
used as an indication of what mechanism controls the transformation process
where calcite growth is considered as a surface-controlled process and is
characterized by a relatively high activation energy >34 kJ/mol [41, 68, 69] whereas
vaterite dissolution is a diffusion-controlled process and is characterized by lower
activation energy [73]. In the presence of certain additives such as some chemical
inhibitors or solvents it is reported that these additives change the growth rate
mechanism and prolong the life of vaterite [60-62, 78].

2.7 Solid-state kinetics

Solid-state chemistry has gained much interest in pharmaceutical sciences as the
degradation of many drugs due to the de-solvation or polymorphic transformation
affects its solubility and performance. Therefore, the solid state stability of
polymorphic drugs and the kinetics of transformation are considered in the

development of such products.

Khawam and Flangan [76, 79] provided a comprehensive review on the solid-state
reaction kinetic concepts and the mathematical development of the different models
available in the literature. The basic mathematical principles of solid-state kinetics
arise from those of homogeneous reactions in solution or in gas such as in using
the Arrhenius equation. However, solid-state kinetic differs as it takes into account
particle size and geometric shape which are variables mainly addressed for
heterogeneous reactions. In addition the rate of a homogeneous reaction is usually
studied by following the decrease in the reactant concentration or the increase in
the product concentration. However, concentration has little meaning in solid-state
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kinetics due to the change in the reactivity distribution throughout the solid surface.
Defects at the crystal surface or crystal lattice such as in the case of dislocations in
the lattice structure during crystal growth or due to the presence of foreign atoms or
ions, in addition to the edges and corners are all energized sites in which the
activation energy is least and hence considered as a high reactive sites such as

shown in Figure 2-12.
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Figure 2-12 The distribution of energetic sites between (a) homogeneous system, (b)
heterogeneous system [79]

Solid-state kinetics can be studied with thermal analytical methods such as by
measuring the change in a sample specific properties as it is heated or held at
constant temperature such as by measuring the evolution or consumption of heat
using differential scanning calorimetry (DSC) or differential thermal analysis (DTA).
If the reaction involves weight loss, the weight loss can then be followed throughout
the reaction and the kinetics can be studied by thermo-gravimetry analysis (TGA).
Reaction kinetics in solid-state can also be studied using X-ray diffraction (XRD)

and nuclear magnetic resonance (NMR).

Weight loss or heat flow can be described as conversion fraction (a«) which is a
measure of the reaction progress. The conversion fraction for the case of weight

loss is calculated by the following equation:

my—m
a=—2—"L 2.54
Mo—Meo

where: m, is the initial sample weight, m; is the weight at time t, m,, is the final

sample weight.

The conversion factor is plotted against time for different solid-state models and is
classified based on the shape of the curves to; accelerator in which the reaction
rate increases with the reaction progress, decelerator in which it decreases with the
reaction progress, linear which shows a constant reaction rate or sigmoidal models

which show a bell-shaped reaction rate. The most appropriate models for a
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particular reaction can be visually determined from the shape of a-time plot. The

rate law for solid-state reaction can be expressed as the following:

d

= =kf(@ 2.55
22 = g(a) = kt 2.56
fa@ 9= '

where: f(a) is the differential reaction model, g, is the integral reaction model, k is
the rate constant which is expressed using the Arrhenius equation:

Eq

k = Ae” &T 2.57
where: A is the frequency factor, E, is the activation energy, R is the gas constant
which is equal to 8.314 j/mol. K and T is the temperature in K.

2.7.1 Models derivation

Different models have been proposed based on mechanistic assumptions which are
summarized in Table 2-2 and are classified as:

2.7.1.1 Nucleation and nuclei growth models

Nucleation is the process of formation of a new product at the reactive sites in the
lattice of the reactant. The nucleation rate is derived based on the assumption of
single-step nucleation or multistep nucleation; in single-step nucleation once the

nuclei N are formed, they grow and the nucleation rate can be described as the

following:
N = N,(1 — e knt) 2.58
N — kyN, e knt 2.59

dt

where: N is the number of growth nuclei at time t, N, is the initial nucleation sites,

ky is the nucleation rate constant.

In multistep nucleation, several steps are required to generate a growth nucleus,
where a molecule or a crystal is formed by a series of steps of addition of sub-
nuclei until a critical size is formed, the rate of nucleation follows a power law which

is defined as:

& = ppeF 2.60

where: 8 is the successive event to form a growth nucleus, D = N, (k;t)? /8.
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Growth of nuclei G(x) is a size dependence growth where small nuclei (sub-
microns) have low growth rate compared to large nuclei. The radius of a growth

nucleus at time t is:
rt,t)) = [L G(x)dx 2.61

where: t,is the formation time of a growth nucleus.

Nucleus shape factor ¢ and growth dimension A are also important in nuclei growth
process, where the nuclei growth rate can be expressed by the volume occupied by
individual nucleus v(t). Therefore, a stable nucleus formed at time t, and occupies

a volume v(t) is described according to:
v(t) = a[r(t, t,)]* 2.62

The volume occupied by all nuclei V(t) can be estimated by combining nucleation

rate Z—IZ and the growth rate of a nucleus and is expressed as:
t dN
V(t) = fo V() (e=t, dto 2.63

This equation can be integrated for any combination of nucleation or growth rate to
give a rate expression of the form g(a) = kt as listed in Table 2-2. However, the
nucleation and growth nuclei models are based on assumptions and are

summarized as the following:

2.7.1.1.1 Power law (P) models

In this model the nucleation rate is assumed to follow the power law equation 2.60
and nuclei growth is assumed constant G(x) = kg, therefore equation 2.63 is

represented as:

V(t) = fy olks (t — to ) (DBS Hdt, 2.64
By integration

V(t) = ok D't" 2.65
where D' is function of g and n = +1

Since V (t) is directly proportional to the reaction progress «, therefore:
a=CxV() = k)" 2.66
where: C is a constant which is equal to 1/V, and k = (ak(;}‘CD’)l/”

or the power law models are described as:

()V/" =kt 2.67
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Since power law models assume a constant nuclei growth, these models are

usually applied to the analysis of accelerator type of curves.

2.7.1.1.2 The Avarami-Erofeyev (A) models

Nuclei growth rates in this case take into account the growth restrictions such as
ingestion, which is the elimination of a potential nucleation site by the growth of an
existing nucleus, or coalescence, which is the loss of reactant/ product interface
when the reaction zone of two or more growing nuclei is merged. Growth

restrictions are illustrated in Figure 2-13:

. Ingestion .
ﬁ

Coalascence

Figure 2-13 Nuclei growth restrictions; black dots are nucleation sites, shaded areas are
growth regions [58 ]

The number of nuclei sites is described as:
N;(t) = N, — N(t) — N,(t) 2.68
where:

N, is the total number of possible nuclei-forming sites, N; (t) is the actual number of
nuclei at time t, N,(t) is the number of ingested nuclei and N(t) is the number of

activated nuclei into a growth nuclei.

In this case an extended conversion fraction «' is related to the actual conversion

fraction @ and is expressed as:

y _ da
da' = ) 2.69
where by integration:
a'=—In(1-a) 2.70

Substituting the value of a by a' from equation 2.66 gives the Avarmi-Erofeyev

model which is described as

(kt)" = —In(1 — a) 2.71
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or,

kt = [-In(1 — &)/7] 2.72

2.7.1.2 Geometrical contraction (R) models

These models assume that the nucleation occurs rapidly on the surface of the a
crystal. The reaction progresses towards the centre of the crystal and depends on
the crystal shape. Different mathematical models have been derived based on the

following equation:
r=r1,—kt 2.73
where: r is the radius at time t, rois the radius at time t,and Kk is the rate constant.

According to this equation, the mathematical models are classified as:

2.7.1.2.1 Contracting area (R2) model

For cylindrical solid particles in which the weight of n cylindrical particles is:

m = nphmnr? 2.74
where:

n is the number of particles, p is the density, h is the cylinder height and r is the

cylinder radius.

By substituting the weight of particles into equation 2.54

nphnrg -nphnr?
q = 2PN TPATT 275

nphnr?
By substituting the value of r from equation 2.73

a=1-— (k)2 2.76

To

By rearranging equation 2.76 and by setting k, = k/r,, the contracting cylinder R2

model will be simplified as the following:

1-(1—a)? =kt 2.77

2.7.1.2.2 Contracting volume (R3) model

If the solid particles have spherical or cubic shape, the general formula for the
model is derived in a similar approach to the cylindrical model and the contracting

volume model is described as:

1-(1—-a)? =kt 2.78
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2.7.1.3 Diffusion (D) models

In solid-state kinetics, the diffusion of reactants into the reaction sites or the
products away from the reaction sites depends on the motion of the molecules into
or out of the crystal lattice. This may be restricted by the presence of lattice defects.
In diffusion-controlled reactions, the rate of product formation is proportion to the

thickness of the product layer.

Considering for an infinite flat plane that does not have a shape factor (one-
dimensional), [ is the product layer thickness, A and B are the reactants and AB is

the product. The mass of B moving to form AB is:

dl _ DMypdcC

@ Mg 2.79

where: Mz and M, are the molecular weight of the reactant B and the product AB,
respectively. D is the diffusion coefficient, p is the product density, C is the

concentration of B in AB and x is the distance from interface to AB.

Assuming a linear concentration gradient of B in AB product layer, % =
xX=

—@ and by integrating equation 2.79:

12 =kt 2.80

k — 2D MAB(CZ_Cl)
Mpp

where

2.7.1.3.1 One-dimensional diffusion-controlled model D1

Since «a is directly proportional to the product layer thickness [ thus from equation
2.80:

a’?=k't 2.81

where k' is a constant

2.7.1.3.2 Three-dimensional diffusional (D3) model

Applying equation 2.54 for n spherical particles where the diffusion occurs radially,

the conversion fraction is:

2.82

gn,orrR3 —gnprr(R -x)3 (R —x) 3
%npn'R3 B R

where: x is the thickness of the reaction zone

By rearranging equation 2.82 and assuming x2 =1? = kt, the D3 model is

described as:
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[1-(1-a)3 = k't 2.83

where: k' = k/R?

2.7.1.3.3 Two-dimensional diffusional (D2) model

Similarly, the conversion factor for n cylindrical particles is:

nphnR?-nphmn(R—x)? R-x\2
a="2 P = 1-(29) 2.84
nphmR? R

and the D2 model is:
[1-1-ovY2) =K't 2.85

where: k' = k/R?

2.7.1.4 Reaction order (F) models

These models are similar to homogeneous kinetic rate expressions where the
reaction rate is proportional to the fraction of remaining reactants raised to a power
which is the reaction order. These models are in general derived from the following

equation:
2% — k(1 - )" 2.86
dt )

where

da

o is the rate of the reaction, k is the rate constant and n is the reaction order.

According to this equation, the mathematical models are classified as:

2.7.1.4.1 Zero-order (FO) reaction model

da
o=k 2.87
and by integration:

a =kt 2.88

2.7.1.4.2 First-order (F1) reaction model

da _ A1
ol k(1-a) 2.89

and by integration:

—In(1—a) =kt 2.90

2.7.1.4.3 Second-order (F2) reaction model

(1-—a)l—1=kt 2.91
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2.7.1.4.4 Third-order (F3) reaction model

05((1—a)2—1) =kt

2.92

Table 2-2 Different solid-state reaction models [58]

Model

Integral Form g () = kt

Nucleation models

1/2

Power law (P2) a
Power law (P3) all?
Power law (P4) all/t

Avarami- Erofeyev (A2)

[-In(1 — a)'/?]

Avarami- Erofeyev (A3)

[-In(1 — a)'/3]

Avarami- Erofeyev (A4)

[-In(1 — a)'/*]

Geometrical Contraction models

Contracting area (R2)

[1-(1 — )*/?]

Contracting volume (R3)

[1-(1 — )*/3]

Diffusion models

2

1-D Diffusion a
2-D Diffusion [(I-a)in(1-a)]+a
3-D Diffusion

[1-(1-a)]

Ginstling- Brounshtein (D4)

Reaction-order models

Zero-order (FO/R) a
First-order (F1) —In(1 — @)
Second-order (F2) 1-a)t-1

Third-order (F3)

05((1—a)2-1)

2.7.2 Methods for studying solid-state kinetics for isothermal systems

Solid state kinetics are studied for isothermal and non-isothermal systems by both

experimental and computational methods; in isothermal methods, the system is

studied at several constant temperatures and a set of a-time curves is plotted at
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each temperature as shown in Figure 2-14. The data is then analysed using model-

fitting or model-free methods.
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Figure 2-14 The isothermal method for evaluating solid state kinetics, a- time curves [60]
2.7.2.1 Model-fitting methods

In this method, the data is fitted into different models according to equation 2.56
where the model that gives the best fit to the data is chosen and the rate constant is
calculated. The activation energy and frequency factor is then calculated from the
rate constants at different temperatures using the Arrhenius equation 2.57

2.7.2.2 Model-free methods

In this method, the activation energy is the only kinetic parameter that is calculated
without the need for the mechanistic assumptions of different models. This method
requires several kinetic a — time curves to perform the analysis as shown in Figure
2-14.

The calculations are made from several curves at the same conversion fraction, the
activation energy for each conversion point is calculated by taking the logarithm of

the isothermal rate law equation 2.56 to give:
Ing(a) =InA——%+Int 2.93
and this can be rearranged to:

—Int=1In (ﬁ) — L 2.94
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Then a plot of —Int versus % for each a results in activation energy E, for a specific

a regardless of the model as shown in Figure 2-15(a). A plot of a versus the

activation energy is generated as shown in Figure 2-15(b)
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Figure 2-15 Model-free method for evaluating solid-state kinetics; (a) activation energy E,,
for a specific conversion fraction, the data here plotted for a =0.8, (b) Activation energies at
different conversion fractions a [79]

However, Figure 2-15(b) shows a slight variation in the activation energy as the
reaction progresses. This variation appears to be in conflict with chemical kinetic
principles. Khawam and Flanagan [80] have shown that the variation in the
activation energy is for two reasons: true variations and artificial variations. True
variations of the activation energy are due to the complex nature and the different
reaction mechanisms of a solid sample. The reactivity in solid-state may change
due to the existence of crystal defects. The reactivity could also be affected by the
variation of the experiment conditions such as temperature which could affect the
kinetics not only through the reaction constant but also through the mechanistic
changes in the elementary reaction kinetics. For instance, for complex reactions
where two or more elementary steps are taking place at the same time, they have
their own activation energy which may affect the rate of product formation.

The artificial variations of the activation energy result from errors in calculating the
kinetic parameters such as when performing isothermal experiments, care should
be taken to run them under the same experimental conditions for sample weight,
sample size distribution and particles morphology. This means the temperature is

the only variable for each run.

There are many kinetic models for solid-state in the literature and this is due to the

non-isotropic nature of the solid-state which is affected by many factors such as
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particle size, crystal defects, crystal strain, and other solid properties not relevant to

liquid or gas phase processes.

For the processes of nucleation, crystal growth and transformation, they may take
place either in the bulk solution where it is called scale precipitation or on a surface

where it is called surface deposition.

2.8 Bulk precipitation and surface deposition literature review

Nucleation and crystal growth mechanisms in the bulk solution and on surfaces can
be studied by various methods. Precipitation is usually studied by either
microscopic observations where crystal size increase is measured directly, or by
indirect measurement of the particle size distribution by different light scattering
techniques. The assessment of scale precipitation and the estimation of the
induction time could also be done by measurement of the change in the solution
properties upon crystallization such as turbidity, pH and conductivity. Determining
the amount of scale precipitated through tracking the amount of reactant ions in the
solution with time using analytical techniques such as inductively coupled plasma-
optic emission spectroscopy, or through monitoring the change in the solution pH
with the estimation of different equilibrium constants and the activity coefficients for

the reactions that are taking place within the crystallization process.

Surface deposition can be studied using an electrochemical technique in which the
change in the rate of oxygen reduction due to crystallization at a metallic surface
which is catholically polarized is used to quantify surface deposition. Or by non-
electrochemical techniques such as dynamic tube blocking tests in which scale is
built up on the surface of a thin tube while flowing through it. The differential
pressure between the inlet and the outlet of the tube as function of time is
measured and translated to scale thickness. Rotating cylinder electrode, this
technique could be operated either by electrochemical or non-electrochemical
approach and is widely used in corrosion and scaling studies. In this technique
scale is accelerated due to the high turbulence condition which is generated by
moving the sample instead of the fluid. The mass gain due to deposition of the

scale on the surface is then measured during different time intervals.

In the past, there was a belief that precipitation is a preliminary process that leads
to deposition by secondary nucleation but recently it was found that deposits
formed on a metal surface and precipitates formed in the bulk solution are due to
two different processes, each has its own mechanism and kinetics regarding the

induction time, nucleation, growth rates and crystal morphology [57]. The surface
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may encounter CaCOs; deposition without the solution being precipitated, this
particularly occurs at low saturation ratios where the conditions are below the level
at which homogeneous nucleation occurs [81]. The effect of bulk precipitation on
scale deposition is examined for both CaSO. and CaCOs3 by [78]. It was found that
bulk precipitation had a considerable effect on CaSO4 enhanced deposition but not

significantly affecting the deposition of CaCO:s.

Studying the surface deposition process combined with bulk precipitation recently
has been the focus of many researchers who conducted both the crystallization
processes together in-situ and in-real time. In such studies bulk precipitation was
assessed using turbidity measurement while surface deposition was assessed by
image recording of the surface scaling at different times or by electrochemical
analysis of the oxygen reduction reaction at a rotating disc electrode which is then
translated to surface coverage percentage, nucleation and growth rates using
image analysis. Different brine saturations at different temperatures are usually
used and the initial rate for each process assessed by estimating the rate constants
for bulk precipitation and surface deposition. An agreement between the various
studies suggested the existence of different mechanisms due to the differences in
the rate constants detected for bulk precipitation to that for surface deposition [82]

or due to the differences in the induction times [57].

As mentioned previously, the process crystal growth involve two steps; diffusion
followed by surface incorporation of reactant species where the dominant effect is
the slower process. Studies show that the effect of solution pH is of great
importance on the crystallization process; Andritsos [44] investigated the deposition
rate in a flow loop using a stainless steel substrate. A continuous injection of
sodium hydroxide solution was applied to create different pH conditions in the range
between 8 and 13 and hence different supersaturation with respect to CaCOs is
achieved. The deposition was varied between high pH solutions of greater than 9.5
to those with pH of less than 9. High pH solutions exhibited an immediate
deposition (low induction time) and a high deposition amount which was nearly
constant. Low pH solutions exhibited low deposition and high induction times and
the deposition is increased with pH. These results suggested the existence of a
critical supersaturation at which the deposition increases sharply between low and
high pH solutions as shown in Figure 2-16. The scaling process was found to be
surface-controlled for low pH solutions and diffusion-controlled for high pH

solutions.
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Figure 2-16 The change in the deposition rate with (a) pH at different temperatures, (b) SR
at temperature of 23° C

This is in agreement with [53] in which the effect of changing the water chemistry
(pH and supersaturation) on the scaling deposition of CaCO3; was investigated; the
brine supersaturation was varied by controlling the pH through continuous inline
injection using different amount of KOH solution at 40°C. It was found that low
supersaturation solutions of 5 and pH of 8 exhibited less deposition and a higher
induction time than a reference solution of supersaturation of 9 and pH 9. A
supersaturation solution of 10 and pH of 11 exhibited a similar order of deposition
as the pH 9 reference solution of relatively similar supersaturation but lower pH.
Calcite growth rate was studied by [39] using a pH-free-drift method in a closed
system. It was found that calcite growth constant was not affected by an initial
solution pH of greater than 7 but it was affected by an initial solution pH of less than
7, where the growth rate constant increased with the decreasing of the initial pH
value and this became more significant when the solution supersaturation was
lowered. The increase of the growth rates in low pH solutions and very low
saturation (S=1.5-2.5) is also observed by [83] who claimed that, surface nucleation
of calcite under such conditions resulted in high rate constants and low reaction

orders which yield to high precipitation.

Supersaturation ratio is also found to have an important impact on both nucleation
and growth processes. Although supersaturation is directly affected by the change
in the solution pH and the temperature, it can also be affected by varying the initial
concentrations of calcium and carbonate ions. The effect of supersaturation ratio on
CaCOs; scale precipitation and deposition show that brines of low supersaturation

ratio exhibit short induction and rapid growth rate for surface deposition while bulk
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precipitation may exhibit long or short induction and growth [57]. Another study
suggests that the scale process is surface control under low supersaturation
conditions while it is diffusion control under high supersaturation [44]. However, SR
alone does not permit to predict the induction time and the kinetics of bulk and
surface scale processes [82]. The role of fluid dynamics and mixing in addition to
high supersaturation ratio may have a direct effect on crystal structure, according to
[84] high SR induce rapid growth which may result in a change in the crystal habit.
It was also suggested that the change in crystal structure may also be due to the
presence of impurities or due to the diffusion field limitations especially at high
growth rates.

Temperature has been reported to have a significant impact on the formed
crystal polymorph through affecting the solubility [51, 55]. Temperature has also
been reported to have a direct effect on the induction time, kinetics of the
crystallization and nucleation mechanism. The induction time is decreased, the
kinetics is faster and the amount of precipitation is high when the temperature is
increased [85]. Temperature has also influenced the kinetics of crystallization
and increased the homogeneous precipitation whereas heterogeneous

deposition was increased at low temperatures [85, 86].

Hydrodynamics have been proved to have a direct effect on mineral scale
formation. Studies have shown that calcium carbonate is surface-controlled at low
Reynolds number while transport-controlled at high turbulent conditions [25]. Abdul
Qudus et al. [46, 87-92] used a rotating cylinder electrode RCE to study the role of
hydrodynamic conditions on scale deposition of different mineral scales in a once
through continuous flow system at 60°C, for the deposition of BaSO4, CaSO. and
CaCOs on Stainless steel 316 [87-89] and the deposition of CaSO4 (gypsum) on
different substrates; Aluminium [90], brass [92], copper [91], polymer coated carbon
steel and titanium [46]. It was claimed that the deposition rate increased linearly
with the increase of the rotational speed. This result is in close agreement with
Levich theory [93] which suggested that mass transfer coefficient is proportional to
the square root of Reynolds number and the deposition at all specimen are
governed by diffusional process at high rotating speeds. However, no significant
effect of the rotation speed on the rate of deposition is observed when scale
inhibitors are present [78]. According to this study, the presence of inhibitors acts by
shift the growth mechanism from mass-control to surface-control so that retards the
rate of deposition and reduces the effect of hydrodynamics; the study examined the

effect of adding polycarboxylic acid, phosphonate and Inorganic polyphosphate
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based chemical inhibitors on the mechanism of surface deposition of two scaling
species CaSO,4 and Mg(OH)..

2.9 Mineral scale control strategies

The potential of scaling can be controlled according to different strategies and can
be classified into three categories [94]; those that affect the solubility, change the
operating conditions and the characteristics of a surface to foul and those which
alter the growth mechanisms.

1- Those which affect the water characteristics such as the solution solubility.
Solubility can be influenced by reducing supersaturation levels through eliminating
scale forming species and hence reducing the hardness ions such as Ca?,
Mg?*,Ba?*...etc. in the solution and replacing them by univalent ions such as Na*
and H*. This is called water softening. This technique is effective and can provide
100% scale control but it is less attractive due to its highly costs compared to other

techniques.

Acidification or pH control is a simple way to control scale formation by adding
acids and lowering pH and hence affecting alkaline scales by increasing their
solubility and reduce their supersaturation. Generally, sulphuric acid or hydrochloric
acid are used for pH adjustment. However, due to the tendency for sulphuric acid to
form sulphate scales, hydrochloric acid is preferred [21] although it is very

corrosive.

Other methods include the use of magnetic devices to treat water [95]. It was
claimed that the magnetic fields influence scaling kinetics by lowering the energy of
nuclei, modify the local ionic concentration and chemical equilibria. Although this
technique has been used widely as an environmentally sustainable method for
water treatment but lack of reproducibility and agreed identification by which
magnetic field influence scale inhibition have limited the credibility of the treatment.

2- Optimizing of the operating conditions and system design: such as operating a
reverse osmosis system at temperature and pressure below the saturation level of
calcium sulphate scale which is known for being the most frequent type of scale to
form at membrane surfaces in water desalination [21]. Material selection in which
the physical nature of the surface material at which deposition occurs is carefully
selected. For example CaSO. scale has greater affinity towards aluminum and
titanium substrates than stainless steel [46, 89]. Surface modification such as by
applying surface coatings or changing the physical/chemical nature of a surface is

also found to be effective. In general, parameters such as surface chemistry,



48

surface roughness, surface energy and surface hydrophobicity are all known to play
a major role in the scale formation process on a surface [96]. A surface with low

surface energy shows a significant reduction in scale formation [97].

3- Methods which act by delaying nucleation or retarding crystal growth through
adding different chemicals (scale inhibitors) at different dosage rates; the presence
of certain ions in solution may adsorb on the crystal growth sites and block the
energetic sites of surfaces such as in the presence of phosphates and
polyphosphates compounds. Some inhibitors such as carboxylic acids work by
weakening the crystal structure and some have a chelating effect such as EDTA
which bind up ions forming species in solution and reduce crystal growth. The
presence of metallic ions such as zinc, Iron, magnesium, copper and many other
also may have an inhibition effects but the mechanisms differ depends on how the
ion interacts with the inhibitor.

The optimal dosing of chemicals is generally conducted by laboratory tests prior to
full scale trials. The major concern associated with addition of chemical additives for
managing the scale formation is the environmental impact. Commercially available
chemical inhibitors can be classified into three major categories; phosphates,
phosphonates and polycarboxylates. These non-organic inhibitors are considered
aggressive to nature and alternative friendly inhibitors are important to find. These
friendly inhibitors act as a non-toxic, bio-accumulate and bio-degradable chemicals
[98].

Synthetic inhibitors derived from petrochemicals have been recently examined such
as Poly aspartic acid PASP. This is a green inhibitor that has a biodegradable
property and many studies [99, 100] has shown its effectiveness towards scale
formation by acting on the crystal growth sites and modifying the morphology of the
crystals formed. It was claimed by [100] that PASP based inhibitors are the most
promising green scale inhibitors. Polyepoxysuccinic acid PESA is a biodegradable
scale inhibitor in which 10 mg/l has an efficiency of 90% at varied water content
making it suitable and alternative to PASP in water treatment processes as the

latter is found to have less inhibition efficiency as temperature is increased.

CarboxyMethyl Inulin CMI is a biodegradable and non-toxic inhibitor which has
significant inhibition effects on CaCOs due to the presence of carboxylic groups in
its structure. Studies show that CMI is a good inhibitor for CaCOs3 over a wide range
of concentrations; for high concentrations of 10000 ppm, CMI has the scale
cleaning effect by dissolving CaCOs3 deposits [101]. A study showed that the higher

the number of carboxylic groups, the higher the efficiency of the inhibitor towards
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CaCOs precipitation [102]. Another study compared the efficiency of non-green
Phosphinopolycarboxylic acid PPCA, a conventional inhibitor widely used in
oilfields, with the green inhibitors PolyMaleic Acid PMA, PolyAspartate PA and CMI.
The results showed that surface deposition requires higher inhibitor concentration
than bulk precipitation and that the green scale inhibitors need to be presented at

higher concentrations to have the same effect as PPCA [103].



50

3 Chapter Three Background on multiphase flow and

oil/water emulsions;

3.1 Introduction

This chapter aims to define the system characteristics of the multiphase systems in
which oil and water are mixed together under turbulent conditions. A brief
description of petroleum fractions, followed by multiphase flow and different flow
patterns that are expected to exist when the phases are flowing in horizontal pipes,
in addition to particles based multiphase flow. As turbulent conditions will promote
mixing of phases, oil/water emulsions are expected to form, the different physical
characteristics of petroleum emulsions and the methods of emulsions stability and

instability are also illustrated in this chapter. The outline of this chapter is illustrated

' System characteristic \
|
[ I
' Petroleum fluids \ ' Murliphase flow ‘ Oil-water emulsions \

Type of Particles Emuisification Phys;ca-’ Emulsion Crystallization
flow based flow process roperiies stability in emuisions

Figure 3-1 Outline for the chapter content

in the following figure:

3.2 Petroleum fractions

Petroleum fluids are complex mixtures of hundreds of different hydrocarbon
compounds that can be present as gas (hatural gas), liquid (crude oil), semisolids
(bitumen) and solids (wax or asphaltene). The carbon numbers of these
components range from 1 for methane to as high as 50 for asphaltene. Generally
hydrocarbons are divided into four groups [104]:

- Paraffins or alkanes which are divided into two groups of paraffins (straight
chain) such as butane and iso-paraffins (branched-type) such as iso-butane.
Both paraffins and iso-paraffins are saturated hydrocarbons which have a
general formula of C,,Hypyz.

- Olefins are unsaturated and have at least one double bond between two

carbon atoms and in this case the compounds are called mono-olefins or
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alkenes such as ethene CH, = CH, which have a formula of C,H,,. The
olefins is called di-olefin when the compounds have two double bonds such
as butadiene CH, = CH = CH = CH,. These compounds are unsaturated
due to the presence of the double bonds and are more reactive than
saturated compounds. Because of the high reactivity of olefins with
hydrogen which converts them to saturated compounds, olefins are not
found in crude oils.

- Naphthenes or cycloalkanes are cyclic saturated hydrocarbons such as
cyclohexane C¢H,, and have a formula of C,H,,. Naphthenic compounds
are normally found in the crude oils.

- Aromatics are cyclic and have more than one double bond such as benzene
C¢Hs. These compounds can form derivatives with attached methyl, ethyl,
or higher alkyl group. Aromatics have a formula of C,H,,_¢ and are
considered saturated and unreactive due to the unique arrangement of the
electrons in its structure. The attachment of benzene rings and naphthenic
rings can form many combinations of compounds. These compounds are
found in almost all crude oils. Other compounds such as sulfur, oxygen and
nitrogen may also be found in high molecular weight aromatic compounds
usually in heavy crude oils.

Because of the wide range of compositions, crude oils can exhibit a wide range of
properties such as viscosities and densities. These properties are used to classify
crude oils as light, heavy, and bitumen. Crude oils could also be categorized
according to the gas-to-oil ratio (GOR) into black oil, volatile oil, gas condensate,
wet gas and dry gas. Or into many other classifications based on the composition of
the petroleum mixture that it contains such as: PONA classification which is
Parrafins, Olefins, Naphthenes and Aromatics or SARA classification which is

Saturates, Aromatics, Resins and Asphaltene.

A produced crude oil is transferred to a refinery after a series of treatment,
separation (water from oil) and processing where it is converted in refineries into

various useful products. In general petroleum products can be classified into [104]:

- Fuel products: such as liquid petroleum gas (LPG) which mainly contains
propane and butane and is used for heating and cooking. Gasoline which
contains hydrocarbons of C4 to C11 and is used as car fuel. Kerosene and jet
fuels which are used as a lighting source and for jet engines, respectively.

- Non-fuel products: solvents such as white spirit, benzene, toluene and

xylene which are used for glue and adhesive products or for petrochemical
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industry. Naphtha: this could also be categorized as solvents as it has
properties corresponds to white spirit and is used as a raw material for

petrochemicals. In addition to Lubricants, waxes and asphalt.

Petroleum iso-paraffinic hydrocarbon, naphtha solvent produced by treating a
petroleum fraction with hydrogen in the presence of a catalyst is used as model oll
in this study. The product consists of a mixture of aliphatic compounds and very low
aromatics content. The physical properties of this oil are presented in chapter 4.

3.3 Multiphase flow system

Oil and water are often produced and transported together and the water fraction
increases during the production life of a well. High fractions of water may be
present in upstream facilities causing scaling threats. Mixing of oil and water may
result in different flow behaviour due to the differences in the densities, viscosities
and volume fractions as well as flow conditions and pipeline configurations. Figure
3-2 illustrates some different flow patterns in horizontal pipes which are mainly
classified to:

Separated or stratified flow: In which phases flow in a semi-continuous mode with
interface between the different phases. The relative movement of phases results in

the development of turbulence at the interface and this tends to mix the phases.

Dispersed flow: in which one phase is totally dispersed into the other and results in
discontinuous phase flow. An emulsion is a stable dispersion which can form a
homogeneous mixture at sufficient high mixture velocity. An emulsion can be oil-in-
water emulsion for high water fractions or water-in-oil emulsion for low water
fractions. But this also depends on many other factors such as the type of the oll,

the presence of fine solids and the different chemical additives.

Flow pattern maps are initiated for different cases of pipe diameters and materials
and for different flowing fluids at different volume fractions and superficial velocities
or mixture velocities. Crude oils tend to form dispersions of one phase into another
which are found to exist over a wide region in the flow pattern maps. Generally, the
type of the flow regime depends mainly on the phase fraction and the superficial
velocities of water (vg,,) and oil (v,). Oil-in-water (O/W) emulsions are found when
conditions in the pipe are of high water cuts= (0.6-0.99) and high mixture velocities
or high superficial water velocities [105-107] as shown within the red circles in
Figures 3-3 and 3-4.
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Figure 3-2 QOil and water flow patterns in horizontal pipes [108]

Oil-in-water emulsions are considered homogeneous under high shear conditions;
these emulsions are unstable and separate immediately when lowering or stopping
the mechanical energy unless some chemical additives or solid particles are
presented and stabilize the emulsions. It was reported that mineral particles can
collect at water/oil interface and contribute to emulsions stability [109-111]. Oil
mineral aggregate (OMA) is a natural phenomenon that occurs when oil and
mineral particles are present together in high turbulence conditions such as during
oil production or after oil spills. Physical properties of mineral particles such as size,
density and concentration; oil properties such as viscosity, droplets size,
composition, density and concentration and other conditions such as temperature,
pH, salinity, and hydrodynamic conditions are all factors affecting OMA formation
[112, 113].

However, oil-in-water emulsion is the type of flow regime that this study is
concerned with. A background about emulsions will be presented in section 3.4 of
this chapter.
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Figure 3-4 Flow pattern map as detected by A. Mukhaimer et al. (2015) [107]
3.3.1 Characterization of multiphase flow with particles

In order to characterize multiphase flow and to determine appropriate numerical
method to solve for momentum, heat and mass transfer equations, coupling
between patrticles which are in this case oil droplets and the continuous liquid phase

must be defined. Generally multiphase flow can be considered as [114]:

Dilute flow when the effect of particle-fluid interactions dominates the overall

transport of particles. The relative velocity of particles is diminished due to the effect
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of drag forces which cause particles path tend towards the continuous fluid path. In
this case different coupling between the particles and the continuous phase may

take place as illustrated in Figure 3-5 and is defined as:

- One way coupling: dispersed phase is affected by continuous phase but not the

reverse.
- Two way coupling: dispersed phase may have an effect on the continuous phase.

- Three way coupling: particle wakes and other continuous phase disturbances
affect the motion of particles.

- Four way coupling: collision and other particle-particle interactions affect the
motion of particles but do not dominate the overall flow.

Four-way
coupling

+___

\
\

Two-way !
coupling ‘\

!
!

I Two-way
r*’ coupling

One-way
— coupling ™™

Fluid

Figure 3-5 Coupling between particles and the fluid [114]

Dense flow when the effect of particle-particle interactions dominates the flow. In
this case coupling between particles and the continuous phase is considered as

four way coupling and can occur due to two separate mechanisms:
1- Particle-particle collision dominates the flow such as in fluidized bed.
2- Contact dominates the flow such as in granular flow.

A qualitative estimate of the nature of flow can be made by comparing the ratio of

momentum response time t,, and time between collision z,., so that

If & < 1, dilute flow

Tc

> 1, dense flow

Tc
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The response time can be estimated using the following equation:

_ Padp? 31
Va8 '

where; p, is the density of dispersed phase, d,, is particle diameter and p, is the

continuous phase viscosity. The time between collisions t. can be estimated using

kinetic theory of gases.

The particle volume fractions can also provide a general indication for dilute or
dense flow as illustrated in Figure 3-6. For particle volume fractions of 0.001 or
smaller, the flow can be regarded as dilute flow. The dense flow is divided into
collision- dominated flow in which the particles collide and results in a change in its
trajectory. Contact- dominated flow in which the particles are in continuous contact

and the contact forces are responsible for the particles motion.

Dilute flow Dense flow
° o Collision- =i+ Contact-
dominated’s*- dominated
L oo. 0.0 ®
o o © o 00 o
° %¢%
° d 0 0° "
e 0°®
,<0.001 0.001<q,<0.1

Figure 3-6 Classification of flow relative to dispersed phase volume fraction [115]

However, the presence of droplets or particles may or may not affect the turbulence
of the carrier phase. For dilute system, particle motion has no effect and turbulence
can be represented by models for single phase flow and this is the case of one way
coupling. On the other hand in many disperse flow systems; the presence of
particles may affect turbulence properties such as Reynolds stresses and turbulent
kinetic energy. Most frequently the change occurs in turbulent kinetic energy by
either suppression or enhancement. This effect is called turbulence modulation.
Turbulence modulation can have a significant effect on rate of heat and mass
transfer and chemical reaction rate. In fact many factors are found to contribute to
turbulence modulation due to particles [116]; particles with low Reynolds number
tend to suppress the turbulence while those with high Reynolds number tend to
enhance it. Other factors include particle size where the particle wake plays an

increasing role with an increase of particle size and particle density where turbulent
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modulation is less observed when the density ratio between the particles and the
external carrier is low. In addition to particle response time (the time required to
change the flow velocity) or stoke number (the ratio between the characteristic time
of a particle to the characteristic time of the flow) and particle-particle/ particle-wall

interactions.

Defining the extent of coupling between the dispersed phase and the dispersion
media is important in selecting the appropriate model to solve for multiphase flow.
The extent of coupling can be analysed by comparing the length scale of motion to
the particle diameter or by comparing the distance between the particles and the
particle relaxation time. Many numerical models have been developed to solve wide
ranges of multiphase flows systems. The derivation of the equations to solve
Navier—Stokes equations for dispersed multiphase flow is far more complicated
than for single phase flow due to the presence of interfaces, discontinuity of fluid
properties across the interfaces and complicated flow characteristic.

3.4 Oil/Water emulsions

Emulsions are stable forms of dispersions (stability is a time dependent factor) that
are produced from mixing of two immiscible liquids in which one forms liquid
droplets called the dispersed phase or discontinuous or internal phase, which
disperse into another liquid called the dispersion medium or the continuous or
external phase [117]. Emulsions can be water-in-oil (W/O) or oil-in-water (O/W) and
sometimes multiple emulsion in which tiny droplets of the external phase are tripped
inside large droplets of the internal phase and both are suspended in the outer

external phase [118] as illustrated in Figure 3-7.

As a rule of thumb, the phase with higher volume fraction is considered as the
continuous phase but this is not always the case. Other factors that affect the type
of formed emulsions are the presence of fine divided solids [119], the type of
emulsifying or surface active agents if present and the type of oil (polar or non-
polar). Inversion of emulsions may also be encountered in some cases such as in
the presence of an electrolyte in which O/W emulsions are converted to W/O

emulsions [120].
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Figure 3-7 Types of oilfield emulsions [121].

In the petroleum industry emulsions may be considered desirable in some cases
such as in handling and transporting asphalt for roadway coating or transporting of
heavy crude oils and bitumen in long distance pipelines which is very difficult
especially in cold weather due to their high viscosities. Under these conditions, the
forming of oil-in-water emulsions was introduced as a method to reduce crude oil
viscosity due to the shear thinning property of emulsions and hence enable easier
transporting and saving of pumping power [122, 123]. Under most conditions,
emulsions are considered undesirable and should be broken to avoid many

processing problems and to improve oil quality.

3.41 Emulsification process

Emulsification or homogenization is the process of mixing two liquids together in
order to form an emulsion. When two immiscible liquids are brought into contact, a
layer between the two liquids will separate them according to their densities; the
interfacial tension between the two liquids prevents the interaction between their
molecules. Emulsions can occur naturally due to the presence of natural surfactant
such as asphaltene and resins in crude oils [124], or due to the presence of fine
solids [111, 125]. Emulsions can be also formed atrtificially by adding certain types
of chemicals called surfactant or surface active agents. Generally, when the system
is subject to hydrodynamic forces, the increased kinetic energy of individual
molecules will tend to overcome the net attractive forces between the molecules.
This results in disturbances in interfacial tension and break up of interface leading
to dispersion of phases [126]. The formed emulsified droplets will have large
interfacial area and low interfacial tension. Figure 3-8 illustrates the breakage

process for the formation of an emulsion under hydrodynamic conditions.
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In oil fields, transporting of crude oil in association with both water and gas from the
wellbore into the well head through choke valves and pumps will result in high
turbulence condition and will lead to fluid emulsification which further stabilise by
the presence of divided solids [125]. Emulsions may also be formed at earlier
stages in the reservoir either due to flow of oil and water in porous media [127] or
during oil recovery such as in Micellar-polymer flooding or Alkaline-surfactant-
polymer (ASP) oil recovery. These techniques are based on the injection of
surfactant into the reservoir to reduce the interfacial tension between oil and water
and hence reduce the capillary forces and recover the residual oil [128, 129]. ASP
oil recovery was found to enhance oil recovery by 15-20% but the produced fluid
contains a highly stabilised form of both O/W emulsion and W/O emulsion where
the separation of such emulsions is difficult. it was claimed that the presence of
alkaline components is responsible for this emulsion stability [129].

a) Low
turbulence

b) High
turbulence

Figure 3-8 Emulsions formation under shear forces [130]

3.4.2 Physical properties of Emulsions

3.4.2.1 Interfacial tension

When two liquids are brought into contact a boundary between the two phases
separating them according to their densities is formed and is called an interface.
The interactions between the molecules of the same phase at interface are less
than the interactions between the molecules of the same phase in the bulk solution.
Therefore molecules at interface have higher free energy than molecules in the bulk
solution. The work required to change the shape of a given interface or the work
required to generate a surface area of 1m? is called Interfacial tension and is

expressed as (N/m) or (J/m?). It is distinguishing between interfacial tension and
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surface tension, as the latter is formed between liquid and air interface. Table 3-1

shows examples of some surface and interfacial tensions of some liquids:

Table 3-1 Surface tensions of some materials and their interfacial tensions relative to water
at 20°C [117]

) Surface tension Interfacial tension Density
Material
(mN/m) (mN/m) (g/cm?)
Water 72.80 - 0.998
Paraffin oil 30.00 50.00 0.800
Benzene 28.86 35.00 0.877
Toluene 28.40 36.10 0.866
n. Hexane 18.43 51.10 0.661

Temperature can have a significant effect on interfacial tension through an increase
of the kinetic energy of individual molecules with a rise in temperature. This
intermolecular energy tends to overcome the net attractive forces between
molecules at interface and thus decrease the interfacial tension. Adding a small
amount of solute to solution may have a substantial effect on interfacial tension
either by lowering or increasing. Fatty acids and most soaps and detergent for
example have the effect of lowering surface tension and are called surface active
agents. On the other hand, compounds that contain large number of hydroxyl group

such as sugar may slightly increase surface tension [117].

3.4.2.2 Emulsion rheology

Emulsions can exhibit Newtonian behaviour for very dilute to moderate systems or
non-Newtonian for highly concentrated systems; a non-Newtonian behaviour may
be shear thinning or shear thickening. As the viscosity of the external phase may be
the essential factor of the final emulsion viscosity, other factors such as internal
phase viscosity, temperature, shear rate, internal phase volume fraction and
emulsifying agent may all have an important role towards the apparent viscosity of
an emulsion [131-133].

Emulsions behave Newtonian at low volume fractions of the internal phase and in
this case shear rate has no effect on emulsion viscosity. Non-Newtonian behaviour
appears at high ranges of volume fractions and in this case viscosity changes with
changing shearing rate. Temperature has a strong effect on emulsions viscosity
where the viscosity decreases upon increasing of temperature. Emulsifying agents

and its concentrations affect emulsions rheology by: (i) affecting the droplet size
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and size distribution where, the smaller the droplet radius and the more
homogeneous with respect to particle size, the more viscous is the emulsion. (ii) the
surfactant molecules may form an interfacial film around droplets, this film may
inhibit the internal circulation of the droplet and let it behave as a rigid solid which
increases the interfacial viscosity and hence increases the emulsion apparent
viscosity. Moreover, electrostatic effect by charging the droplets by an ionic surface
active agent which tend to enhance the viscosity by repulsive forces of a nearby
droplets. This is called electro-viscous effect in which the kinematic viscosity of the
fluid u can be expressed as a function of electric potential gradient E by an equation
of the form [134]:

1=, (1+fE?) 3.2

Where: y, is the bulk kinematic viscosity, E is the electric field charge (V?), f is the
visco-electric coefficient of the fluid (V~2m?). According to this equation, the effect

of charges will always be to increase the viscosity irrespective of the sign of the

charge.
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Figure 3-9 Shear stress,t, versus shear rate, y, for different volume fractions of water @ in
paraffin crude oil emulsion at 20° C [133]

Generally, viscosity measurement apparatus are based on measurement of shear
rate by increasing the shear stress in a given time interval such as shown in Figure
3-9; the measured shear stress and shear rate data can be used to construct
models. Many theoretical and empirical correlations are available in literature for

estimating emulsions viscosities. Some of these correlations are considered
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classical and based on the internal phase volume fraction as the control parameter

such as in Einstein model (1906):
u=pu,(1+2.50) applicable for 0.02<@ <0.1 3.3

where: u is the emulsion viscosity, u, is the external phase viscosity, and @ is the
internal phase volume fraction. In this equation the relative viscosity is found to
increase linearly with the dispersed phase concentration.

Many correlations have been proposed to enhance the volume fraction limitation of
Einstein model. The most widely used was Arrhenius correlation (1917):

Uy = exp(2.50) 3.4

This equation is found to be applicable to moderate internal phase concentrations
where the relative viscosity u, increases exponentially with the internal phase

concentration @ and the emulsions in this case remain Newtonian.

When the internal phase concentration increases, other factors need to be
considered such as droplet interaction forces, droplet internal circulation and droplet
size distribution. Models also considered that there is a limit for the internal phase
content at which the emulsion viscosity is at highest it can tolerate and phase
inversion will then occur upon a further increase in internal phase volume fraction.
An adjustable parameter describes the maximum internal phase content becomes
to appear in the empirical equation such as in the moony correlation (1951):

_ 2.50
where: u,. is relative viscosity which is the ratio of the emulsion viscosity to external
phase viscosity, @ is volume fraction of the dispersed phase. 9,, is the maximum

packing concentration.

Pal and Rhodes [135] used an empirical approach to correlate the viscosity data of

both Newtonian and non-Newtonian emulsion using an expression @, which is

=100

the dispersed phase concentration at which the relative viscosity is equal to 100.

2.5
0.84150 /0 ;1_
py = [1 f——— e @1001 3.6

1-0.8415
‘Dur:100

Both W/O and O/W emulsions for different oils with electro-viscous effect
(electrically charged droplets) and with a range of dispersed phase concentrations
of less than 74% are used to correlate this equation. The use of this empirical
equation can be in conjunction with experimental determinations of shear stress

versus shear rate curves at specific volume fractions of the dispersed phase 0.
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3.4.2.3 Conductivity

Because water has a high dielectric constant, emulsions in which water is the
continuous phase may be expected to show a high conductivity. On the other hand,
emulsions in which the oil phase is the continuous phase may be expected to show
a low conductivity. The electrical properties of the emulsions allow different types of
emulsions (O/W or W/O) to be studied using a high frequency impedance or
conductivity probes [105]. The conductivity can also be used as a method of
separation for water-in-oil emulsions through enhancement of flocculation and
coalescence of water droplets as a result of applying an electric field as shown in
Figure 3-10 or as a method of measuring the stability of a water in oil emulsion
[136]
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Figure 3-10 Emulsions behaviour under the influence of applying an electrical field [25]
3.4.2.4 Droplet size and size distribution

Qil field emulsions may have droplet diameters larger than 0.1 pum and may exceed
50 um [137]. The size of droplets and its distribution depends on many factors such
as hydrodynamics of flow, Interfacial tension between phases and also the type and
the concentration of emulsifiers which directly affect the interfacial tension. Other
factors such as the presence of solids and the bulk properties for both phases may
also have a direct effect. Generally, emulsions that containing small droplets are
more stable and more difficult to separate and greatly affect the size of the

separation equipment [137].



64

Most size measurement theory is based on particles not on droplets. However,
what applies to particles can be applied to droplets. A droplet usually has a
spherical shape and the term diameter represents the diameter of a sphere unless
there might be some degree of flocculation, which would give irregular shape and
different diameters. A particle may have an irregular shape and the term diameter
may be interpreted differently in this case. However, the shape of a droplet can be
described using an overall shape factor, SF [138] which is defined as

_ \Jroundness2+aspect?+radius ratio?

SF = 3.7
3

2
where: Roundness is 4% , P is the perimeter of a droplet and S is its surface area.

Aspect shape factor is the ratio between the major and minor axis of the ellipse and
the radius ratio is the ratio between the maximum and the minimum radius of each

shape. For a perfectly sphere shape, the overall shape factor is equal to one.

The droplet size and size distribution measurements can be classified into groups in
which a mean diameter represents the entire group. These groups can be related to
number, surface area or volume depending on the importance of the given property.

The mean diameter D is described as:

5 _ ZD[d@
D= a0 3.8

where @ is the given property, such as if number of particles or droplets is
important, then the number mean diameter and number distribution should be used

and d@ = dN and the mean diameter described as:

Y. D;dN

D(L0) = =15

3.9

If the surface area is important such as in measuring the amount of surfactants or
other additives or in the case of presence of solids at the droplet interface, then the
surface mean diameter (Sauter mean diameter) and surface distribution should be
used:

3
Y DZdN

D(3,2) = S DZan

3.10

where: d@ = dS = Dl-sz, S is the surface area.

Or if the amount of the dispersed phase is important such as in the oil industry
where the amount of oil-in-water should meet the regulations, then volume mean

diameter and volume distribution should be considered:
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Y. DfdN

3 Dan 3.11

D(4,3) =

Where d@ = dV = D3dN

Consideration must be taken when describing a system with the number of
particles distribution from that based on volume distribution as the latter will
increase this by a factor of 3 [139].

Particle size distribution functions are mathematical expressions used to
characterize particles without the need for detailed plotting of the experimental data.
These expressions also enable the extrapolation of information about particle size
outside the measured range of values [140]. Several types of particle distribution
can be determined depending on the nature of the system such as the normal

distribution function:

1 (d—p)?
f(d) = s=exp[~ 5] 3.12

202
or,
Log-normal distribution function:

1 Ind—Inu)?
exp[— ( D)
Ino\2m 2lng?

fld) =

] 3.13

where

u is the mean of the distribution described by:
p=3% 3.14
o is the standard deviation:

2 _ v di-w)?
o° =Y ~ 3.15
N is the number of samples and d is the particle diameter.

Measuring particle size is important for many industries such as in the
manufacturing of metallic powders, tribology, control of taste and texture of food,
spray characterizations, pharmaceutical manufacturing control and in controlling of
different nanomaterial properties such as chemical reactivity, diffusivity and
permeability [141, 142]. Many methods have been developed for measuring particle
size and size distribution, each method contains various techniques and each has
its advantage and limitation according to the system being studied; these methods

may be classified into the following [143]:
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3.4.2.4.1 Electrical properties based technique (Coulter counter)

The difference in the dielectric constants and hence the conductivity between the
two phases can be used to measure droplet size and size distribution through
measuring and analysing the electrical pulses which are converted into digital data
to produce information on droplet size distribution. Generally, this technique cannot
differentiate between a droplet and a solid, the signal is proportional to the total
solids and droplets content. This limits its applicability to systems with no or
negligible solid content.

3.4.2.4.2 Physical separation technique

Such as gravitational /centrifugal sedimentation which measures the particle size
according to its gravity force. As a particle settles due to gravitation or
centrifugation, the intensity of the light beam will be changed due to the change in
the concentration of the suspension. The rate at which droplets sediment may be
measured by analysing for the droplet velocity using Stokes’ equation for gravity
sedimentation or sedimentation coefficient for centrifugal sedimentation. The

droplet size distribution may then be determined.

3.4.2.4.3 Ultrasonic technique

Ultrasonic based or acoustic technique can provide reliable particle size for low
dispersed volume fractions (below 0.1%) or concentrated emulsion (above 40%)
without the need for system dilution [144]. Sound pulses are generated using an
ultrasound detector which passes through the sample and this causes the signals to
change in intensity. The sound speed and the energy attenuation of ultrasound are
measured and the signals are then converted into amplitude-time relation.
Converting the data into particle size distribution requires analysing and fitting the

experimental data to theoretical models.

3.4.2.4.4 Light scattering technique

Light Scattering is the most common commercial technique that is widely used in
detecting the sizes of various particles in suspensions. Generally when a beam of
light enters a dispersion media, some of light is absorbed, some is scattered
(reflected), and some is transmitted (refracted). This technique can be classified

based on the dimensionless size parameter o« which is defined as [145]:

_ mmdy
a=— 3.16
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where: d,, is the particle diameter, A is the wave length of the incident radiation and

m is the refractive index of the particles. Three domains may exist in this case:

a <<1; small particles compared to wavelength of incident light; there will be
scattered radiation due to diffraction (Rayleigh scattering method). This method can
provide a direct measurement of particle size and can be used in the measurement

of molecular mass of particles.

a =1, particles of about the same size to that of incident light wavelength; in this
case radiation is partly reflected and partly absorbed (Mie scattering method);

particle size and its distribution measurement are based on this method.

a >>1; large particles compared to wavelength of incident light (Geometric
scattering method). This technique is applicable for non-spherical geometries of

known shapes.

These methods characterize the interaction of light with particles and provide
physical basis and explanation for the operation of the various methods of particle-
size analysis [146].

A Laser beam is widely used as a source of light because it has useful properties
such as a monochromatic nature, coherence and spectral power which describes
the intensity per unit wave length of the laser, so that the range of wave length is
small and intense. This means that large amounts of power can be concentrated in
narrow wavelength bands [146]. Laser systems can further be classified into
different groups such as light backscattering which is based on Mie scattering
principles. This predicts the way that light passes through or is absorbed by
spherical particles. The Focused Beam Reflectance Measurement FBRM
instrument is based on this method. A further description of the methodology of the
FBRM technique will be illustrated in chapter four. Another laser system based
group is the Fraunhofer diffraction theory which is based on the measurement and
interpretation of an angular distribution of light diffracted by droplets. This predicts
the way that light is scattering when a particle is passed through a laser beam. In
fact a combination of Mie scattering and Fraunhofer diffraction techniques forms the
basis of every modern "laser diffraction” instrument that provides the optimal
method for analysing most samples over a wide range of sizes [147]. A Malvern

Mastersizer is an instrument that operates according to these two methods.

3.4.2.4.5 Optical and video microscopy

Optical microscopy is a popular technique but requires sample dilution so that only

a small part of the emulsion is analysed. Recently, there has been an increased
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tendency to use the video microscopy technique due to the development of image
analysis software which provides a wide range of analytical capabilities for
acquiring, enhancing and analysing images [138] as shown in Figure 3-11. Many
parameters can be determined for each droplet such as diameter, area, roundness,
aspect, and radius ratios, in addition to droplet size distribution. The limitation of this
technique is that the sample must be transparent and both phases must have
different refractive indices or different colours to make them distinguishable. In
addition to how concentrated the emulsion must be.
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Figure 3-11 Steps of image analysis [138]

Each of the previous techniques have different size regions which they can detect
[148]. However the suitability of each technique depends on the system to be
studied and its ability to provide sufficient representation of the system. Data
acquisition and processing are then required to reproduce the mean droplet
properties, their distribution and the standard deviation in a histogram or as a

distribution function if sufficient data are available [140].

3.5 Emulsions stability

Emulsions are dispersions of one liquid in another liquid in which the total interfacial
area between both liquids is large. This high interfacial area results in high free
energy and this makes the system thermodynamically unstable. A stable emulsion
is the one in which its droplets do not exhibit creaming or sedimentation which
naturally occurs from the density differences between the oil and water. To have an
emulsion that can persist for a long time then it is necessary to add a certain type of

modifier to reduce the interfacial tension between the phases and increase the
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activation energy to prevent instability. Emulsion stability is based on three methods
[117]:

3.5.1 Double-layer theory

Stabilization by this method occurs due the presence of charges (+ve, or -ve) at
the surface of the droplets. These charges bring as many of the opposite charges
around it, forming a double layer. If two particles surrounded by double layers
approach each other, the double layer will interact and lead to repulsion between
particles and hence add stability to the emulsions. Addition of an ionic surface
active agent generally stabilizes the emulsions according to this method. Usually
oil-in-water emulsions stabilise according to this method because the double layer

thickness is much greater in water than in oil due to its highly dielectric nature.
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Figure 3-12 Emulsions stabilized according to double layer theory
3.5.2 Steric stabilization

Stability exerts in this case due to the presence of an adsorbed layer, usually
polymeric in nature, at the oil-water interface. These compounds have a dual
solubility and called amphiphilic when the continuous phase is water and this
contains one part that has a strong affinity to water (hydrophilic) and another part
that has little or no affinity to water (hydrophobic). These units incorporate onto the
surface by some kind of chemical bonding. Usually water-in-oil emulsions stabilise
according to this method. The hydrophilic portion will dissolve in water while the
lyophobic portion will extend into the dispersion medium as a tail as shown in

Figure 3-13. There are two approaches for the repulsion process by this method:

1- Volume restriction effect: in which a second particle is excluded from the volume

occupied by the adsorbed layer.
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2- Osmatic pressure effect: when the adsorbed layer on two particles interact with
each other, the increased polymer segment concentration creates a local osmotic

pressure which acts as a repulsion force.

However, steric stabilisation is found to have an effect when small distances

between the droplets are existed as illustrated in Figure 3-13.
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Figure 3-13 Emulsions stabilized by a surfactant according to steric method

Surfactants or surface active agents are compounds that possess the ability to
adsorb onto the interface and reduce the interfacial tension. Both asphaltenes and
resins have hydrophobic and hydrophilic parts, which give them surfactant
character [149].

Emulsions are thermodynamically unstable structures but may exhibit kinetic
stability by the adsorbed material at the interface [150]. Adsorbed surfactants at
interface provides expanding surface force 1 which acts against the normal

interfacial tension and lowers the surface free energy according to the following:
y=y;,—m 3.17
Where: y; is the initial surface tension.

If T =y; alow value of y is reached and the emulsification can take place as a
consequence of a small increase in surface free energy. Surfactant adsorption is
thermodynamically described by Gibbs adsorption equation for dilute binary system

with monolayer adsorbed film:

[=-—Y 3.18

RTdIncg
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Where: T} is surface excess of surfactant (mole/cm?), Cs is the molar concentration
of surfactant which is replaced by surfactant activity for a concentrated solution and

y is surface or interface tension (mN/m).

A plot of y versus logc, gives a descending curve with a negative slope due to a
lowering in the surface tension upon increasing the surfactant concentration. This
slope enables the estimation of the surface excess of surfactant (I;) and hence the
area occupied per surfactant molecule(a):

1016

0= 3.19

" Nals

Where: Na is the Avogadro number, a is the area occupied per molecule of

surfactant (A?), 10 is a conversion from cm? to A2,

Increasing the concentration of surface active agent beyond that needed to form a
complete monolayer of adsorbent molecules which is termed Micelles, may yield
anomalies in some bulk properties of the solution such as surface tension, vapour

pressure, osmotic pressure and conductivity [117].

3.5.3 Stability due to the presence of solids (Pickering stability)

Crude oil emulsions are stabilised naturally due to the presence of asphaltene.
Asphaltene can be precipitated in light hydrocarbons such as alkanes when it
presents in high percentage or due to pressure reduction during production.
Asphaltene aggregates add stability to water-in-oil emulsions according to the
Pickering method [11]. Other solid particles such as wax, hydrates and inorganic
solids can also stabilize oilfield emulsions. The mechanism of stabilization in this
case depends on solid wet-ability by both phases. Particles that do not wet by both
phases cannot be considered as stabilisers. Solid particles may be wetted by one
phase more than the other and this can be used as an indication of the type of the
emulsion formed; for instance particles which are more wetted by water than oll
stabilise O/W emulsions, while particles which are more wetted by oil stabilise W/O

emulsions as shown in Figure 3-14.
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Figure 3-14 Pickering type stability; (Top) contact angle between the oil and water; (bottom)
different solid wet-ability by oil and water [14]

For emulsions, three interfaces can exist between the two immiscible phases and a
solid, where they all meet at a point, and a contact angle between the two liquids

can be estimated by:

cos@ = Yso-Yws 3.20

Ywo

If Y50 > Ysw » 8 < 90°, in this case the solid will be mainly in water.
If Y50 < Yew » 8 >90°, in this case the solid will be mainly in oil.

However, the factors that enhance emulsions stability can be summarized as the

following:

- Lowering of interfacial tension such as in the presence of acidic compounds
in crude oils especially asphaltic crude oils. These acids react with strong
alkali and form petroleum soaps which reduces interfacial tension between

the oil and water and has a large effect on emulsion stability[136, 151].

- Mechanically strong films around droplets surface may act as a barrier to
coalescence and this could be enhanced by adsorption of fine solids or

closed packed surfactant molecules.

- Small volume of dispersed internal phases or dilute systems which reduces

the frequency of collisions and aggregation.

- Small particle sizes can improve the stability such as microemulsions can be
considered thermodynamically stable. Phase inversion method in which
emulsions may be suddenly changed from O/W to W/O emulsions when
stabilised by certain types of surfactant. In this case an extremely small

droplets may be produced and add stability to emulsions [117].
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- Physical properties of the external phase such as increasing of pH [152] and
high viscosity medium are showed to affect emulsion stability and slow the

rate of creaming and coalescence.

3.6 Emulsions instability

Demulsification is the conversion process of an emulsion to the separate forms of
oil and water and therefore it is the reverse of emulsions stability. Generally, when
the mechanical agitation which is used for creating an emulsion from pure oil and
pure water (no chemical stabilizing agents) is removed or stopped, the two phases
tend to return to their normal thermodynamic stability state by reducing their contact
area. Since oil density is less than water density, a layer of oil is created on the top
of a layer of water. A more kinetically stabilized emulsion could be created by using
a sufficient amount of emulsifier during the emulsification process. The role of an
emulsifier is to prevent oil droplets merging together for a reasonable period of time.
Therefore, knowledge of the most efficient method for breaking the emulsion
requires knowledge about the physical nature of its stability and the type of the

stabilizer used. There are three methods of emulsion instability:

3.6.1 Creaming

In this type of emulsions instability, the oil droplets tend to move upwards and
collect at the top surface. This occurs due to the oil droplets having a lower density
than the dispersion media which is water in oil-in-water emulsions. If the density of
the dispersed phase is higher than that of its surroundings such as in water-in-ail
emulsions, the water droplets will tend to move downwards and collect at the
bottom of the vessel and this is called sedimentation. These phenomena occur
according to Stokes’ law in which a balance between the forces acting on a
spherical particle and the surrounding liquid may determine whether the particle will

cream up or sediment down and the rate at which these occur.

The two forces acting on a particle are the gravity force F;, which acts by pulling the
particle downward but when the density of the patrticle is less than the density of its
surroundings, this force acts by pushing the particle upward. The drag force or
frictional force F; which acts against the particles direction of travel is shown in

Figure 3-15. Stokes’ law is defined as:

2g7*(pp—py)
Ustokes = — 3.17

g
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Where: r is the radius of the particle (um), g is the gravity acceleration constant

(m/s?), pp and py is the density of the particle and the surrounding fluid in (kg/md),

respectively and 7y is the fluid shear viscosity in (mPa.s).

Gravity separation by Stokes’ law is known as one of the techniques used for
treating oil. According to Stokes’ law equation, the larger the particle size and the
higher the density difference between the phases, the faster the separation. Thus
the lighter the crude oil is, the easier it is to separate. In addition, the higher the

temperature, the lower the emulsion viscosity and hence the faster the separation.
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Figure 3-15 Emulsions instability due to creaming; the particles are separated according to
gravity effect [153]

3.6.2 Droplet flocculation

In which the droplets aggregate to form clusters of droplets without changing in their
integrity. Flocculation accelerates the rate of gravitational separation in dilute
emulsions due to the increase in the droplets size. Many mathematical models were
derived to account for droplet flocculation rate in dispersion systems [154]. These
models account for the collision frequency and the fraction of collisions that lead to
aggregation. Generally, oil-in-water emulsions which are stabilised with an ionic
type surfactant are stabilized against flocculation. The electrical charge on the
surface of the oil droplets in this case generates an electrostatic repulsion between
the droplets. Sterically stabilized emulsions are also stabilised against flocculation,
however there are some conditions such as increasing temperature which promote

flocculation [153].
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Figure 3-16 Emulsions instability due to Flocculation; The droplets aggregate and form a
network of connected particles [153]

3.6.3 Coalescence

In this type of emulsions instability, two or more droplets merge together forming a
single larger droplet. Coalescence causes the emulsion to cream or sediment much
faster due to the resulting larger droplets. This process occurs when the droplets
come in close contact and the thin film around the droplets rupture and the fluid
inside the droplets merge together. The time required for the droplets to come into
contact is a function of the mechanism of the droplets movement. When the
droplets come into a very close position, a relative thin film of the surrounding liquid
forms between the droplets and this film continues to thin to a certain point where
other factors such as hydrodynamic interaction forces and nature of the colloidal

system may lead to the droplet to move apart, or flocculate or coalesce.
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Figure 3-17 Droplet coalescence; the droplets increase in size upon coalescence and this
lead to a complete creaming with time [153]
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3.7 Crystallization in emulsions

Crystallization in emulsions has been widely studied in the food industry for dairy
products to ensure a favourable texture for ice creams and whipped toppings [155]
and in pharmaceutics for emulsions based delivery systems which are used for
encapsulating crystalline bioactive components for oral consumption [156]. The
feasibilities of this technique are the encapsulation, the protection and the
controlled-release of active ingredients. Encapsulation is also used in the food
industry for various vitamins, minerals and preservatives. Fat crystallization in
emulsions is found to take place upon cooling inside the droplets due to the
presence of fat or lipid in the dispersed phase which is oil. The nucleation in this
case may take place according to four mechanisms [157]:

() In the bulk of a droplet and it is called volume homogeneous nucleation; a high
degree of sub-cooling is required before the small solid phase can grow to macro-
size. (ii) In the bulk of the droplet due to the presence of some impurities which will
act as the starting point for nucleation and is called volume heterogeneous
nucleation; a lower degree of sub-cooling is required and nucleation in this case
occurs more rapidly. (iii) Surface heterogeneous nucleation, due to the presence of
adsorbed polymeric stabilizers, where the hydrophobic part may have the same
structure as oil and act as a heterogeneous surface [158] or (iv) due to the collision
of solid droplets (crystallized ones) with liquid droplets (non-crystallized ones) and
this may induce nucleation and this is called inter-droplet heterogeneous nucleation
[159].

Adding an organic phase to change the characteristic of inorganic materials has
attracted attention in various industries such as in paper and ceramic
manufacturing. Such studies were particularly directed into improving the
mechanical properties of CaCOs particles by changing the particles morphology.
The aragonite polymorph of calcium carbonate for example has received much
attention in the paper industry due to its ability to form thick and compact layers
more than calcite, making it preferable as a filler material. A study by [160]
investigated the important role of adding different organic additives onto the
morphology of CaCOs particles in the presence of surface active compounds to
ensure emulsification. Others such as [161, 162] studied the influence of different
surfactants on the polymorph and morphology of calcium carbonate in water-in-oil

emulsions.

In the petroleum industry, organic crystallization in the presence of emulsions has

been extensively studied such as asphaltene precipitation which enhances the
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stability of emulsions, wax precipitation and deposition which can lead to severe
problems in pipelines and processing equipment. Particle-stabilized emulsions were
given special attention in petroleum science. In fact there are several types of solid
particles that can be found to flow with crude oils such as silica, clays, waxes,

asphaltene, corrosion products and mineral scales.

CaCO:s scale has also been studied in the presence of the mono-ethylene glycol
(MEG) solvent which is usually injected to prevent hydrate formation during the
transportation of natural gas and condensate in long subsea pipelines. It was
suggested by [163] that the solubility of most of the salts were decreased with the
increasing MEG concentrations and the existence of alkaline conditions enhance
the precipitation of calcium carbonate. Another study [164] suggested the increase
in the induction time of CaCOs; precipitation with the increase in the MEG
concentration whereas [62] suggested that the presence of MEG inhibited calcite
crystal growth. Table 3-2 summarise some of the studies concerned with mineral

scale formation in the presence of an organic phase.

There is a lack of the understanding with respect to the mechanism by which
CaCOs scale precipitates and deposits in the presence of oil. The conditions in the
field allow both the oil and the water to mix during different stages of the production
and transportation. This results in emulsions formation combined with scale
formation. Calcium carbonate scale formation in oil-in-water emulsions is studied
here in order to develop a better understanding of the crystallisation mechanism in
such a system. The next chapter will discuss the various methodologies and

techniques which are used in this study.
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Table 3-2 Summary of some of scale formation studies in the presence of an organic phase.

First and last author’s

name (year)

Beck, R. and
Andreassen, J. P.
(2013) [62]

Non miscible phase

and concentration

mono-ethylene glycol
(MEG), 0 and 65wt%

Set-up, hydrodynamic, and

conditions

Seeded stirred batch experiments,
stirring speed of 500rpm, temperature
of 40 and 70° C

Results: main findings

The presence of MEG inhibits calcite crystal
growth by affecting the growth order from
two in pure water to one in the presence of

the solvent.

Bukuaghangin, O. and
Cherpentier, T. (2015)
[165]

Isoparaffinic oil
(Isopar M), 0, 5, 20,
50 % viv

Overhead dissolver stirrer rotated at
500 rpm to create the emulsion.

temperature of 80° C

The presence of various quantity of
BaSO4

deposition by about 45%.

paraffinic oil reduces surface
Hydrophobic
surfaces show an improved antifouling

performance in multiphase condition

Jaho, S. and
Paraskeva C. (2016)
[166]

n- dodecane

Flow through a narrow channel where
the displacement of the organic phase
by the supersaturated solution allows
the formation of oil drops within the
channel. Experiment temperature of
25°C

The precipitation of CaCOs in the presence
of n-dodecane results in shorter induction
The

nucleation of crystals at oil-water interface is

time and smaller crystals size.

also detected
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Natsi, P. and
Koutsoukos P. G.
(2016) [167]

mono-ethylene glycol
(MEG), 10-80% v/v

and n-dodecane

Bulk jar test at 25°C, two conditions of
stirring: slow rates in which interface

between the organic and

the aqueous phase is created and
rapid stirring in which an oil-in-water

emulsion is created

rate of
MEG

concentrations between 10-20% v/v, while

In the presence of MEG the
precipitation decreased for
for higher MEG concentrations between 30-
80% vlv,
suppressed. In the presence of n-dodecane;

precipitation was completely

the rate of CaCOs precipitation increased
with the increasing amounts of the organic
phase in the presence of water-oil interface;
The rate of precipitation were unaffected in

emulsions

Keogh, W. and
Cherpentier, T. (2017)
[168]

Light synthetic
distillate (C11-C16

iso-alkanes), 5% v/v

A bladed impeller rotated at 400 rpm
to emulsify the oil and water phases.
Cylindrical samples rotated at 400 rpm
to create turbulence at the surface
interface. The experiments were

conducted in sour conditions at 25° C

and BaSO4

increases for hydrophilic surfaces whereas

The deposition of CaCOs3

oil wetting of hydrophobic surfaces acted as

a barrier to deposition.
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4 Chapter Four Methodology, materials and procedures of
experiments;

4.1 Introduction

Studying the kinetics of scale formation on a surface and in the bulk solution under
multiphase conditions is necessary to establish a better understanding of the
scaling process under normal field conditions where water and oil exist together.
Several methodologies and techniques have been used to characterize the
crystallization process. These techniques are divided into two categories; surface
deposition and bulk precipitation as shown in Figures 4.1 and 4.2. In this chapter a
description of different methodologies, apparatus and materials which are used in
this study are presented. The details and the procedures for the experiments

conducted are also described in this chapter.

Surface deposition methods

Assessment of scale mechanism Characterization of scale formed

RCE SEM for surface

- B XRD for surface
i isual assessment of the
Mass gain formed crystals To quantify different polymorph

Figure 4-1 The techniques used for the assessment of surface deposition

l Bulk precipitation methods I

l Assessment of scale mechanism \ l Characterization of scale formed I

pH

FBRM SEM for
measurement

Follow precipitate

ICP

Track calcium
fons remain in
solution

XRD for
precipitate

To quantify different

Follow
reaction
equilibria

nucleation and Visual assessment
growth of the formed
processes crystals polymorph

Figure 4-2 The techniques used for the assessment of bulk precipitation
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4.2 Materials used

4.2.1 Brine composition

The brine is formed from two solutions prepared separately by dissolving the
required amount of salts into distilled water; solution A which contains calcium ions
in the form of calcium chloride dihydrate and solution B which contains bicarbonate
ions in the form of sodium bicarbonate. Stock solutions A and B were filtered for
any impurities prior to use. These solutions are mixed once starting the experiment
with a ratio of 1:1 to form the brine solution to be studied. Five brine solutions are
prepared with different concentrations to obtain different saturation brines as shown
in Tables 4-1 to 4-5. Supersaturation (SR) of the brines” were estimated based on a
single phase model using MultiScale™ software. This is a thermodynamic scale
prediction model based on Soave-Redlich-kwong (SRK) equation of state and PVT
models for water mixtures. The initial SR for the brines at different condition are

presented in Table 4-6.

Table 4-1 Brine 1 compounds and compositions

Solution A Solution B
Inorganic Salt
(9/l) (M) (a/) (M)
NacCl 17.12 0.29 17.12 0.29
CaCl2.2H20 14.70 0.1 - -
NaHCO:s - - 8.40 0.1

Table 4-2 Brine 2 compounds and compositions

Solution A Solution B
Inorganic Salt
(9/l) (M) (a/) (M)
NacCl 11.69 0.2 11.69 0.2
CaCl2.2H20 9.56 0.065 - -

NaHCOs3 - - 5.46 0.065
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Table 4-3 Brine 3 compounds and compositions

Solution A Solution B
Inorganic Salt
(g/) (M) CID] (M)
NaCl 17.12 0.29 17.12 0.29
CaCl2.2H20 6.62 0.045 - -
NaHCOs3 - - 3.78 0.045
Table 4-4 Brine 4 compounds and compositions
Solution A Solution B
Inorganic Salt
(g/l) (M) CID] (M)
NacCl 17.12 0.29 17.12 0.29
CaCl2.2H0 8.82 0.06 - -
NaHCO3 - - 5.04 0.06
Table 4-5 Brine 5 compounds and compositions
Solution A Solution B
Inorganic Salt (/) (M) ((e1D)] (M)
NaCl 17.12 0.29 17.12 0.29
CaCl2.2H20 7.35 0.05 - -
NaHCO3 - - 4.20 0.05
Table 4-6 Saturation ratios of the brines at different temperatures
Saturation ratio
30°C 400C 50°C 60°C
(SR)
Brine 1 211 - - -
Brine 2 115 - - 198
Brine 3 - - - 97
Brine 4 - 120 - -
Brine 5 - - 105 -
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4.2.2 Physical properties of the oil phase

The oil used is an iso-paraffinic hydrocarbon, Naphtha solvent purchased from
VWR chemicals. The physical properties of the organic phase used are presented
in Table 4-4.

Table 4-7 Physical properties of the oil phase [169]

Chemical name Light distillate
Commercial name Isopar M
Carbon number C13-Cs1s
Average Molecular weight (g/mol) 206
Colour Colourless
Sp. gr. @ 15°C 0.803
viscosity @ 25°C (mm?/s) 2.9
Surface tension at 20° C (mN/m) 28
Paraffins wt%* 55
Naphthenes wt% * 45
Aromatics (mg/kg) ** 200
Benzene (mg/kg)* <3

Method of measurement; *Gas Chromatography, ** SMS 2728

Different fractions of oil to a fixed amount of the brine were prepared by adding the
following amounts of oil 0, 100, 200, 300 and 400 ml to 1000 ml of brine. These
represent the oil fractions of 0, 10, 17, 23 and 30 vol%, respectively. Some Mass
gain experiments were conducted for oil content of 50 and 70 vol% to detect the
effect of high oil fractions on surface deposition.

4.3 Surface deposition methodology and experimental details

The amount of scale deposition is assessed by measuring the weight gain for a
surface that encounters scale fouling using a Rotating Cylinder Electrode (RCE)
apparatus. This apparatus enables the production of high turbulence conditions for
laboratory scale studies instead of using complicated pipe flow loops. Flow
conditions similar to the wall shear stresses and mass transfer coefficient of the
field conditions can be generated around the sample and hence relatively similar

mass transfer and shear conditions in the surface can be estimated.
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4.3.1 Rotating Cylinder Electrode (RCE) methodology

This apparatus is used in many industrial applications that require small scale
simulation in high turbulent conditions. It can be wused combined with
electrochemical techniques to study corrosion[170], metal ion recovery [171],
electro deposition [172], or as a non-electrochemical technique to study mineral

scale deposition.

The RCE enables the production of highly turbulent conditions in relatively low
rotation speeds and the control of the mass transfer through the control of the
hydrodynamics of the flowing conditions by adjusting the rotation speed. In addition
it has the advantage of being a simple setup, easy to use and cheap compared to
other techniques and laboratory complicated flow loops. The Rotating Cylinder
Electrode device is simply a metal sample of cylindrical shape attached to the end
of a vertically oriented shaft by an insulating material such as Teflon as shown in
Figure 4-3. The vertical shaft is connected to a control unit to enable adjusting of
the rotation speed from 0 to 2000 rpm.

The flow regime is usually characterized by Reynolds number and for RCE the
Reynolds number is:

dcyl Ucy] P
Re:% 4-1

Where: dy is the substrate cylindrical diameter (cm), p is the solution density
(g/cm®), n is the solution viscosity (g/cm.s), u.y = nd.,F/60 is the peripheral

velocity of RCE (cm/s) and F is the rotation per minute (rpm).

The mass transport conditions can be described by a dimensionless correlation of

the following form [173]:

de
sh = Smie s Y — 3 RebP §c0-356 4-2

Where: Sherwood number (Sh) describes mass transport by forced convection,
Reynolds number (Re) describes the fluid flow profile, and Schmidt number (Sc)
characterizes the phase transport properties, K, is the mass transfer coefficient
(cm/sec), D is the diffusivity of mass transfer species (cm?/s), a and b are empirical
constants that can be measured by fitting experimental data. In fact there are many
different values in the literature for these constants and these depend on the nature
of the substrate, the solution composition, the experiment conditions and the nature
of the scale deposit. However, most of the RCE correlations are in agreement with
the 0.356 power for the Schmidt number [174].



85

Figure 4-3 Rotating cylinder shaft [175].

Under turbulent flow conditions, the presence of circulating streams or eddy
currents create a high increase in the momentum transfer in all three directions of
the stream flow, and these eddies are responsible for the random fluctuations in
velocity and high wall shear stresses [176].

‘ty=—(%+E)d(g—;JX) 4-3

Where: T, is the shear stress at distance y from the wall, y and p is the fluid

viscosity and density, respectively. E is the eddy kinematic viscosity of the fluid

which depends on the degree of turbulence. d(pUx)/dy is the velocity gradient.

However, in the turbulent boundary layer, streamline flow continues in a thin layer
close to the surface which is called the laminar sub-layer. In this layer and at the
wall, the eddy effect is very small and can be neglected and the wall shear stress in
this case can be defined as steady laminar flow. The laminar sub-layer is where the
resistance to heat and mass transfer exists where, the thinner the laminar sub-layer
is, the more the heat and mass transfer to the surface exist. The laminar sub-layer
is separated from the turbulent part of the boundary layer by a buffer layer. In the
buffer layer, the average size of the eddies or the turbulent circulating currents
become progressively smaller as the surface is approached [176]. The mass
transfer layer (diffusion layer) lies within laminar sub-layer. This layer becomes very
thin with increasing average wall shear stresses. It was also reported that the
Schmidt number has an inverse influence on the diffusion layer thickness [174].
Figure 4-4 illustrates the turbulent boundary layer.
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Figure 4-4 The development of the boundary layers [176].

The majority of the changes in the fluid stress characteristics due to turbulence and
fluid interactions with wall occurs at the boundary layer. Therefore estimating the
wall shear stresses are necessary for estimating both the momentum and mass
transfer acting on solid surfaces under turbulence condition. For RCE the transition
from laminar to turbulent conditions occurs at low Reynolds number of around 200
[177], The high rate of transfer in turbulent flow is accompanied by high shear
stresses for a given velocity gradient [178]. Eisenberg (1954 ) was able to derive an
acceptable correlation for estimating wall shear stress on the surface of a cylinder
under turbulent conditions and this relation was confirmed by Silverman [175] and
many other studies which used the same correlation under multiphase conditions
[178, 179]:

Ty = 0.0791pRe™03UZ, 4- 4

However, studies such as [180, 181] show that the fluctuation in the velocity and
the wall shear stress due to the presence of circulating or eddies in turbulent
condition or due to the presence of a second phase in a form of particles such as
bubbles or droplets will not lead to accurate estimation of wall shear stresses for the
system. The two components of the fluctuating wall shear stress and the Reynolds
stress were defined by [180] as:

The stream-wise wall shear stress

a !
e = prl 45

and span-wise wall shear stress

ow'

Twz = M5, 4-6

The average wall shear stress

Tw = /Tws T Tz 4-7

Reynolds stresses is the average fluctuating velocities
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Reg_u’ w' 4-8
where: () refers to the fluctuating component, u and w refer to stream wise and
span wise velocities respectively. Computational fluid dynamics CFD can calculate

average fluctuating in wall shear stresses as well as Reynolds stresses [181].

For emulsions, the effect of emulsions on the friction factor under turbulent flow
conditions is found to exhibit differently between un-stabilised emulsions and
surfactant-stabilised emulsions. Two phase dispersions are found to exhibit a drag
reduction behaviour in the turbulent flow regime. This affects the friction factors and
hence the wall shear stresses where drag reduction effect increases as the volume
fraction of the dispersed phase increases [182]. For surfactant-stabilized emulsions,
the friction factor was found to reasonably follow the Blasius equation for turbulent

flow of Newtonian fluid over a smooth pipe [183]:
f =0.079Re™ 025 4-9

Surfactant-stabilized emulsions exhibit small or negligible drag reduction activity in
turbulent flow conditions [183, 184].

For un-stabilised emulsion the system exhibits a strong drag reduction. These drag
forces result in lower friction factors than that would be expected from Blasius
equation. It was claimed that the increase in the droplet size will cause such
behaviour [184]. Turbulence modulation of the dispersion medium in the presence
of dynamic coalescence/ breakup processes [183] can also cause drag reduction.
The drag reduction is found to be more significant in W/O emulsions than in O/W
emulsions. The drug reduction is increased with the increase in the dispersed
phase volume fraction. However, it has been shown by [182] that the drag reduction
tend to diminish at high Reynolds number for un-stabilised W/O emulsions due to
the decrease in the droplet size distribution as droplets break up at high flow
conditions. Un-stabilised O/W emulsions may exhibit coalescence resistance due to
the existence of electrical double layer and hence it may exhibit less significant drag
reduction [183].

The aim of using RCE is to introduce similar mass transport conditions and wall
shear stresses to those found in a horizontal pipe and therefore to reproduce field
conditions. This based on the assumption of that the boundary layer thickness is
much smaller than the radius of the curvature of the pipe geometry and therefore
the boundary layer is assumed to be independent of flow geometry. Many studies
compared the two flow geometries in terms of hydrodynamics and mass transfer
and obtained good agreement between them [185, 186]. Such studies enable the

selection of RCE velocity which corresponding to that of a straight horizontal pipe
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which gave approximately equal wall shear stresses and similar mass transfer
conditions. Such as a velocity of 2 m/s will lead to shear stresses of 12 and 16 Pa
for straight pipe and RCE, respectively and approximately equal mass transfer
coefficient of 0.0004 m/s [185], but this study showed that this will be true only if
both diameters are of the same order of magnitude (d,=15 mm and d.,;=10 mm).
Silverman [175, 186, 187] suggested the existence of some combinations of pipe
diameter, pipe velocity, rotating cylinder diameter and rotation rate exist so that the
mass-transfer coefficients and the wall shear stresses can be similar for both
geometries; if water is flowing through a smooth 10-inch schedule 40 pipe at 152
cm/s, an RCE should be operated at about 1113 rpm or peripheral velocity of 87.4
cm/s to match the conditions in the pipe. This estimated according to the following
equation [186]:

tas
Ueyr = 01185 (£)* (d7,,/d3*) Sc=00857u /" 4-10

[

However, a study [179] used an apparatus design to allow the comparison of three
test methods (rotating cylinder, pipe flow and jet impingement). In terms of flow-
accelerated corrosion for carbon steel under COz-brine containing solution, a
general equation describing the effect of wall shear stress on carbon steel corrosion
rate for the three methods is generated in the following form:

— 0.1
Teorr = A X Ty, 4-11

Where a is a constant which was found to be, 7.7 for 12.7 mm pipe flow, 6.8 for jet
impingement and 2.8 for RCE. The results showed that the RCE did not correlate
with both pipe flow and jet impingement methods in terms of wall shear stresses or
mass transfer under similar condition. The corrosion rate for the rotating cylinder
was about three times less than that for the pipe flow at similar wall shear stresses.
The explanation was that the actual shear stress at the RCE was lower than

estimated by equation 4-11 for carbon steel under experimental conditions.
4.3.2 Surface deposition experiment details

4.3.2.1 Substrate

The substrate (RCE sample) at which the deposition tooks place is a cylindrical
piece of stainless steel (SS 316L) with an outer diameter of 12 mm, length of 10
mm and total exposed area of 3.768 cm?. The roughness of the substrate (R,) is
1.07 um, assessed by interferometer NPFLEX. Before each test the samples were

cleaned with 36% HCI solution and rinsed with distilled water and acetone and then
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allowed to dry at 35° C for 24 hrs. The samples were then weighted using a high

precision balance (Mettler XP26) with resolution of 1 ug.

4.3.2.2 Mass gain using Rotating cylinder electrode

The experiment was conducted in a 2 litre beaker containing 500 ml of sodium
bicarbonate solution and between 0 and 500 ml of oil to represent different oil
fractions of 0, 10, 17, 23, 30 and 50%. Both phases were allowed to settle and
saturate with CO, gas at a flow rate of 0.2 litre per minute. CO, gas was then
stopped and both phases mixed using an impeller (dissolver stirrer R 1300 from
IKA) at 520 rpm which is considered high enough to allow homogeneous dispersion
of phases. The impeller blade was kept at a constant distance of 1 cm from the
bottom of the vessel. Two baffles of width 20 mm and thickness of 4 mm were
added to the vessel. The baffles were fixed at a distance of 4mm from the vessel
bottom and the walls. Figure 4-5 shows a schematic representation of the
experiment setup. Figure 4-6 illustrates the importance of inserting the baffles to the
system. The aim of using baffles is to achieve adequate mixing and to avoid
vortices and hence to minimize any possible effect of high turbulence on the
precipitation characteristic. The vessel is covered over by a Teflon lid to minimize
the interaction with air which may affect the pH of the solution. The RCE is then
immersed and the experiments were conducted under turbulent conditions in which
the RCE was allowed to rotate at 2000 rpm. Table 4-5 illustrates the flowing

conditions around the RCE for an oil- free system at different temperatures.

The pH is adjusted to 8 prior to the experiment and left to drift normally within the
experiment which lasts for one hour. 500 ml of brine A is then added and the
experiment is started. Both brines were heated separately to the specified
experiment temperature prior to mixing and the temperature was kept constant
during the experiment. Once the experiment was completed, the sample was
carefully removed from the apparatus using tweezers to avoid touching or removing
the scale. The sample is then well rinsed with distilled water and allowed to dry at
35° C for 24 hrs. The amount of scale deposited was measured by subtracting the
sample weight after and prior to the experiment. The samples were then analysed
using SEM (Hitachi TM3030 Bench Top) and XRD (Philips X' Pert X- Ray
diffraction) with CuKa type radiation at a voltage of 40 kV and an intensity of 40 mA.
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Figure 4-5 Schematic representation of the experiment setup

Table 4-8 Physical properties and hydrodynamic conditions at different temperatures

Flowing conditions 30°C 60° C
Density of water (g/cm3) 1.036 1.023
Viscosity of water (mPa. s) 0.833 0.493
Viscosity of oil (mPa. s) 2.813 1.34

Reynolds number around RCE 18,748 31,275

Wall shear stress (Pa) 6.76 5.72
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Figure 4-6 Fluid dynamics inside the stirred tank; (top) before, (bottom) after adding of the
baffles

An analogy between flowing velocities in the RCE to that in a horizontal pipe for
single phase at an equivalent flow to field conditions is estimated using equation 4-
10. For RCE rotating at 2000 rpm which is equivalent to 1.25 m/s, the brine physical
properties at 30 shown in Table 4-5 and a pipe diameter of 25.4 cm, the pipe
velocity which is equivalent to the RCE velocity is calculated to be 2.72 m/s at 30° C
and 3.37 m/s at 60° C.

4.4 Bulk precipitation methodology and experimental details

4.41 Emulsion characterization

Since adding the oil phase under turbulent condition results in emulsions formation,
it was necessary to investigate the type of the emulsion formed, whether it is O/W
or W/O emulsion. A simple drop test was conducted; two small flasks of 10 ml were
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used, one filled with water and the other filled with oil. A drop of the emulsion was
sampled using a pipette from the reaction vessel which contains the oil-saline water
mixed at 520 rpm. The sample is then poured rapidly into each flask. If the drop
diffused and disappeared immediately in the oil phase but dispersed in the aqueous
phase then, the emulsion is O/W emulsion and vice versa. This test showed that
the type of the emulsion formed during the mixing of the phases under experimental
conditions is an oil-in-water (O/W) emulsion. The type of emulsion can also be
detected using flow pattern maps which are initiated for different cases of pipe
diameters and materials and for different flowing fluids at different volume fractions
and superficial velocities of water (v,,s) and oil (v,s) or mixture velocities. Since the
RCE velocity for the oil-free system is found to be equivalent to a pipe velocity of
2.72 m/s at 30° C and 3.37 m/s at 60° C and since the viscosity of the emulsion
mainly depends on the viscosity of the external phase which is the brine, the
mixture velocity for the oil system is assumed to be equal to the pipe velocity for an
oil-free system and the superficial velocities at different oil content and conditions
are presented in Table 4-6 which are calculated using the following equations:

Ums = Vps + Vs 412
where:
Vs = Ay X Vs @NA - Vg = @y X VUpys

Where: v, and v, are the water and oil superficial velocities, respectively. v,,, is

the mixture velocity. @, and «a,, are the oil and water volume fractions, respectively.

Table 4-9 Water and oil superficial velocities at different oil content and different
temperatures; mixture velocity= 2.72 m/s at 30° C and 3.37 m/s at 60° C

30°C 60°C
Qil
fraction Vs (M/S) Vys (M/S) Vys (M/S) V,s(M/S)
0% 2.72 0.00 3.37 0
10% 2.45 0.27 3.00 0.37
17% 2.25 0.47 2.80 0.57
23% 2.1 0.62 2.60 0.77
30% 1.9 0.82 2.37 1.00

From the values of superficial water and superficial oil velocities which are shown in

Table 4-6 and from the flow pattern which is presented in Figure 3-4, the type of
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emulsion for a horizontal pipe of 25.4 cm diameter with a flowing velocity equivalent
to the RCE rotating at 2000 rpm is shown to exist within the red circle which

represents oil-in-water emulsions.

Emulsions are usually characterized by their rheological properties but because the
system is unstable and separate immediately after mixing is stopped, these
properties are difficult to assess. Droplet size and droplet size distribution are also

important factors for the characterization of emulsions.

4.4.2 Particle (crystals) and droplet size distribution

Studying bulk precipitation in multiphase systems is far more complex than in
single-phase systems. Two types of particles are presented in the solution, droplets
of the dispersed phase and particles of the crystalline matter. Studying bulk
precipitation in such a system may require the in-situ characterization of the system
in which particle size distribution is detected in the presence and absence of oil.
This may enable the tracking of the nucleation and growth of particles in the bulk
solution. The FBRM device enables the in-situ and real-time measurements, so that
the particle size and the change in the particle dimension and counts could be
tracked with time. Droplet size and droplet size distribution are important for the
estimating of the interfacial area between both phases and hence for understanding
the impact of oil on the precipitation process. The FBRM was used by different
studies to follow the crystal nucleation, growth and agglomeration processes [188,
189]. This techniqgue has an advantage of being able to provide an immediate
measurement of the particles as they actually exist in the system without the need
of sample preparation or dilution. This makes it able to work in dense systems
comparing to other size measurements techniques such as Mastersizer in which
10% suspension is its optimum sample density [190]. According to [146] particles-
sizing systems which depend on measuring the amplitude of the scattered light
have the ability to work at high concentration of greater than 108 #/cm3. The FBRM
has also the advantage of producing repeatable and reproducible results [191].

4.4.2.1 Focused Beam Reflectance Measurement (FBRM) methodology

FBRM has been widely used as a technique for in-situ characterization of different
colloidal systems regardless of the shape and the concentration of the suspension
particles. Its principle is that when a rotating laser beam passes through a particle,
the laser light is scattered back and a chord length is measured. A chord length is
simply defined as the straight line between any two points on the edge of a particle

as shown in Figure 4-8. The chord length is estimated by the product of the
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reflection time and the laser speed. Since the particles may take different shapes,
chord length distributions were recorded rather than diameter based distributions.
The chord length distribution then requires transformation procedures using
empirical equations and algorithms [191]. However many studies assumed the
particles to have spherical shape in order to simplify the mathematics, others used
different chord weighting methods which are found to correlate well with other sizing
techniques for different colloidal systems [191, 192].
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Figure 4-7 Schematic representation of FBRM probe [192]
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Figure 4-8 Chord length measurements of particles [193]

The size distribution at different frequencies is defined as particle size distribution
which can be represented by cumulative density or frequency distribution. The

frequency distribution in FBRM is expressed as the following:
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- N

i~ ¥ N; () 4.13

where: N; is number of chord count of j" channel per second, I; is chord length of j*"

channel (um).

The average of a distribution can be represented by the mean, mode and median
size and these values can be expressed as number, surface or volume based
depends on the area of interesting. Mode size represents the most frequent size in
the distribution where it appears as a peak in the frequency curves. The median
size is defined as the size in which half of the particles are larger than this size and

half are smaller than it.

Various weighting statistics are used to approximate the measured particle size to
the actual size. These methods are applied to increase the importance of specific
size such as if large particles have more influence than smaller ones in the
analysis. In FBRM software, chord counts, mean chord length, median chord length
and chord length distribution can be expressed by either un-weighted or square-
weighted averaging methods. The square-weighted chord counts have a

mathematical expression of:

Nin = Njo I 4.14
where: N; , is the weighted chord count of the jt" channel per second (um™.s~1).
Nj, is the raw un-weighted chord count of the jt channel per second (s~1)

l; is the chord length of it channel (um).

n is the type of weighting method, where: n of 1, 2 and 3 represent un-weighted,

square-weighted and quadratic-weight, respectively.

The un-weighted and square-weighted mean chord lengths are defined as the

following:

_ i1 fil

bnean = %2 4.15
]:

l2 Z;lzlfll]3 4 16

mean Z;_l:lfjljZ

where: f; is the frequency of j" channel per second, l; is the chord length of jth

channel (um).
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Droplet size and distribution are of importance in estimating the interfacial area
between both phases and hence in detecting the relation between total interfacial
area and the amount of precipitation. Therefore, it may help in finding an answer to
whether increasing the oil content, increases or reduces the precipitation process.
In the current work the mean droplet diameter has been estimated using FBRM with
the assumption that oil droplets are spherical in shape [191]. By knowing the mean
droplet diameter, the total interfacial area can be estimated according to the
following equations [194]:

Volume of a droplet= %nr3 4.17

total volume of dispersed phase ()

Number of droplets = 4.18

volume of a droplet
Surface area of a droplet= 4nr? 419
where: r is mean droplet radius

Total interfacial area could be estimated by multiplying the total number of droplets

by the surface area of a droplet.

Total interfacial area= 370‘ 4.20

number of droplets

4.21

Droplets denSIty in solution= = volume of the continuous phase

The aim of using this technique is to track the nucleation and the crystal growth
processes in absence and presence of an oil phase. It could be considered as an
attempt to characterize the system and to get a better understanding of the kinetics
of the precipitation process. This could be achieved by measuring the number of
counts for different chord length channels per unit time so that both nucleation and

crystal growth could be tracked simultaneously.

4.4.2.1 Focused beam reflectance measurement (FBRM) experiment details

The LASENTEC FBRM D600 probe with diameter of 19 mm and length of 400 mm
is inserted into a 2 litre beaker. This technique is used to characterize different oil
fractions by adding 140, 280, 420 and 560 ml of oil to 1400 ml of 0.3 M NacCl
solution to form emulsions of oil fractions 10, 17, 23 and 30%, respectively. The
experiments were conducted at temperatures of 30 and 60° C. The fluid in the
vessel is mixed at 700 rpm impeller speed for the case of 23 and 30% oil fractions
to ensure homogeneous mixing between the phases. This rotation speed is
considered higher than the usual speed of 520 rpm which is used at all other

experiments as the level of the fluid is much higher at these oil fractions.
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In the experiments conducted by FBRM to characterize the precipitation process,
the probe is inserted in a similar beaker which contains 700 ml of sodium
bicarbonate solution. An amount of 140 to 420 ml of the oil is then added and the
phases are mixed at rotation speed of 550 or 700 rpm depending on the oil fraction.
The solution is heated and maintained at the experiment temperature of 30° C or
60° C where the vessel is kept closed. 700 ml of calcium chloride solution is heated
separately and then added to create a solution with oil fraction ranges from 10 to
23% by volume. The experiment is started after mixing the brines and lasted for 1

hour.

The FBRM probe is oriented with an angle of about 45° as recommended by [195]
to minimize the scale particles from building up on the sapphire window of the
probe which is mounted just above the impeller as shown in Figure 4-9. Throughout
the experiment, the FBRM probe was cleaned regularly due to the tendency for
scale to adhere at the sapphire window which may result in a high increase of the

chord counts.

WREE=520rpm

Thermal sensor

FERM probe

Impeller

Baffle

Hot Plate

Figure 4-9 Schematic representation of FBRM experiments

The FBRM experiment was conducted without bubbling CO, gas prior to the
experiments. This may create different conditions in-terms of pH and
supersaturation from the other experiment conditions. The vessel was not securely
closed as the FBRM probe needed to be removed from the vessel for regular

cleaning. Moreover, mixing of the phases with an impeller speed of 700 rpm for
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high oil fractions may also have had an influence on the precipitation rates for high

oil fraction systems.

Brine 3 (0.045) was chosen to be used in the FBRM experiments. This brine is
considered to have a medium tendency to scale at 30° C. Conducting the
experiments with high saturation brines such as brine 1 (0.1 M) or brine 2 (0.065 M)
is not recommended as the FBRM seems to lose its accuracy in a very high density

medium.
4.4.3 Assessment of the precipitation process

4.4.3.1 Turbidity measurements

Turbidity is an indication of the clarity of a solution and refers to its cloudiness. As
calcium carbonate precipitates, the solution will become cloudier. Turbidity meters
measures the turbidity in Formazin Attenuation Unit (FAU). Its principle is based on
measuring the amount of light that is scattered back by the particles in the solution.

Turbidity samples were taken from the reactor vessel at different time intervals
during the experiment using a 10 ml pipette and then poured in a 10 ml cell which is
part of the turbidity meter device. The cell is closed and the measurement was
recorded and repeated for each sample three times where the average of the
readings was taken. The cell is gently agitated between the measurements to

ensure particle suspension and to avoid the formation of gas bubbles.

Since the oil-brine emulsions are highly unstable and separate easily once mixing
stops and because the calcium carbonate particles have a great affinity to the oil
phase so they collect at the oil-water interface, it was difficult to measure the
turbidity in the presence of oil. Moreover, shaking of the cell in the presence of oil
may disperse the oil phase and this affects the measurements. For these reasons
the turbidity measurements was only conducted in oil-free system to evaluate the

precipitation tendency for the brines.

4.4.3.2 pH measurement

The solution pH is measured using a Thermo Scientific™ Orion Star™ A111 pH
Benchtop Meter. The basic principle of the pH meter is to detect the concentration
of hydrogen ions [H'] in the solution. Since the crystallization process consists of a
series of chemical reactions in which the dissociation of hydrogen ions takes place,
measurement of pH is important to follow the kinetics of the precipitation process.

pH has also been widely used as a method for characterizing scale formation

particularly as a way for estimating the induction time. pH can also be used as a
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method of identifying different stages of the crystallization process such as
nucleation, growth and agglomeration stages [196]. In addition to identifying phase
transition [49, 50, 68].

Different supersaturation conditions can be generated in CO, systems due to the
high sensitivity of alkaline scales to changes in pH. This may affect the solubility,
different deposition and precipitation kinetics shown by the same solution at the
same temperature but different pH conditions. pH can also be changed upon
contact with air and this could lead to a continuous rise of pH and hence shifts in
the initial pH of the experiments. To minimize the effect of air interactions with the
solution, the experiments have been conducted in a securely sealed vessel where
CO; gas was bubbled over the night. The oil phase is left to settle on the
bicarbonate brine while bubbling with CO.. The gas is then stopped and the solution
is left to release the excess CO; while starting the mixing of the phases where this
process could take at least three hours until the pH of the bicarbonate solution is
adjusted to 8. The reason for bubbling and stopping the CO, gas prior to the
experiments is to saturate the system with CO; gas as much as possible to
minimize the rapid change in pH as the loss of CO, makes the solution more
alkaline. This procedure was performed to allow better control of the initial pH and
to ensure a relatively similar starting point for all the experiments. Moreover,
reproducing similar pH trends for each experiment is used as an indication for the
consistency in the experiment conditions particularly in the case of experiments
needed to detect polymorph change on the surface or in the bulk. The initial pH of
the calcium chloride brine usually ranges between 6.7 and 7.0 whereas the pH of
the bicarbonate brine is fixed to pH of 8. Measurements started once the two
solutions were mixed and the initial pH is considered as the pH of the bicarbonate
solution. The initial pH is also calculated using Multiscale software™ for the mixing
of the two brines with a ratio of 1:1 and found to range between 7.6 and 7.8. This
related to the fact that the individual pH of the solution containing the calcium ions
has generally decreased the overall initial pH. The organic phase has also been
found to interfere with the pH probe and shows fluctuation in the measurements

therefore, calibration of the pH probe is essential and was done on a regular basis.

4.4.3.3 Detection of calcium ion concentration using Inductively Coupled

Plasma- Optical Emission Spectrometry (ICP-OES)

This analytical technique enables the detection of a trace amount of metals in
solutions. The principle is that each element emits energy as they return to their

ground state after excitation by a high temperature plasma source of the range of
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6000-10000 K. When the light that comes from the plasma source is passing
through the aspirated sample, the sample will convert into free atoms in gaseous
state. These atoms will adsorb the light where the intensity of the emitted energy at
specific wavelengths is proportional to the concentrations of elements in the
solution. The aim of using this technique is to measure the concentration of calcium
ions that remain in solution and hence to calculate the amount of calcium ions

which are produced during the experiment.

The experiments were conducted in a 2 litre beaker containing of 500 ml of sodium
bicarbonate solution B. An amount of 100, 200 and 300 ml of the oil is added and
the phases are mixed at a rotation speed of 520 rpm to ensure dispersion of
phases. Carbon dioxide is bubbled and pH is adjusted prior to the experiments as
described in the previous section. The experiments start after mixing brine solution
A and B with a ratio of 1:1. About 5 ml of the scaling brine-emulsion was sampled at
regular time intervals using a pipette and poured into 10 ml tube where the phases
are rapidly separated. 1 ml of the aqueous phase (from the lower layer) was
sampled and quenched immediately into 9 ml of 1000 ppm of polyvinyl sulfonate
scale inhibitor (PVS) and 3000 ppm potassium as KCI solution [197]. The
guenching solution is prepared by dissolving 1 g of PVS and 5.71 g of KCl into 1
litre of distilled water and adjusted to pH of 8-8.5 by adding drops of 0.1 M of NaOH
solution prepared by dissolving 0.4 g of NaOH into 100 ml water. The reason of
guenching the solution immediately after sampling is to stop the reaction and to
allow measuring of the unreacted calcium ions that remain in the solution. This
procedure of sampling was only performed for the experiments conducted with oil.
In the absence of oil, 1 ml sample was directly pipetted from the reaction vessel. A
control solution which is the sample represents the initial solution prior to any
reactions is prepared by adding 5 ml of the calcium containing brine into a 100 ml
volumetric flask that contains some of the quench solution and is well agitated.
More quench solution and 5ml of the bicarbonate solution are then added to the
flask, well agitated and the volume in the flask is completed to 100 ml. All samples
were then filtered using a syringe type filter and sent for analysis using ICP-OES in

order to track the change in Ca?* concentration in the solution.

4.4.4 Characterization of the scale

Samples of the RCE substrate and the precipitate powder are sampled during
different time intervals. The precipitate samples are filtered using 0.2 pm filter paper

and rinsed well with distilled water. The samples are then left to dry in an oven at
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35° C for 24 hours before they were analysed using Scanning Electron Microscopy
(SEM) and X- Ray diffraction (XRD).

4.44.1 Scanning Electron Microscopy (SEM)

To assess the scale formed on the surface of the RCE sample and in the bulk
solution, the Hitachi ™ 3030 Bench Top Scanning Electron Microscope is used. The
samples were placed in a vacuum chamber where they were subject to a beam of
high energy electrons instead of a beam of light such as in conventional optical
microscope. The focused beam scans the specimen and reflects back any
secondary electrons which are emitted from the sample. The reflected beams are
then collected and its intensity is measured and displayed as a large three
dimensional image of a very small object. SEM allows the examination of the
structure and morphology of materials with high magnification.

4.4.4.2 X-Ray Diffraction, XRD

The Philips PanAlytical X' pert X-Ray diffractometer is a quantitative technique used
to identify different polymorphs of CaCOs; crystals formed on the surface of a
deposit sample or precipitated in the bulk solution. This technique is based on the
fact that the distances separating the atoms are in the same order of size as the
wavelengths of an X-ray radiation of Cu Ka type anode of 1.54056 A. Once the X-
rays interact with the atoms in the crystals, it results in diffraction of the radiation in
a way that corresponds to the arrangement of the atoms of a particular crystal and
a diffraction pattern is generated. Crystalline matters are identified by peak
positions (°28) and peak intensities (counts) of the diffraction pattern. XRD can
measure the average spacing between layers of atoms, the orientation of a crystal,
in addition to detecting the crystallites sizes, identifying unknown materials and

internal stresses in a crystal lattice.

A quantitative measurement of the proportions of different polymorphs is
determined using set of correlations developed based on the construction of an X-
Ray calibration graph obtained from a crystal mixture of a purely synthesised
calcium carbonate polymorph [198, 199]. The correlations are based on the
intensity peaks of calcite (104) at 26 of 29.4°, aragonite (221) at 26 of 46.06° and
vaterite (110) at 206 of 25° and known mole fraction ratio for binary mixtures
according to the following relationship:

I X
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X I
~L is the mole fraction ratio for a binary mixture, 1—1 is the ratio of diffraction
2 2

intensities for a binary mixture and A is an empirical constant from the fitting of the

calibration graph.

The following correlations were determined by [199] and used in this study to

measure the composition of a tertiary mixture of a calcium carbonate polymorph:

Xa= 3.157x15%1 4.22
119%43.157x1421 +7.691x1310
= JCX 4-23
c — 221 -
3.157x12
XV = 10_XC_XA 4'24

where: Xa, Xc and Xy are the mole fractions of aragonite, calcite and vaterite,
respectively.

1221, 11%* and I}'° are the intensities of aragonite, calcite and vaterite, respectively.
For a binary mixture of CaCOs3; polymorphs the following equations are used:
For vaterite-calcite mixture:

7.691xIy 110

Xy = 1c1%%+7.691x1y 110 4-25
XC == 1 - XV 4'26
For aragonite-calcite mixture:

_ 3.157x14%%!
Xa = 1c10%+3.157x1 4221 4-27
XC == 1 - XA 4'28

It is important to control the dynamics and the conditions of the experiments as
small changes in the experiment conditions such as temperature, mixing speed or
pH can lead to large differences in the rate of precipitation and deposition. The next

chapter will present the results detected from surface deposition experiments.
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5 Chapter Five The kinetics of calcium carbonate surface

deposition in water and in oil/water emulsions;

5.1 Introduction

This chapter presents experimental results used to assess calcium carbonate
surface deposition in the absence and presence of an organic phase. The
methodology used is based on measuring the amount of scale deposition on a
surface of a Rotating Cylinder Electrode (RCE). Surface scaling is assessed using
X-Ray Diffraction (XRD) by which a quantitative correlation for the determination of
CaCOs polymorphs is used. The different stages of the crystallization kinetics are
assessed. The formation of different phases and the transformation from a
metastable phase to a stable one are quantitatively determined to enable a better
understanding for the overall crystallization process. The formation and
transformation of different polymorphic phases are also characterized using

Scanning Electron Microscopy (SEM).
5.2 Assessment of surface crystallization process

5.2.1 Mass deposition

The amount of mass deposition is determined by measuring the amount of scale
deposit (mg) per RCE exposed surface area (cm?) per experiment time of 1 hour.
Figures 5-1 and 5-2 show the amount of deposition in mg/cm?.hr collected over 1
hour at 30° C and 60° C for two different saturation brines and oil fractions up to
70%.

There is an overall reduction in the amount of scale deposition in the presence of oll
at 30° C; there is little change at the brine 2 (0.065M) deposition in the range of 10
to 23% oil content. The rate of deposition for both brines is decreased by an
average of 40% for an oil content up to 23% whereas the reduction in the scale
formed reaches an average of 90% for oil content up to 70% for brine 2 (0.065M).
Systems at 60° C exhibit different behaviour when an oil phase is introduced to the
system; the amount of surface deposition for oil fractions up to 30% is found to
increase by one fold for brine 2 (0.065M) at 60° C. The amount of deposition is
increased by two folds for oil fractions up to 23% Brine 3 (0.045M). This is followed

by a clear reduction in the scale formed after 23% as shown in Figure 5-2.
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Figure 5-1 Surface deposition in (mg/cm?.hr) for oil-brine emulsion system at 30° C, data
collected over 1 hour period
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Figure 5-2 Surface deposition in (mg/cmz2.hr) for oil-brine emulsion system at 60° C, data
collected over 1 hour period

However the amount of deposition seems to exhibit a maximum at certain oil
fractions where the deposition is found to increase by up to 65% higher than the
amount of deposition for oil-free system at 60° C. 50% and higher oil fractions show
a decrease in the amount of deposition where the reduction reaches to about 80%

for 70% oil fractions at 60° C. The mass gain experiments for brine 4 at 40° C and
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brine 5 at 50° C have only been conducted in the presence of 23% oil content to
estimate the effect of adding an oil phase to the deposition at different
temperatures. Brine 4 (0.06M) at 40° C behaves similar to the brines at 30° C where
the scale is reduced by about 40% when 23% oil is added whereas brine 5 (0.05M)
at 50° C showed a slight deposition increase (=15%) when 23% oil is added to the

system. This result is much similar to the brine behaviour at 60° C to that at 30° C.

A decrease in the deposition in the presence of an organic phase was the expected
trend but this was only the case at the lower temperatures of 30°C and 40° C and
the higher oil fractions at 60°C. The increase in the deposition for systems with oil
content up to 40% at 60° C is unexpected. The extent of scale formed on the
stainless steel surfaces when an organic phase is in the system needs more
investigation. The next section will show the growth of scale at different time

intervals for the one hour experiment time.

5.2.2 Mass Growth Rates

Growth rates can be expressed by different ways such as linear velocity (m/s),
linear growth rate (m/s) and mass deposition rate in (kg/m?2.s) and this can be used
to express the overall growth rates for population of crystals [2]. Mass deposition in
(mg/cm?) at different time intervals is used here to define the growth trends and to

evaluate the growth rate constants.

5.2.2.1 Mass gain at different time intervals at 30° C

Figures 5-3 and 5-4 show the mass gain profiles for two different brine
concentrations at 30° C and different oil fractions up to 23%. A similar trend of mass
gain has been detected for systems with and without oil for brine 1 (0.1M) and brine
2 (0.065M). The mass gain profile shows different slopes which range between
regions of high slopes usually at the beginning of the crystallization process to
regions of low slopes and/ or steady state regions which are sometimes followed by
another rise in the mass deposition. The mass gain profiles follow an exponential to
polynomial growth functions where the slope of the curves in the early stages of the
deposition process may represent the growth rate constants and are illustrated in
Tables 5-1 and 5-2. The growth kinetics is higher for the oil-free system in the early
stages of the crystallization process and this could clearly be observed from the
slope of the curves in the first 10 minutes. The rate of the growth process is slowed
down when the oil phase is introduced to the system by about 20 to 45% for oil-
brine 2 (0.065M) and oil-brine 1 (0.1M) at 30° C.
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Figure 5-3 Mass gain curve fitting at different time intervals for oil-brine 2 (0.065M) at 30° C

1 (% oil content
® 17% oil content
1241 v 23% oil content

Mass gain (mg/cm?)

o
B~
1

o
[
1

o
o

0 10 20 30 40 50 60
Time(min)

Figure 5-4 Mass gain curve fitting at different time intervals for oil-brine 1 (0.1M) at 30° C
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Table 5-1 Curve fitting parameters and growth rate constants (mg/cm2.min) for oil-brine 2
(0.065M) at 30° C

Second order polynomial, y = A + B;x + B,x?
Growth rate constant
dy
Slope, = B, +2B,x (mg/cm2.min)
oil ]
A B1 B2 R? Slope at 10 min
content
0% 0.02510 0.01817 -0.00015 0.978 0.015
10% 0.00040 0.01249 -0.00009 0.999 0.011
17% -0.00956 0.01092 -0.00007 0.988 0.009
23% 0.00659 0.00875 -0.00005 0.994 0.008

Table 5-2 Curve fitting parameters and growth rate constants (mg/cm?2.min) for oil-brine 1
(0.1M) at 30° C

Exponential function, y = A; — A,exp(—kx)
Growth rate constant
d
Slope, 2> = kA,exp(~kx) (mg/cm2.min)
Oil )
A1 Az k R? Slope at 10 min
content

0% 0.99317 0.94446 0.08427 0.927 0.034
17% 0.73021 0.76497 0.10915 0.900 0.028
23% 0.54264 0.56277 0.10676 0.946 0.021

5.2.2.2 Mass gain at different time intervals at 60° C

Figures 5-5 and 5-6 present the mass gain for two different brine concentrations at
60° C and different oil fractions up to 23%. Similar trend have also been found for
systems with and without oil where the mass gain profiles follow an exponential
growth function. The mass gain reaches a steady state in most of the cases
whereas it continued to build in some others. However the time required to reach a
steady state differs between systems with and without oil. The steady state is an
indication of stopping the reaction due to reaching the saturation state. The reaction
stopped because it took place in a batch system in which there is no continuous
flowing of the reactant into the system. This occurs simultaneously with the bulk
precipitation reaction and these caused the supersaturation to decrease with time
until a steady state is reached. Figure 5-5 represents the mass gain for oil-brine 3
(0.045M) at 60° C; the kinetics are different between systems with and without oil. It
is very fast and reaches a steady state within 10 minutes for the oil-free system,

whereas the kinetics are slower in the first 10 minutes for the oil systems before it
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becomes faster and the mass gain continues throughout the experiment. The
amount of deposition in 1 hour time when the oil phase is introduced into the
system is higher than that for the oil-free system by about one fold even though it

started with relatively slow kinetics.
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‘Figure 5-5 Mass gain curve fitting at different time intervals for oil-brine 3 (0.045M) at 60° C
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Figure 5-6 Mass gain curve fitting at different time intervals for oil-brine 2 (0.065M) at 60° C

The kinetics in the early stages of the crystallization process for the relatively higher
SR brine is quite different as shown in Figure 5.6. The early stage of deposition is

faster when the oil phase is in the system. In this case all the growth rate reach a
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relatively steady state. It is much faster to reach steady state in the oil-free system

after 20 minutes, whereas oil systems take about 40 minutes to reach steady state.

The slope of the curves in the early stages of the deposition process and the growth
rate constant are illustrated in Tables 5-3 and 5-4. The rate of the growth process is
higher by about 20 to 40% for the oil-free system compared to when the oil phase is
introduced to the system for the lower brine concentration of 0.045M. The higher
brine concentration exhibits differently where the growth rate is lower by about 10 to
30% for the oil-free system compared to those for the oil systems.

Table 5-3 Curve fitting parameters and growth rate constants (mg/cm2.min) for oil-brine 3
(0.045M) at 60° C

Exponential function, y = A; — A,exp(—kx)
Growth rate constant
d
Slope, =X = kA,exp(—kx) (mg/cm2.min)=Slope
O|I Content Al A2 k R2 S|Ope at 5 min

0% 0.36619 0.35384 0.19865 0.992 0.026
10% 0.91997 0.91748 0.01824 0.988 0.015
23% 1.58050 1.52341 0.01430 0.970 0.020

Table 5-4 Curve fitting parameters and growth rate constants (mg/cm2.min) for oil-brine 2
(0.065M) at 60° C

Exponential function, y = A; — A,exp(—kx)
Growth rate constant
d
Slope, =* = kA,exp(—kx) (mg/cm2.min)=Slope
O|I Content Al AZ k R2 S|Ope at 10 min

0% 0.47429 0.47690 0.0862 0.996 0.027
10% 1.00713 1.02439 0.03428 0.986 0.030
17% 0.96705 0.97218 0.05377 0.994 0.040
23% 1.06476 1.06143 0.03485 0.991 0.031

The change in the mass gain can provide us with information about the mechanism
of the crystallization process in terms of the transformation of the metastable phase
and the growth of the more thermodynamically stable phase and this will be

illustrated in section 5.3.3 of this chapter.
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5.3 Characterization of calcium carbonate scale deposition
5.3.1 Analysis of crystals morphology using SEM

5.3.1.1 Morphology of crystals deposit at 30° C

The morphology of the scale formed on a stainless steel surface for systems with
and without oil is analysed using Scanning Electron Microscopy (SEM) with the aid
of image processing program (ImageJd). The microscopic evidence of the scale
formed on surfaces enables the understanding of the different stages at which
scales are formed; this includes the changes in morphology, crystal growth and
surface coverage. Figures 5-7 and 5-8 present scale deposit at 30° C for brines 2
(0.065M) and brine 1 (0.1M), respectively in the presence of different oil fractions. It
can be clearly observed that calcite is the major polymorph at this temperature with
some vaterite which is mainly seen when the oil phase is presented. It can also be
observed that nearly full surface coverage is formed for the oil-free system and less
surface coverage for systems with the oil at 60 minutes. The presence of vaterite
increases with oil percentage and this is combined with the increase of the size of
calcite crystals. The rhombohedral calcite crystals have an average size of 2 and 3
um in the oil-free system whereas they reach an average of 10 and 15 um for 23%

oil systems of brine 2 and brine 1, respectively.

Comparing vaterite presence, the calcite crystals size and surface coverage in the
presence and absence of the oil phase at different time intervals can lead to
discover the difference in the mechanism of formation and transformation of
CaCOs. Figures 5-9 and 5-10 compare surface scale deposit morphology at
different time intervals for systems with and without oil at 30° C. The crystals at 10
minutes are of approximately of the same size where both systems consist of
calcite of about 5 um. The only difference between both cases is the existence of
small crystals of about 1 to 2 um and this can be observed in the oil-free system as
comparing Figure 5-9 (a) and (e). These are most probably a new generation of
crystals that seem to nucleate and grow in a later stage to the old ones which
already grew to a bigger size. The increase in nucleation sites continues in the oil-
free system until a full coverage of a single layer of crystals is formed on the
surface by 60 minutes as shown in Figures 5-9 (d) and Figure 5-10 (d). Vaterite
(flower like shape) can be clearly observed in the presence of oil. This may be
attributed to the retardation in the rate of its transformation to the more stable
calcite. It can also be observed that fewer crystals exist on the surface and the

crystals are bigger and reached an average size of 12 um. Table 5-5 and 5-6 show
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a guantitative estimation of the scale built on the surface at different time by

analysing Figure 5-11 using ImageJ analysis.

0% oil content

Tes 10136 HLM o 100m

T 10137 ALM B S

10% oil content

17% oil content

23% oil content

Test 10452 HLM wopn Tes 10453 e A S
5-7 SEM images for oil-brine 2 (0.065M) at 30° C; (a) 0%, (b)10%, (c)17%, (d) 23% oil
content; right images are higher magnification of the red square area.
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10% oil content

17% oil content
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23% oil content

HLM X WOy gaane

HLN 0y
Figure 5-8 SEM images for oil-brine 1 (0.01M) at 30° C; (a) 0%, (b)10%, (c)17%, (d) 23%
oil content; right images are higher magnification of the red square area



113

0% oil content 23% oil content
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Tom 10137 7 2 m

Figure 5-9 Surface deposit for oil-brine 2 (0.065M) at 30° C; 0% oil content (a) 10 min, (b)
20 min, (c) 40 min, (d) 60 min; 23% oil content (e¢) 10 min, (f) 20 min, (g) 40 min, (h) 60 min
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Figure 5-10 Surface deposit for oil-brine 1 (0.1M) at 30° C; 0% oil content (a)10 min, (b) 20
min, (c) 40 min, (d) 60 min; 17% oil content, (e¢) 10 min, (f) 20 min, (g) 40 min, (h) 60 min
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Figure 5-11 Image analysis show surface coverage for oil-brine 2 (0.065M)
at 30° C; 0% oil content (a) 10 min, (b) 20 min, (c) 40 min; 23% oil content
(d) 10 min, (e) 20 min, (f) 60 min; magnification of the images X200
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Table 5-5 Analysis of the scale formed on a surface using image analysis for 0% oil-brine 2 (0.065M) at 30° C

Area Avg. area Mass of the Av
: .| Total area | Surface : 9. crystals for | Volume of Avg. Volume AVY.
Time | Mass gain occupied occupied by | Number of Thickness
: ) analysed | coverage s the crystals of a crystal
(min) | (mg/cm?) 1 5 by crystals a crystal crystals a7 A8 of a crystal
(Lm2) % (um?) 3 (um2) 4 analysed (Hm3) (Hm3) (um) °
area (mg) 6
10 0.260 1,139,118 26.384 300,544.89 21.35 14,077 0.002963 | 1093237.71 77.66 3.64
20 0.496 1,138,623 47.103 536,325.59 22.68 23,648 0.005651 | 2085169.55 88.18 3.89
40 0.599 1,138,024 51.537 586,503.43 21.89 26,793 0.006826 | 2518718.75 94.01 4.29
Table 5-6 Analysis of the scale formed on a surface using image analysis for 23% oil-brine 2 (0.065M) at 30°
Area Avg. area Mass of the Av
. .| Total area | Surface ; 9. crystals for | Volume of Avg. Volume AVG.
Time | Mass gain occupied occupied by | Number of Thickness
. 5 analysed | coverage 5 the crystals of a crystal
(min) (mg/cm?) N1 5 by crystals a crystal crystals 3 7 3 8 of a crystal
(Um?) % (um?) 3 (Um?2)* analysed (Um3) (um3) (um) °
area (mg) 6
10 0.080 1,137,428 12.78 145,363.30 32.9 4,418 0.000906 334168.10 75.63 2.29
20 0.173 1,138,631 25.92 295,133.16 87.86 3,359 0.001964 724796.65 215.77 2.46
60 0.295 1,138,782 17.74 202,019.93 97.41 2,074 0.003355 1237893.8 596.89 6.13

1

2

Estimated by image analysis, the total pixel area of the images which is converted to pm?2

Surface coverage % is determined by threshold the images as shown in Figure 5-11
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Area occupied by total crystals (um?)= total analysed area (um?2) x (surface
coverage/100)

Average area occupied by a crystal (um?) is estimated for a number of calcite
crystals cross sectional area

Number of crystals= area occupied by total crystals/ avg. area occupied by a crystal
Mass of the crystals for the analysed area= (mass gain (mg/cm?2) x area analysed by
the crystals (um?2))/(10,000)%; where: 10,000 is the conversion from centimeter to
microns

Volume of crystals (um?®)= mass of the crystals (mg) for the analysed area/ density of
the crystals (calcite)

Average volume of a crystal (um?)= volume of total crystals (um3)/ number of crystals
Average thickness of a crystal (um)=volume of a crystal (um)/ avg. area occupied by

a crystal (um?)

5.3.1.2 Nucleation in the early stages at 30° C

SEM images for the surface as early as 1 minute indicate the instant reaction for
surface scale formation as shown in Figures 5-12 (a) and 5-13 (a). The initial
crystals have a spherical to cubic shape of 1 um or less which may suggest that the
initial phase mainly consists of vaterite in addition to some calcite. The population of
crystals is clearly increased for the oil-free system by 5 minutes as shown in Figure
5-12 (b) while it remains the same but the crystals increase in size to about 5 um for
the oil system as shown in Figure 5-13 (b). At 10 minutes less surface coverage by
cubic crystals of different sizes is observed in the absence of oil. On the other hand,
the systems in the presence of oil continued with the same surface coverage of

larger crystals size at 10 minutes.

Figure 5-14 (a) and (b) present some visual evidence of the transition of vaterite to
calcite. It can be observed that the transition starts from one side of the vaterite
spherulites (flower shape) followed by the growth of calcite polymorph which initially
takes a cubic edge as indicated by the red circle 1 in the figure. The transformation
of vaterite and the growth of calcite then continue until the entire calcite cubic
crystal is formed. The red circles 2 and 3 illustrate the final stage of vaterite
transformation to calcite where vaterite appears on the final edge and nearly a

complete cubic calcite is formed.
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Figure 5-12 Early stages of surface deposition for brine 2 (0.065M) at 30°C; (a) 1 min, (b) 5
min, (c) 10min
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The surface of calcite crystals is rough at its early stage before it becomes totally
smooth as shown in Figure 5-15 (a). The mechanism of calcite growth can also be
observed in Figure 5-15 (b) where a kink site on the surface of a crystal exists and
this represents the site where the growth units incorporate and cause further growth

of the calcite crystal.

. s | 110 $~
Test 10753 HLM X10k  100pm  Tes 10084 T

Tes 10712 HLM  x10k 100pm  Test10M HLM 08k Sopm

Figure 5-13 Early stage of surface deposition for 23% oil-brine 2 (0.065M) at 30°C (a) 1 min,
(b) 5 min, (c) 10min
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HLM  x18  50um Fiqure

5-14 The transformation of vaterite to calcite for oil-brine system at 30° C, (a) 10% oil
content, sample at minute 40. (b) 23% oil content, sample at minute 60

HLM x1.8k 50 pm

HLM x1.8k 50 pm

Figure 5-15 The transformation of vaterite to calcite; (a) 17% oil-brine 1 (0.1M), rough calcite
surface which represent the final stage of the transformation. (b) 23% oil-brine 2 (0.065M),
calcite growth where a kink site has appeared on the surface

5.3.1.3 Morphology of crystals deposit at 60° C

Figure 5-16 presents SEM images of the scale deposit on a stainless steel surface
for brine 2 (0.065M) at 60° C. It can be clearly observed that aragonite is the major
morphology at this temperature with some calcite. Aragonite crystals were formed
as outward needles emerging from a central point and layers of aragonite appear to
form and to grow on each other for the systems with oil. This is clearly observed in
the higher oil fractions as shown in Figure 5-16(c) to (e).
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Figure 5-16 Surface deposit for oil-brine 2 (0.065M) at 60° C; (a) 0%, (b) 10%, (c) 17%, (d)
23% (e) 30% oil content

Figure 5-17 shows a comparison of the CaCOs3 scale built up on the surface during

different times for oil-brine 3 (0.045M) at 60° C. Calcite is less dominant initially for
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the oil-free system and then it starts to increase by 40 minutes compared to the
system with oil where calcite crystals clearly appears at 10 minutes. On the other
hand, aragonite clearly presents at 10 minutes for the oil-free system and it seems

to grow to a bigger size.

0% oil content 23% oil content

Tost 10707 WM Bopm Tew 1066 T R T

Figure 5-17 Surface deposit for oil- brine 3 (0.045M) at 60° C; 0% oil content (a) 10
min, (b) 20 min, (c) 40 min, (d) 60 min; 23% oil content (e¢) 10 min, (f) 20 min, (g)
40 min, (h) 60 min
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For the oil system aragonite stays as thin needles until 20 minutes and layers of
aragonite starts to accumulate at 40 minutes where they become thicker by 60
minutes as shown in Figure 5-17(g) and (h). The increase in the availability of
calcite with time can be observed simultaneously to the decrease in the availability
of aragonite for oil-free system. This may suggest the transformation of aragonite to
calcite with time. The clear presence of calcite at 10 minutes with thin aragonite
needles for the system with oil may indicate rapid transformation of the old formed
aragonite to calcite. The rest of aragonite which did not transform is then grown by
40 minutes and layers of aragonite started to accumulate by 60 minutes.

Figure 5-18 may be considered as evidence of the transformation of aragonite to
calcite where calcite is found to occupy similar position to aragonite as indicated in
the figure.

Test 10208 HLM x1.0k 100 ym Test 10209 x1.8k 50 um
Figure 5-18 Calcite occupy a similar surface area with a similar orientation to aragonite after

transformation; sample is taken at 60 minutes for 10% oil-brine 2 (0.065M) at 60° C

5.3.1.4 Nucleation in the early stages at 60° C

Figures 5-19 and 5-20 present the early stages of the surface crystallization for both
systems at 60° C. The nucleation and growth processes seem to take place in a
few seconds as a considerable amount of crystals is formed within the first minute.
At 5 minutes, aragonite is observed to build up as aggregates of thin needles which
emerged from a central point. These aggregates are bigger in size of an average
size of 30 um and are fewer in number for the oil-free system compared to an
average size of 15 um for the oil system. Calcite is found to spread over the surface
with a high population of an average size of 2 um for the system with the oil. Calcite
is fewer in number and grew to an average size of 7 um for the oil-free system. It
can also be observed where calcite is presented there is no aragonite around it.
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Figure 5-19 Early stages of scale deposition for brine 3 (0.045M); (a) 1min, (b) 5min

Test 10725 HLM  x1.0k 100 pm

Test 10726

Test 10792 HLM _ x1.0k 100pm  Test10793 HLM

Figure 5-20 Early stages of scale deposition for 23% oil-brine 3 (0.045M); (a) 1min, (b) 5min
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5.3.2 Characterization of CaCOs scale using XRD

Calcium carbonate scale deposits on RCE samples were characterized for scale
polymorphic transformation using X Ray Diffraction (XRD). Figures 5-21 and 5-22
illustrate XRD patterns for oil-brine 2 (0.065M) and oil-brine 1 (0.1M) after 1 hour at
30° C, respectively. The two calcium carbonate polymorphs, calcite (C) and vaterite
(V) have been detected and this is also confirmed by SEM in Figures 5-9 and 5-10.
Calcite (104) with a strong intensity at 20 of 29.4° can be easily identified for
systems with and without oil whereas vaterite is presented with a relatively weak
intensity at 28 of 25.0°. The diffraction peak of calcite is clearly observed to
increase with time due to the transformation process as in Figures 5-21 and 5-22.
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Figure 5-21 Comparing XRD patterns for oil-brine 2 (0.065M) at 30° C; LHS, 0% oil content;
RHS, 23% oil content
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Figure 5-22 Comparing XRD patterns for oil-brine 1 (0.1M) at 30° C; LHS, 0% oil content;

RHS, 17% oil content

5.3.3 Analysis of the polymorphic abundance:

Calcium carbonate crystals may be present in three

different crystalline

polymorphs and the three phases coexist under specific conditions of temperature,

supersaturation and mixing conditions [47, 68].

Studying the kinetics of calcium carbonate nucleation and growth processes on a

surface by tracking the kinetics of individual polymorphs is a complicated process
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because of the continuous transformation of the unstable phases towards the more
stable one. Since vaterite, the less stable polymorph, is known to act as a precursor
for calcite and aragonite formation [51], it is expected and assumed that vaterite is
formed initially and the other phases are formed as a consequence of vaterite
transformation. It is also assumed a negligible presence of amorphous calcium
carbonate ACC which is known as a highly unstable phase and can be totally
transformed to the crystalline form in a few minutes [50, 200]. It was postulated by
[48] that the lifetime of ACC is too short to distinguish the time between its
formation and transformation. Based on these assumptions the mole fraction of
each phase is estimated using equations 4-22 to 4-24. The number of mmole of
each polymorph per 1cm? of surface is calculated by multiplying the total mmol/cm?
of calcium carbonate that is formed by the mole fraction of each polymorph. The
mass in mg/cm? of each polymorph is then calculated by multiplying the mmol/cm?
of each polymorph by the molecular weight of CaCOs. By this way, the change in
the abundance, in addition to the mass growth of each polymorph could be

evaluated.

5.3.3.1 Assessment of the polymorphic abundance on a stainless steel
surface at 30°C

Figures 5-23 to 5-26 show the mole fraction and the mass growth for each
polymorph formed on a stainless steel surface for two different brine concentrations
with and without oil at 30° C. Since only vaterite and calcite are known to form at
this temperature [48, 51, 201], equations 4-25 and 4-26 are used for quantifying the
polymorphic composition for binary mixtures of calcium carbonate, this was also
confirmed by SEM in Figures 5-9 and 5-10 and XRD in Figures 5-21 and 5-22. The
distribution of the phase fraction with time is shown in Figures 5-23 and 5-24 for oil-
free system. An equal composition of vaterite and calcite are found to exist within
the first minute and this not only indicates rapid nucleation but also a rapid
transformation process. The decline in the vaterite composition which is
accompanied with the rise in the calcite composition is an indication of the
transformation reaction from vaterite to calcite. The rate of vaterite transformation
and the rate of calcite growth are faster in the first ten minutes than later where the
abundance of vaterite is decreased by about half of its initial value. The rate of
vaterite transformation and calcite growth are slowed down beyond 10 minutes
where the composition of vaterite and calcite are about 10 and 90%, respectively at

the end of 1 hour.
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Figure 5-23 Polymorph abundance on the surface for brine 2 (0.065M) at 30°C
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Figure 5-24 Polymorph abundance on the surface for brine 1 (0.1M) at 30°C

The polymorph fraction can then be translated to mass distribution in mg/cm? for
each crystalline phase that is formed and compared to the mass gain of total
CaCOgs scale deposit as shown in Figures 5-25 and 5-26. A linear growth of calcite
with time is clearly observed after 10 minutes which follows a trend similar to that of
the overall CaCOs; mass gain. This may indicate the control of calcite growth

mechanism over the other polymorph. The linear growth of calcite with time has
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also been reported in the literature [41, 81]. The amount of vaterite deposit
remained low throughout the experiment time of 1 hour. The first 10 minutes may
be considered as the period of continuous build-up of new vaterite which are then
subject to a quick transformation to the more stable calcite. The change in the slope
of lines for the total mass gain can also be observed at 10 minutes. This may be
due to the change in the kinetic rates between the period of the appearance of
vaterite simultaneous to the period of the nucleation and the growth of calcite.

SEM images in the left side of Figures 5-9 and 5-10 illustrate a clear increase in the
number of calcite crystals with time in addition to the existence of a variety of sizes
of crystals. This ensures the continuous formation of the new generation of calcite
according to the polynuclear mechanism where the old crystals are bigger in size
and can be distinguished from those which are formed later. However a nearly full
coverage of the surface is shown to exist at 1 hour and the crystals may then be
subject to further growth process. This is in agreement to [57] where an
electrochemical technique in which the rate of oxygen reduction at the surface of a
rotating disc electrode is used to quantify surface deposition on a stainless steel
substrate. A surface coverage of about 60% in 1 hour was detected for an
equimolar brine of 0.035M of Ca?" and HCOs ions. It was suggested that small
particles (sub-microns) were distributed over the surface among large particles but

the small crystals were the main contributors to the surface coverage.
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Figure 5-25 Polymorph mass gain (mg/cm?) for brine 2 (0.065M) at 30° C at different times
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Figure 5-26 Polymorph mass gain (mg/cm?) for brine 1 (0.1M) at 30° C at different times

The assessment of polymorph abundance in the presence of an organic phase is
illustrated in Figures 5-27 and 5-28. In the first minute, 28 mole% of calcite is found
to form at the surface for the lower saturation brine 2 (0.065M) compared to 18
mole% of calcite in the case of higher saturation brine 1 (0.1M). However, this does
not necessarily mean that the process of nucleation and transformation for brine 2
is higher and faster than that for brine 1, it could be because there is a lower
nucleation rate initially for the lower saturation brine. The nucleation for brine 1 is
most probably very intense during the first 5 minutes as can be observed from the
slow decline of vaterite abundance within the first 5 minutes in Figure 5-28. It can
also be noted that the change in the polymorphic composition exhibits a much lower
rate for brine 2 (0.065M) than for brine 1 (0.1M) by observing the slope of the lines.
Equal compositions of vaterite and calcite are found to exist within the first ten
minutes for brine 1 whereas it requires 60 minutes for brine 2 to equilibrate. This
also suggests the slow transformation process for the lower saturation brine
compared to the higher saturated brine 1. The composition of vaterite and calcite

for brine 1 are about 20 and 80%, respectively at 60 minutes.
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Figure 5-27 Polymorph abundance on the surface for 23% oil-brine 2 (0.065M) at 30°C
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Figure 5-28 Polymorph abundance on the surface for 17% oil-brine 1 (0.1M) at 30°C

The mass distribution of each polymorph could better describe the crystallization
process as shown in Figures 5-29 and 5-30. Both vaterite and calcite mass growth
are found to build up parallel to each other and their presence is in equal amounts
by the end of experiment for the case of brine 2 (0.065M) as shown in Figure 5-29.

The continuous rise in vaterite amount indicates a long period of vaterite nucleation
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and/or growth processes. The increase in vaterite amount occurs simultaneously
with the increase in calcite nucleation and growth processes. This may lead us to
suggest that the disappearance of vaterite due to the transformation of vaterite to
calcite is a slow process which occurs in a gradual manner as it is combined with a

gradual growth of calcite polymorph.

Brine 1 (0.1M) in Figure 5-30 exhibits a similar trend to the lower SR brine initially
but with much faster rate where both polymorphs are present in equal amounts by
10 minutes compared to 60 minutes for brine 2 (0.065M). This is again due to
vaterite nucleation and/or growth processes which occur in conjunction with calcite
nucleation and growth processes. Further transformation of vaterite to calcite
without the continuation in vaterite nucleation and/or growth processes results in a
clear decrease in the vaterite amount and an increase in the calcite amount and this
is what brine 2 is expected to behave like after 1 hour. The period from 10 to 40
minutes is presented as a steady state in the total CaCOs; mass gain where
equilibrium between the disappearance of vaterite and the nucleation and growth of

calcite exists.
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Figure 5-29 Polymorph mass gain (mg/cm?) for 23% oil-brine 2 (0.065M) at 30°C
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Figure 5-30 Polymorph mass gain (mg/cm?) for 17% oil-brine 1 (0.1M) at 30°C

SEM images in the right side of Figures 5-9 and 5-10 show a clear increase in the
crystals size with time rather than crystals sites. It can also be observed the
relatively equal size of the crystals which suggests that the initial nuclei are formed
at the same time, according to the mononuclear mechanism. This first generation of
vaterite crystals are then subject to grow in size rather than increase in numbers.
This finding can explain the differences of the slope of the lines in the initial stage of
the crystallization process between systems with and without oil which is shown in

section 5.1.2 of this chapter.

The polymorphic composition of vaterite and calcite for the systems with and
without oil for different oil fractions at 30° C is illustrated in Figure 5-31. The
abundance of vaterite is much more in the presence of oil where it represents about
50 to 60% of the total polymorph abundance whereas it only represents by about
10% in the absence of oil.
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Figure 5-31 Polymorph mole% and the total CaCOs mass gain (mg/cm?.hr) for oil-
brine 2 (0.065M) system at 30° C

5.3.3.2 Assessment of the polymorphic abundance on a stainless steel

surface at 60°C

Figures 5-32 to 5-35 show the mole percentage and the mass growth for each of
calcium carbonate crystalline phases that are formed on the substrate surface at
60° C for brine 3 (0.045M) in the presence and absence of oil. Aragonite is known
to predominate at this temperature and its presence is combined with calcite and
some vaterite [202]. This is also confirmed by SEM in Figure 5-16. The presence of
vaterite is very low in which it could be ignored in this temperature and the
equations used for quantifying the polymorphic composition in this case are

equations 4-27 and 4-28 for binary mixture of aragonite and calcite only.

The distribution of the phase fractions with time for brine 3 (0.045M) is shown in
Figure 5-32. In the first minute, aragonite is found to be about 80 mole% while
calcite was about 20 mole%. This indicates the short induction time and the fast
transformation rate where the transformation in this temperature is considered from
the metastable aragonite to the stable calcite. The initial percentage detected for
aragonite is 80% at 1 minute and it is fallen to about 40% in 60 minutes. Equal
compositions of aragonite and calcite exist in about 50 minutes whereas a complete
transformation may take around 240 minutes if the transformation continues at the

same rate.
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It is not clear whether aragonite has formed as a result of vaterite transformation or
it formed directly from the amorphous calcium carbonate without a vaterite
precursor. However, working with a lower saturation brine is recommended to

discover more about the early stages of the crystallization process.
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Figure 5-32 Polymorph abundance on the surface for brine 3 (0.045M) at 60° C

The mass profile in Figure 5-33 shows period of nucleation and growth for both the
phases which take about 20 minutes and these represented by the parabolic region
of the curves before a change in the trend is exhibited. In this region, transformation
of aragonite to calcite is also taking place and can be clearly seen by the decline in
the fractions of aragonite in Figure 5-32. The change in the slope of calcite beyond
20 minutes follows a linear growth which continues to the end of experiment
whereas aragonite starts to decline gradually as a result of its transformation
process. However, combining the nucleation, the transformation and the growth
processes to the total CaCOs; mass gain profile suggest that the first 20 minutes
generally represents periods of nucleation and growth for both phases whereas
reaching a steady state represents the region when nucleation of aragonite is
stopped but the transformation of aragonite is continued which is combined with the

nucleation and growth of calcite.
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Figure 5-33 Polymorphic mass gain profile (mg/cm?) for brine 3 (0.045M) at 60° C

When an oil phase is introduced to the system a different trend is detected as
illustrated in Figure 5-34. The metastable phase fraction of aragonite has
encountered a decline followed by a rise. As a result of the increase in aragonite
abundance, the mole percentage of calcite on the surface is decreased. A relatively
equal polymorphic percentage is shown to exist at about 20 minutes but this rapidly
diverged in opposite directions. The rise of aragonite fraction after 20 minutes is
most probably due to the formation of a new generation of the metastable aragonite
and this is confirmed by SEM in Figure 5-17 (g) and (h) where aragonite is found to

build up on each other in a dendritic manner forming layers of aragonite.

The mass distribution in Figure 5-35 can obviously illustrate the elevation of
aragonite mass growth making it controlling the whole process. There are two
regions of aragonite mass gain; the first is within the first 10 minutes and this is
accompanied by a linear growth of calcite phase which continues to about 40
minutes before it stabilizes. The second region of aragonite mass gain starts after
20 minutes and continues to 60 minutes. This is most probably the region of the re-
nucleation and the growth of new crystals of aragonite which is expected to slow
due to the stopping of nucleation, stabilize due to ceased growth then decline due
to its transformation to calcite in a slow process which may take several hours. On
the other hand, calcite will start to rise due to its re-nucleation and growth

processes which will take place as a consequence of aragonite transformation.
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Figure 5-34 Polymorph abundance on the surface for 23% oil-brine 3 (0.045M) at 60° C
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Figure 5-35 Polymorphic mass gain (mg/cm?) for 23% oil-brine 3 (0.045M) at 60° C

Comparing the percentage of aragonite to calcite for systems with and without oil at
60° C is illustrated in Figure 5-36. The percentage of aragonite is higher in the
presence of oil where it represents about 60 to 70% of the total polymorphs
abundance in the presence of oil whereas it represents about 50% in the absence
of oil. The ratio of aragonite to calcite abundance is relatively similar for the whole
oil fractions despite the difference in the amount of CaCOs deposit between

systems at low and high oil fractions as shown for oil-brine 3 (0.045M) in Figure 5-2.
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5.3.4 Effect of temperature on the polymorphic abundance

It has been shown in the previous two sections that vaterite and calcite are the
polymorphic phases of CaCO; at 30° C and their abundance compromise the
transformation of vaterite to calcite. On the other hand, aragonite and calcite are the
polymorphic phases of CaCOs; at 60° C and their abundance compromise the
transformation of aragonite to calcite. All the three polymorphs of crystalline CaCOs
is known to form at intermediate temperature of 40 to 50° C [51] and this is
confirmed by SEM images in Figures 5-37 and 5-38

The presence of the three polymorphic together makes the system quite complex
as the condition allows more than one metastable phase to form in parallel to each
other where the formation of the stable phase can be a consequence of the
transformation of both phases simultaneously.
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Figure 5-37 Effect of temperature on CaCOs scale deposition morphology in oil-free system;
(a) 30° C, (b) 40° C, (c) 50° C, (d), 60° C; samples taken at 60 minutes
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Figure 5-38 Effect of temperature on CaCOs scale deposition morphology in the presence of
oil; (a) 30° C, (b) 40° C ,(c) 50° C, (d), 60° C; samples are taken at 60 minutes

Figures 5-39 and 5-40 show the effect of temperature on the polymorph abundance
at 60 minutes for approximately similar brine saturations at different temperatures.
The brines used are brine 2 (0.065M), SR of 115 at 30° C, brine 4 (0.06M), SR of
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120 at 40° C, brine 5 (0.05M), SR of 105 at 50° C and brine 3 (0.045M), SR of 97 at
60° C.
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Figure 5-39 Effect of temperature on the polymorph abundance on the surface in the
absence of oil
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Figure 5-40 Effect of temperature on the polymorph abundance on the surface in the
presence of 23% oil

Calcite is the predominant polymorph for the temperatures of 30° C to 50° C in oil-
free system. This is because of the tendency for the scale to stabilise with time.
Aragonite starts to appear at 40° C but with a low percentage and its presence
increases with the temperature where it forms about 40% of the abundance at 60°
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C. On the other hand vaterite presence is kept low by a percentage of less than

10% for all the temperatures.

In oil systems, the presence of the metastable phases can be more observed;
vaterite at 30° C, vaterite and aragonite at 40 and 50° C and aragonite at 60° C.
Vaterite percentage encounters a linear decline with temperature while aragonite

percentage encounters a linear increase with temperature as shown in Figure 5-40.

It is worth mentioning that surface deposition process is taking place simultaneously
to the bulk precipitation process. Therefore, the interaction between bulk
precipitation and surface deposition should be linked together to better understand
the kinetics of the crystallization process. Next chapter will focus on the
crystallization process in the bulk solution.

5.4 Concluding Remarks

- Adding an oil phase as oil-in-water emulsions is found to exhibit a potential
reduction in surface scaling where the scale formed in a 70% oil content
system is found to reduce by 97% at 30° C and 80% at 60° C with reference

to scale deposit in the absence of oil.

- The relationship between scale deposition amount and oil fractions is not
clear for the close ranges of oil content but an overall decline in surface

fouling is exhibited.

- An exception of the general reduction in scale formation is exhibited in the
presence of oil for systems with oil fractions up to 40% at 60° C where scale

is found to increase when adding an oil phase.

- The kinetics in the early stages of the crystallization at 30° C and 60° C

show slower rates in the presence of oil than in the absence of oil.

- The presence of the metastable phase can be observed more in the

presence of oil and this implies the delay in the transformation process.

- Analysis of the scaling process through estimating the rate at which each
polymorph forms, grows and transforms can be a key factor for

understanding the kinetics of the crystallization process.
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6 Chapter Six The kinetics of the calcium carbonate bulk
precipitation crystallization process in water and in oil/water

emulsions;

6.1 Introduction

This chapter presents experimental results used to assess calcium carbonate
precipitation in the absence and presence of an organic phase via different in-situ to
ex-situ techniques. The Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) to track the change in calcium ions in the solution during the
crystallization process. Focused Beam Reflectance Measurement (FBRM) to
measure particle size distribution in-situ and in-real time. This experiment was
conducted under careful operating conditions to enable the tracking of both
nucleation and crystal growth processes simultaneously. The produced precipitate
was characterized using Scanning Electron Microscopy (SEM) and X-Ray
Diffraction (XRD). A quantitative determination of CaCOs polymorphs was
generated using correlations which are based on the intensity ratios of different
polymorphs produced by XRD patterns at different times. This enabled a better
understanding of the kinetics of formation and transformation of different
polymorphic phases. This was in addition to Scanning Electron Microscopy (SEM)

which provided visual evidence of the different stages of CaCO3 scale formation.
6.2 Characterization of oil-saline water systems

6.2.1 Assessment of oil-in-water emulsions using Focused Beam

Reflectance Measurement technique (FBRM)

FBRM has been used to characterize the oil/ water system. FBRM software
produces the number of counts for specified chord length channels of 1 to 5, 10 to
23, 29 to 86, 100 to 251 and 293 to 1000 microns. Figure 6-1 shows the number of
counts for different chord length channels for a 23% oil content system. The
measurements show an increase in the number of counts with an increase in the
impeller rotation speed and the existence of an equilibrium state at rotational speed
of 650 to 750 rpm. This steady state indicates equilibrium between the rate of
coalescence and break up of oil droplets. This is the optimum speed which assures
homogeneous mixing of phases. Therefore, a rotation speed of 700 rpm is used for
the experiments of high oil fractions of 23% and 30% whereas lower oil fractions of
10% and 17% were conducted at 550 rpm where a steady state was shown to exist

between 500 and 600 rpm as in Figure 6-2. These measurements were recorded
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after allowing the system to mix and equilibrate for at least 10 minutes between the
different speeds.
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Figure 6-1 Effect of rotation speed for 23% oil- (0.3M) NaCl solution at 60° C
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Figure 6-2 Effect of rotation speed for 10% oil- (0.3 M) NaCl solution at 60° C

Figure 6-3 shows droplet size distribution at different time intervals for systems
containing 10% and 17% oil fraction. The results show the existence of a pseudo
steady state where the mode of the peaks remain constant through time due to an
equilibrium between droplet break up and coalescence rates.
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Figure 6-3 Droplet size distribution for oil-(0.3M) NaCl solution at different times, mixing
speed of 550 rpm; top, 10% oil content; bottom, 17% oil content

Similar distribution profiles have been recorded at 30 and 60° C as shown in Figure
6-4. More peaks are detected at 30° C which indicates distinct sizes of droplets for
the system. A separated peak at about 100 pm appears for both curves which most

probably represents trapped air bubbles which are typically around this size [190].
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Figure 6-4 Frequency curves for 17% oil- (0.3M) NaCl solution, stirred at 550 rpm

The mean chord length for O/W emulsions at two different temperatures and for
different oil volume fractions is shown to range between 18 to 29 pum. However,
various weighting methods are used to approximate the measured particle size to
the actual size. According to [191] square-weighted chord length distribution for
spherical particles correlates similar to particle size distribution than un-weighted
CLD. Applying square weight methods using equation 4.14 and 4.16, the mean
chord length and chord length distribution for different oil content result in an
average mean chord length (square-weighted) to range between 69 to 82 um as
shown in Table 6-1 and square-weighted chord length distribution as shown in
Figure 6-5. The mean chord length has been calculated after removing of the 100
pm peak that has been detected as mentioned previously where the data and the
calculations are shown in Table A-2 in appendix A-2 for the case of 10% oil content
at 60°C.

Table 6-1 Mean diameter, droplet density and interfacial area for different fractions of saline
water- emulsion at 60 °C

_ Mean diameter (sq-wt), Droplet density Total interfacial
Oil content ,
(um) (no of droplets / cm?3) area (m-)
10% 65 691,637 12.89
17% 74 959,340 22.83
23% 78 1,179,620 32.05

30% 82 1,370,640 40.82
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Figure 6-5 Applying square weight to chord length distribution for different oil contents at 60°
C

Since oil droplets in oil-in-water emulsions are considered to have a spherical
shape, mean chord length may be considered as mean droplet diameter. Table 6-1
shows the droplet mean diameter (square-weighted), droplet density in solution and
total interfacial area. These values are calculated according to equations 4.17 to
4.21. Indeed, the mean droplet diameter increased from 65 pum in a system
containing 10% of oil up to 82 um (=20% increase) when the oil content reaches
30%. This is attributed to the increase in droplet coalescence frequency as the
fraction of oil in the system increases. The number of droplets and hence total

interfacial area was also found to increase as shown in Table 6-1.

A plot between the total number of counts as detected from square-weighted
method and droplet density as calculated based on square-weighted mean droplet
diameter gave a linear relationship as shown in Figure 6-6. According to this
finding, the number of droplets can be represented by the number of counts and the
square-weighted chord length distribution and square-weighted mean chord length
can better represent the droplet size distribution and the mean droplet diameter,

respectively.
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diameter for different oil contents at 60° C

6.3 Assessment of bulk precipitation process

6.3.1 Turbidity measurements

The tendency for the brines to precipitate in an oil-free system was evaluated by
measuring the solution turbidity. Figure 6-7 shows the turbidity for different brine
concentrations at two different temperatures. All the brines show instantaneous
precipitation with similar trend which indicates the rapid onset of nucleation at both
temperatures. The degree of precipitation is similar for brine 2 (0.065M) at 30° C
and for brine 3 (0.045M) at 60° C as shown in Figure 6-7 (a) and (b), this is because
both the brines have similar range of saturation ratio. Brine 1 at 30° C shows about
double degree of precipitation comparing to the other brines as shown in Figure 6-7
(c). This is reasonable as the saturation ratio has doubled for this brine. All the
brines turbidity curves reaches to steady state after about 5 to 10 minutes. Steady
state in this case could represent no more particles being formed and only crystal
growth taking place over this period. Therefore, the turbidity profile could be used to

differentiate between nucleation and crystal growth stages.
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Figure 6-7 Turbidity (FAU); (a) brine 2 (0.065M) at 30° C, SR of 115, (b) brine 3 (0.045M) at
60° C, SR of 97, (c) brine 1 (0.1M) at 30° C, SR of 211

6.3.2 The pH measurements

The pH has been widely used as a method for characterizing scale formation
particularly for estimating the induction time. The induction time is defined as the
time elapsed from the moment of mixing the reactants to the moment of detectable
crystals being observed. In order to estimate the induction time for nucleation,
curves were plotted at different time intervals. The induction times are then
estimated by a graphical method where the tangent of the pH slope curve is
extrapolated and allowed to intersect with the time axis where an induction time is

measured.

Assessment of the crystallization process using pH measurement is shown in
Figures 6-8 to 6-10. The pH profiles showed similar trend between systems with
and without oil at different temperatures. The pH drops initially with different slopes
followed by a steadiness. The systems at 60° C exhibit an increase in the pH after a

short period of steady behaviour as in Figure 6-10. The drop in pH is due to the
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hydrogen release from the dissociation of carbonic acid and/ or bicarbonate ions.
Therefore, carbonate ions would be freely available for the reaction with calcium
ions to form calcium carbonate.

The pH drop for oil-free system is higher than for oil-systems. However, applying
the tangent method to the curves produces various induction times which range
between 4 and 5 minutes for oil-brine 2 (0.065M) and 3 and 4 minutes for oil-brine 1

(0.1M) at 30° C. The induction time ranges between 2 and 3 minutes for brine 3
(0.045M) at 60° C.
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Figure 6-8 The pH profile for oil-brine 2 (0.065M) at 30° C
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Figure 6-9 The pH profile for oil-brine 1 (0.1M) at 30° C
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Figure 6-10 The pH profile for oil-brine 3 (0.045M) at 60° C

These induction times are a bit longer than what have been visually observed or
detected by both the turbidity measurement in the previous section and the FBRM
technique which will be illustrated in section 6.3.6. The induction times for all the
previous methods were recorded as an instantaneous reaction in which a
cloudiness was observed or the intensity was detected directly after mixing of the
brines. Therefore, the induction times by tangent method did not accurately
represent the induction times for the systems studied here.

6.3.3 Calcium concentration in solution

Since the brine solutions have equal concentration of calcium and carbonate ions,
for each one mole of free calcium ions there will be one mole of free carbonate ions
to react with to form one mole of calcium carbonate. It is expected that once
nucleation is started there would be consumption or decrease in the calcium
amount in the solution or unreacted. The drop in calcium ions can also be taken as
an indication to the intensity of the reaction. A sharp decrease in calcium ions at the
beginning of the crystallisation process may suggest instantaneous nucleation
whilst a gradual decrease may suggest progressive nucleation in which nuclei
continue to form as the reaction proceeds. Assessment of the crystallization
process using the concentration of calcium ions remaining in solution is shown in
Figures 6-11 and 6-12. The drop in calcium concentration is found to be low in the
first 5 minutes of the precipitation then it started to increase with time at 30° C. This
trend contradicts the results which are detected by other techniques such as pH,

turbidity and FBRM measurements, in addition to visual observations of the system.
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Nevertheless, a continuous decline in calcium concentration is exhibited in oil-free

system at 30° C which implies a continuous formation of scale for the duration of
the whole experiment.
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Figure 6-11 The concentration of calcium ions in mg/l for oil-brine 1 (0.1M) at 30° C
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Figure 6-12 The concentration of calcium ions in mg/l for oil-brine 3 (0.045M) at 60° C

The decline in the calcium concentration for the oil-brine 3 at 60° C is faster in the
early stages of precipitation than in the early stages of precipitation at 30° C. The
oil-free system exhibited a similar trend to 23 % oil content system whereas 10% oil
content showed a progressive reaction trend. The amount of unreacted calcium
ions at both temperatures is higher in the oil-free system than in the oil system for
the whole experiment duration.
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6.3.4 Estimation of the de-supersaturation profile and the calcium carbonate

produced based on measured pH and calcium concentration

Tracking the change in pH and calcium ions during the precipitation process is very
important for studying the kinetics of the crystallization process in the bulk solution.
Opposite behaviour existed for the precipitation progress between systems with and
without oil; the drop in pH is higher for the oil-free system than for the oil systems
which indicates a higher reaction rate exists in the oil-free system compared to the
oil systems. On the other hand, the amount of unreacted calcium is higher in the oil-
free system and this indicates a lower reaction rate compared to that in the oil
systems. This contrast between the measured pH and the measured calcium ion
concentrations in solution will be discussed in chapter 7.

Since calcium carbonate solubility and hence supersaturation and polymorph
change are all affected by pH, it was necessary to combine the change in calcium
concentration in solution with the measured pH to follow the precipitation process.
Supersaturation and activity coefficients of Ca?* and COs;? were estimated using
MultiScale™ software. These quantities are estimated at different measured pH and
different concentrations of free calcium ions which were detected using ICP. The
initial unreacted calcium ion concentration is considered equal to the value
measured by ICP which corresponds to the concentration prior to any reactions.
Knowing the SR, the solubility product of vaterite which is calculated using equation
2.35 and found as 1.11x10° M2 at 30° C and 5.34x10% M? at 60° C and with the
activity coefficients, the calcium and carbonate ions concentrations in solution can

be calculated according to the following equation:
Arg2+ Ann2—

SR = /M 6.1
Ksp,vaterite

or,

SR? Kspvaterite = [AP = acgq2+ Acoz- = Va2t [Ca?*] Ycoz- [C0%] 6.2

where:

Acgz+ ,Vegz+ and [Ca®*] are the activity (M), the activity coefficient and the

concentration (M) for calcium ions, respectively.

o2~ Yeoz-and [CO3T] are the activity (M), the activity coefficient and the

concentration (M) for carbonate ions, respectively.
SR is the supersaturation ratio.

IAP is the ionic activity product.
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Ksp vaterite iS the solubility product of vaterite (M?).

Tables 6-2 to 6-5 show the calculation of calcium carbonate produced based on the
change in pH and with the aid of MultiScale™ software for oil-brine 1 (0.1M) at 30°C
and oil-brine 3 (0.045M) at 60° C. The calculations for oil-brine 2 (0.065M) at 30° C
is in Tables C-1 and C-2 in appendix C. The concentration of calcium ions detected
using ICP analysis is higher than when correction was made (values in bold in the
tables). Calcium ion concentrations detected by ICP is shown to drop at the end of
the reaction by about 50% of its initial value for the oil-free system, whereas the
reaction reached up to 94% when the drop in pH within the reaction was taken into
account as shown in Table 6-2.

The concentration of the reacted calcium ions is calculated by subtracting the
solution calcium ion concentration from the initial calcium concentration at different
time intervals. The concentration of calcium carbonate produced within the
experiment is calculated by applying mole balance between the reacted calcium
and the produced calcium carbonate. Figures 6-13 and 6-14 represent the
differences in the amount of calcium carbonate calculated directly from calcium ions
measured in the solution and indirectly from the pH dependent on supersaturation.
A higher amount of scale is produced when calculated than when measured. The
trend of the curves for the measured CaCO:s in case of oil-brine 1 at 30° C in Figure
6-13 suggests the continuous formation of scale over the whole period of the
experiment and this contradicts other methods such as turbidity measurement in
Figure 6-7(c) and pH in Figure 6-9. However, this behaviour is less observed in the
case of oil-brine 3 (0.045M) system at 60° C in Figure 6-14 although the difference
in the amount of scale measured and calculated are high in this case too. However,
turbidity measurement for the brine 3 (0.045M) at 60° C shows a steady state
intensity of about half the value which is detected for brine 1 (0.1M) at 30° C as
shown in Figure 6-7 (b) and (c). This implies that the amount of precipitate for brine
3 at 60° C as detected from the calculated calcium and pH is a better representation
of the system in this case too. The decrease in the amount of calcium carbonate for
oil-brine 3 system after 30 minutes as shown on the right side of Figure 6-14 is
theoretically unacceptable. This decrease in CaCO:s is a result of the increase in the
saturation ratio calculated which is affected by the increase in pH at 30 minutes as

shown in Table 6-5 (values in bold).
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Table 6-2 The calculation for correcting calcium ion that has reacted to form calcium carbonate for 0% oil-brine 1 (0.1M) at 30° C

. . [Ca**]=[COs?] Produced
Time Ca* (mg/l) Ca*(mM) SR YCaz YCOsZ  IAP= SR%*Kspy M Reacted [Ca2*]
_ , , , , (mM) CaCOs
(min) by (ICP) by (ICP) (Multiscale)  (Multiscale) (Multiscale) (M) (mM) malh
Corrected 9
0 2042 50.954 7.6 211.46 - - - 50.954 * 0 0
2 1985 49.536 7.15 77.54 0.233 0.1478 6.6827E-05 44.051 6.903 690.258
5 1894 47.262 6.84 35.56 0.2336 0.149 1.40548E-05 20.094 30.859 3085.934
15 1470 36.680 6.57 12.24 0.237 0.156 1.66519E-06 6.711 44.243 4424.296
30 1323 33.007 6.47 8.05 0.239 0.159 7.20264E-07 4.353 46.600 4660.048
45 1170 29.203 6.47 6.43 0.241 0.165 4.59539E-07 3.399 47.555 4755.461
60 1089 27.175 6.49 5.63 0.242 0.165 3.52303E-07 2.970 47.984 4798.372

* The initial calcium concentration is considered as the value measured using ICP
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Table 6-3 The calculation for correcting calcium ion that has reacted to form calcium carbonate for 17% oil-brine 1 (0.1M) at 30° C

Caz [Ca?*]=[C03?] Produced
: 24 2+ 2- = 2% 2+
Time  Ca?* (ICP) (MM) oH SR YCa YCOs IAP= SR?*Kspv (mM) Reacted [Ca?*] CaCOs
(min) (mall) (Multiscale)  (Multiscale) (M)2 (mM)
by (ICP) (corrected) (mg/l)

0 2042 50.954 7.6 211.46 - - - 50.954 * 0.0 0.0

2 1958 48.861 7.2 84.61 0.233 0.1478 7.95689E-05 48.068 2.886 288.601
5 1712 42714 6.87 31.81 0.2336 0.149 1.12468E-05 17.975 32.978 3297.844
15 1300 32425 6.68 12.58 0.24 0.161 1.75898E-06 6.747 44.207 4420.705
30 1157 28.865 6.63 9.07 0.242 0.164 9.14355E-07 4.799 46.154 4615.422
45 1160 28.934  6.59 8.32 0.241 0.1628 7.6939E-07 4.428 45.526 4652.577
60 970 24.197 6.6 6.124 0.244 0.168 4.16841E-07 3.188 47.765 4776.521

* The initial calcium concentration is considered as the value measured using ICP
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Table 6-4 The calculation for correcting calcium ion that has reacted to form calcium carbonate for 0% oil-brine 3 (0.045M) at 60° C

Time Ca®" (mg/) Ca*(mM) SR YCa?* YCOs>  IAP= SR*Kspy e e Reacted [Ca*] Produced
i ltiscale) (Multiscale) (Multiscale) (M)?2 ) (mM) cacts
(min)  py(cP) by (ICP) (Mu Corrected (mg/)
0 926.925 23.128  7.56 97.66 - - - 23.128 * 0 0
2 799.241 19.942  6.65 10.56 0.226 0.15 5. 95456E-07 4191 18.937 1893.695
5 690.221 17.222  6.45 5.11 0.272 0.152 1.39432E-07 1836 21292 2129.159
15 563.031 14.048  6.42 3.26 0.229 0.156 5 67489E-08 1.260 21.868 2186.765
30 551.576 13.763  6.38 2.87 0.229 0.156 4.39831E-08 1.109 22018 2201.843
45 523.136 13.053  6.43 2.91 0.23 0.157 4.52177E-08 1119 22 009 2200.899
60 515.079 12.852  6.48 3.17 0.23 0.157 5 36588E-08 1219 21.909 2190.902

* The initial calcium concentration is considered as the value measured using ICP
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Table 6-5 The calculation for correcting calcium ion that has reacted to form calcium carbonate for 23% oil-brine 3 (0.045M) at 60° C

[Ca?]=[COs?]

Produced

Time Ca* (mg/l) Ca*(mM) SR YCaz YCOsZ  IAP= SR%*Kspy Reacted [Ca2*]
. pH . . . , (mM) CaCos
(min) by (ICP) by (ICP) (Multiscale) (Multiscale) (Multiscale) (M) Conrected (mM) (ma)
0 926.925 23.128 7.56 97.66 - - - 23.128 * 0 0
2 733.669 18.306 7.2 31.03 0.228 0.153 5.14145E-06 12.140 10.988 1098.772
10 549.110 13.701 6.82 7.75 0.231 0.157 3.2072E-07 2.974 20.154 2015.426
30 493.604 12.316 6.93 6.34 0.232 0.159 2.14635E-07 2412 20.716 2071.586
45 494.000 12.326 7.07 11.17 0.233 0.159 6.66237E-07 4.241 18.887 1888.732
60 475.366 11.861 7.19 13.59 0.233 0.16 9.86191E-07 5.143 17.985 1798.472

* The initial calcium concentration is considered as the value measured using ICP
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Figure 6-13 Comparing the amount of calcium carbonate produced as calculated by the reacted
calcium ions detected by ICP to the amount produced as calculated by the reacted calcium ions
detected from supersaturation dependent on pH for oil-brine 1 at 30° C; (a) 0% oil content, (b) 17% oil
content
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Figure 6-14 Comparing the amount of calcium carbonate produced as calculated by the reacted
calcium ions detected by ICP to the amount produced as calculated by the reacted calcium ions
detected from supersaturation dependent on pH for oil-brine 3 at 60° C; (a) 0% oil content, (b) 23% oll
content
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6.3.5 Assessment of the precipitation process using calcium carbonate

concentration, pH and de-supersaturation profile

Figures 6-15 to 6-17 illustrate the comparison between the concentration of calcium
carbonate produced with both pH and supersaturation change during the reaction. The vyield
of the CaCO; scale is high during the first 15 minutes and this is consistent with the
reduction in the supersaturation of the brine and the change in the solution pH. The reactant
is consumed as the reaction proceeds within this period which could be considered as the
period of time where nucleation is taking place. After 15 minutes, changes in the slope of the
curves for CaCOs produced, pH and supersaturation are exhibited. In this region a slight
increase in the concentration of product occurs and this could be considered as the period
where other process such as growth and agglomeration are progressed. The trend of the
lines is similar for systems with and without oil at 30° C and this will be discussed in chapter
7. The rise in the pH profile for the system with oil at 60° C as shown in Figure 6-17 is of
interest. This led to a decline in the amount of calcium carbonate produced with time as the
rise in pH affected the calculation of the saturation ratio and hence the estimated calcium

and carbonate ions concentrations in the solution.
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Figure 6-15 Comparing the amount of CaCOs formed with the change in supersaturation ratio and pH
for oil-brine 1 (0.1M) at 30° C; (a) 0% oil content, (b) 17% oil content
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Figure 6-16 Comparing the amount of CaCOs formed with the change in supersaturation ratio and pH
for oil-brine 2 (0.065M) at 30° C; (a) 0% oil content, (b) 23% oil content
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Figure 6-17 Comparing the amount of CaCOs formed with the change in supersaturation ratio and pH
for oil-brine 3 (0.045M) at 60° C; (a) 0% oil content, (b) 23% oil content
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6.3.6 Assessment of calcium carbonate precipitation process using Focused Beam

Reflectance Measurement (FBRM) technique

6.3.6.1 Precipitation at 30° C

FBRM technique has been used to assess the nucleation and growth processes for calcium
carbonate scale formation by analysing for particles (oil droplets and crystals) chord length
distribution and the change in the total chord counts with time. The aim of using this
technique is to enable in-situ characterization of the system to better understand the
precipitation process.

Figures 6-18 and 6-19 show the number of chord counts for different chord length channels
for oil-brine 3 (0.045M) at 30° C. The initial measurements are considered random, very
intense and this is most probably because of the turbulence that happens inside the vessel
when mixing the brines at the beginning of the experiment. In addition to the rapid
precipitation and the tendency for the particles to adhere at the FBRM probe window which
is very intense at the beginning of the experiment. Therefore, the first 5 minutes (300 s) of
measurements are usually ignored. However an increase in the intensity can be observed
from the time of mixing the brines which indicates instantaneous precipitation process. The
reading of 1 to 5um chord length is not stable because of the tendency for small particles to
either adhere or nucleate at the probe window. This causes a high increase in the intensity
and affects the measurements. The decrease of this small sized count after the initial
increase is due to the regular cleaning of the probe which is very frequent at the beginning of
the experiment. The gaps in the figure represent the peaks detected at the cleaning period of
the probe which are removed. The raw data of the measurements before the removing of the

cleaning periods are presented in appendix A-1.

Crystal particles of large chord lengths >10 um have shown a lesser tendency to stick at the
probe window as they showed relatively stable readings before and after the cleaning gaps.
The tendency for the small particles to stick at the probe window is higher in the first 30
minutes of the experiment than in the last 30 minutes. However, the fact that only small
particles of chord length of 1-5 um have shown stickiness affinity to the probe window, in
addition to the decrease in the tendency for the small particles to stick with time may suggest
that this is due to the nucleation of crystals on the surface of the probe rather than the

adhesion of crystals from the bulk solution.
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Figure 6-18 Chord counts for brine 3 (0.045M) at 30° C, agitated at 550 rpm

The continuous increase in the small particle counts throughout the experiment may suggest
a progressive nucleation is taking place in the bulk solution throughout of the experiment for
the oil-free system at 30° C as shown in Figure 6-18. The bulk nucleation period in the
presence of oil is shown to be shorter as the small particles show a slight decline in the
second half of the experiment as shown in Figure 6-19. The increase of the intensity of
different chord length channels also suggests the occurrence of fast precipitation and rapid
crystal growth rates immediately after mixing the brines. The increase in the channel
intensity of ranges 10 to 23 um and 29 to 86 um is much higher at the beginning of the
experiment than later on. However growth continues over all the experiment in the oil-free
system by observing the increase in the large particle size counts. The continuous growth
process occurs simultaneously to the continuous nucleation process in the oil-free system.
On the other hand, the growth process starts to cease by about 25 min (1500 s) and this
occurs in simultaneous to the nucleation process stopping in the oil system as shown in
Figure 6-19. However, the difference between both systems is the existence of the high
intensity of the particle chord length channel of 29-86 um over the other particle size in the

presence of oil and this will be discussed in chapter 7.
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Figure 6-19 Chord counts for 10% oil- brine 3 (0.045M) at 30° C, agitated at 550 rpm

Figure 6-20 shows un-weighted chord length distribution for the oil-free system at 30° C.
This is used as a reference for studying the impact of O/W emulsions on the crystallization
process. The mode of the distribution clearly increases throughout the duration of the test
and this is attributed to the growth of particles which makes the profile less broad and results
in a slight shift to a larger crystal size. The continuous formation of small crystals (less than 5
pum) throughout the duration of the test can also be observed from the existence of the small
peaks on the left side of the distribution and is attributed to the high nucleation rate

contributing to creating new calcium carbonate crystals during the test.

The mean chord length (square-weighted) for the crystals that are formed in the oil-free
system at 60 minutes is about 62 um. This value corresponds to a mean chord length of
about 21 um (un-weighted). The calculations of the un-weighted and the square-weighted
mean chord length are shown in Table A-1 in the appendix A-2. However SEM images in the
next section show that the crystals are mainly formed of clusters of vaterite and calcite which
are no larger than about 30 um at 60 minutes. Therefore, un-weighted mean size and hence
un-weighted chord length distribution may be considered to represent the system well in this

case.
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Figure 6-20 Chord length distribution (un-weighted) for brine 3 (0.045M) at 30° C

Figures 6-21 and 6-22 show the un-weighted chord length distributions for 10 and 23% oil
content at 30° C, respectively. The first shaded profile represents oil droplet distribution
which is detected from an oil-NaCl (0.3M) solution and used here as a reference for the
precipitation process in the presence of oil. The mode of the chord length distribution is
higher when the system encounters precipitation than when the system consists of only oil
droplets. The mode of the chord length distribution continued to rise in a gradual manner
throughout the duration of the test. The mean chord length (square-weighted) for the
particles that are present in oil systems at 30 minutes are about 46 and 51 um for the 10 and
23% oil-brine system, respectively. These values correspond to an average mean chord

length of about 22 and 24 um (un-weighted), respectively.
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Figure 6-21 Chord length distribution (un-weighted) for 10% oil-brine 3 (0.045M) at 30° C
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Figure 6-22 Chord length distribution (un-weighted) for 23% oil-brine 3 (0.045M) at 30° C

Applying weighting methods to a set of data as shown by equation 4-14 gives an extra
influence to the larger particle weights in the data over the smaller particles. Therefore,
representing the chord counts using square-weighted chord length distribution may better

represent the oil-precipitate system in this case and this is shown in Figures 6-23 and 6-24.
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Figure 6-23 Chord length distribution (square-weighted) for 10% oil-brine 3 (0.045M) at 30° C

Square-weighted distribution is less broad than un-weighted distribution and the profile for
the system containing only oil droplets shows a close distribution to the particle distribution
which represents both crystals and oil droplets. The particle size distribution has
encountered a gradual increase in the mode with a slight shift to larger size with time.
However, the difference in the mode of the distribution profile between the system which
contains only oil droplets and that which contains both colloid particles may indicate that
crystals are formed in the bulk solution and this causes the mode to shift to the right. This
could also be due to a change in the optical properties of the system as the scale builds-up
at the oil-water interface. Although, it was reported that the FBRM technique provides
reproducible and more accurate results for emulsions with high reflective properties than for
transparent droplets [203]. It was also reported that the number of counts is affected by the

change in the refractive index [204].
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Figure 6-24 Chord length distribution (square-weighted) for 23% oil-brine 3 (0.045M) at 30° C

Comparing the total chord counts for systems with and without oil in order to ensure whether
the precipitation increases or decreases with oil is illustrated in Figure 6-25. The left side
shows the total chord counts which include both CaCOs crystals and oil droplets for the
system with oil. The right side shows the measurement for the same system after subtracting
the average count of oil droplets so that only the counts for CaCOs; particles are shown. It is
shown that the total chord counts are reduced by 1 to 1.5 times when the oil phase is
removed from the system at 30° C. However, the total number of crystals as shown on the
right side of Figure 6-25 showed a relatively similar level of precipitation for the system with
and without oil, although the system with 23% oil content showed higher counts than the
system with 10% oil content and this is most probably due to higher impeller mixing speed of
700 rpm than that used for 10% oil content system which is 550 rpm and this may promote
precipitation. The oil-free system exhibited a clear increase in the total counts in the second
half of the experiment. This increase in the total counts for the precipitate in the oil-free
system is due to the increase in the small chord length channel of 1-5 um counts which is
shown to occur simultaneously with the increase of the larger chord length channels as

shown in Figure 6-18.
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Figure 6-25 Total chord counts for oil-brine (3) at 30° C; LHS: total counts including oil droplets; RHS:
total counts excluding oil droplets

6.3.6.2 Precipitation at 60° C

The number of counts for different chord length channels for the oil-free system at 60° C is
shown in Figure 6-26. The intensity increased immediately after mixing the brine which
indicates a spontaneous precipitation. The continuous increase in the smallest channel size
of 1 to 5 um indicates high nucleation rate which proceeded to about 40 minutes (2400 s)
before it slowed down or stopped. The increase in the channel counts of ranges 10 to 23 pm
and 29 to 86 um from an early stage of the precipitation indicates a rapid growth process.
The growth process continued to 30 minutes (1800 s) before it reached a steady state. The
decrease in channel counts of 29 to 86 um beyond 30 minutes is most probably due to the
agglomeration of particles which led to a slight increase in the larger particle counts of 100-
251 pm.
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Figure 6-26 Crystals chord length counts for brine 3 (0.045M) at 60° C, agitated at 550 rpm

Chord counts/sec

Figure 6-27 shows the number of counts for the different chord length channels for the 10%
oil-brine 3 (0.045M) system. Again, precipitation took place immediately after mixing the
brine and the increase in channel length counts of 10 to 23 um and 29 to 86 um in the early
stages of the experiment indicates rapid crystal growth process which continued to the end
of experiment. The low and relatively stable reading of the small channel size of 1 to 5 um
indicates the existence of equilibrium between nucleation and growth rates; as the growth in
crystal size occurs, a switch to a larger size but with a potential decrease in their initial size
is expected. However as the nucleation rate remains high, new nuclei are formed keeping

the population of small crystals steady.



170

1-5 microns e 10-23 Microns
100-251 microns

29-86 microns

3000

2500 NN

A
2000 o P

)
e

500 SR MWW I,,w.,,

A -
0 —
0 500 1000 1500 2000 2500 3000 3500
Time (s)
Figure 6-27 Change of chord counts with time for 10% oil-brine 3 at 60°C, agitated at 550 rpm

Chord counts/sec

Figure 6-28 shows the chord length distribution over time for an oil-free system at 60° C. The
population of small crystals (less than 10 um) increased throughout the duration of the test
and this is maybe attributed to a high nucleation rate. The mode of the distribution is also
increased with a slight shift to the right or to a larger particle size and this is attributed to the
growth of particles. The mean chord length (square-weighted) for the crystals that are
formed in the oil-free system at 60 minutes is about 95 um. This corresponds to a mean
chord length of about 18 um (un-weighted). The calculations of un-weighted and square-
weighted chord length are shown in Table A-2 in the appendix A-2. However SEM images in
the next section show that the crystals are mainly formed of clusters of aragonite which are

needle shaped with high aspect ratio.

Figures 6-29 and 6-30 show the chord length distributions (un-weighted) for 10% and 17%
oil at 60° C, respectively. It appears that the population of small crystals reduces and the

distribution looks better when oil is added to the system and an o/w emulsion is formed.
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Figure 6-29 Chord length distribution for 10% oil-brine 3 (0.045M) at 60° C
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Figure 6-30 Chord length distribution for 17% oil-brine 3 (0.045M) at 60° C

The shaded profile represents the oil droplet distribution which is detected from an oil- NaCl
(0.3M) solution and used here as a reference for the precipitation process in the presence of
oil. The mode of the particle size distribution is much higher for the case where the system
encounters precipitation than when the system contains only oil droplets. The mode of the
peak continued to rise in a gradual manner throughout the duration of the test with a slight
shift to larger particle size. The mean chord length (square-weighted) for the particles that
are formed in oil systems at 60 minutes are about 74 and 58 um for 10% and 17% oil
content, respectively. These values correspond to mean chord lengths of about 32 and 28
pm (un-weighted) for 10% and 17% oil content, respectively as shown in Table A-2 in the
appendix A-2 for 10% oil-brine system. Plots reproducing the particle size distribution as a
square-weighted distribution are shown in Figures 6-31 and 6-32. A significant difference
between the distribution profiles with and without CaCOs3 precipitate can be observed. The
mode of the peak is intensively increased with time with a slight shift to the right. This may
be attributed to the high precipitation rate combined with high agglomeration rate which is
increased with time. This effect is more observed in the system with 10% oil content in
Figure 6-31 than in the system with 17% oil content in Figure 6-32. The high tendency to
agglomerate was also observed through a visual observation for the experiments in the
presence of oil at 60° C when mixing was stopped. Dense flakes of agglomerated crystals
collected at the water-oil interface and were oriented in the water phase. These clusters

were found to be significant in the FBRM experiments compared to other experiments at 60°
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C. This is maybe attributed to the change in the experimental conditions as there was no

bubbling of CO, prior to these experiments.
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Figure 6-31 Chord length distribution (square-weighted) for 10% oil-brine 3 (0.045M) at 60° C
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Figure 6-32 Chord length distribution (square-weighted) for 17% oil-brine 3 (0.045M) at 60° C

Comparing the total chord counts for systems with and without oil in order to ensure whether
precipitation increases or decreases with the addition of oil is illustrated in Figure 6-33. The

left side shows the total counts which includes the CaCOs crystals and the oil droplets for the
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systems with oil. The right side shows the measurement for the same systems with the
subtracting of the average counts of oil droplets so that only CaCOs3; precipitate counts are
shown. The precipitation is found to decrease when adding an oil phase to the system at 60°
C as fewer counts were detected in the presence of oil. The total chord count is reduced
when removing the oil counts from the system by about 15% and 30% for 10% and 17% oll
fraction, respectively. This suggests that the crystal counts are much higher than the oll
droplet counts in this case. Both the oil-free system and 10% oil system at 60° C exhibited a
clear increase in the total counts which proceed throughout the experiment whereas this
increase was not detected in the 17% oil content system. This increase in the total counts for
the oil-free system is due to the increase in the small chord length channel of 1-5 pm counts
as shown in Figure 6-26 whereas the increase in the total counts is a result of an increase of
the large particles in the 10% oil content as shown in Figure 6.27.
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Figure 6-33 Total chord counts for oil-brine 3 at 60° C; LHS: total counts including oil droplets; RHS:
total counts excluding oil droplets

As a summary of the results detected by the FBRM technique, it is noted there is a high and
instantaneous precipitation rate shown by the rapid and high counts recorded once the
brines are mixed. The high growth rates cause an increase in the mode of the distributions
with slight shifts to the right side to larger particle size for all cases at both temperatures. The
continuous population of small particles throughout the experiment during the tests for the
oil-free system at both temperatures takes place simultaneously with an increase in the large
particles intensity. Oil systems have a much more ordered patrticle size distribution with less
nucleation tendency but higher growth or agglomeration rates. The results also suggest that

applying weighting methods can help in interpreting the FBRM data.
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6.4 Characterization of calcium carbonate bulk precipitation
6.4.1 Analysis of crystal morphology using SEM

6.4.1.1 Morphology of precipitate at 30° C

The morphology of the scale formed in the bulk solution for systems with and without oil is
analysed using Scanning Electron Microscopy (SEM). Figures 6-34 and 6-35 compare the
crystal morphology at different time intervals for systems with and without oil at 30° C. The
ImageJ analysis software is used to estimate the average size of vaterite and calcite at
different time intervals for oil-brine 2 (0.065M) and oil-brine 1 (0.1M) as shown in Tables 6-6
and 6-7, respectively. Vaterite and calcite are the major morphology at this temperature. The
Vaterite phase seems to take an initial spherical shape of an average size of about 3 pum
which then grows to have a cauliflower or pine cone shape and reaches to an average size
of 16 um at 60 minutes. The cauliflower shape of vaterite is suggested by [205] to form as a
result of agglomeration mechanism. It is shown by [206] that the success of an aggregation
event of vaterite depends on the growth of a crystalline bridge between two colliding
particles. However, the oil-free systems seem to promote vaterite growth more than in the oil

system. The average size of vaterite in the oil systems is about 13 um at 60 minutes.

The rhombohedral calcite crystals are shown to form as single crystals or as clusters of
interconnected crystals. According to [48] the crystallization and growth of calcite on the
surface of polycrystalline vaterite spheres results in various calcite superstructures.
However, the calcite crystals are much bigger in the oil-free system with an average size of
about 13 and 17 pm at 60 minutes for brine 2 (0.065M) and brine 1 (0.1M), respectively.
Calcite crystals are smaller in the presence of oil with an average size of about 7 and 10 at
60 minutes for brine 2 (0.065M) and brine 1 (0.1M), respectively. This is in agreement to
[207] who detected smaller size of calcium carbonate crystals formed in an oil-free system to
those which formed in the presence of n-dodecane. The appearance of flat surfaces in some
of vaterite clusters can be clearly observed in the systems with oil as shown in Figure 6-36.

This gives rise to questions about its formation and will be discussed in chapter 7.

Aragonite is also found to form at this temperature and has taken the shape of a cluster of
needles emerging from a central point which is usually connected to vaterite. This suggests
that the origin of the aragonite is vaterite. However, the aragonite presence is more
observed in brine 2 (0.065M) than in brine 1 (0.1M).
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Figure 6-34 SEM images for CaCOs bulk precipitate for oil-brine 2 (0.065M) at 30° C; 0% oil content
(&) 5 min, (b) 15 min, (c) 30 min, (d) 60 min; 23% oil content (e) 5 min, (f) 15 min, (g) 30 min, (h) 60

min
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Figure 6-35 SEM images for CaCOs bulk precipitate for oil-brine 1 (0.1M); 0% oil (a) 2 min,(b) 5 min,
(c) 15 min, (d) 30 min, (e) 45 min, (f) 60 min; 17% oil content, (h) 2 min, (i) 5 min, () 15 min, (k) 30

min, (I) 45min, (m) 60 min

Table 6-6 The change in precipitate average crystal size (um) with time for oil-brine 2 (0.065M)

system
0% oil content 23% oil content

Time

(min) Vaterite = Std.Dev. | Calcite | Std.Dev. | Vaterite | Std.Dev. | Calcite | Std.Dev.
5 5.82 2.88 5.23 2.01 3.84 191 443 1.67
15 9.66 4.49 8.69 1.94 5.73 2.61 5.98 1.62
30 10.71 5.92 10.39 2.32 11.2 4.89 7.28 1.65
45 13.48 8.42 11.91 3.212 12.39 4.03 6.26 1.79
60 15.82 6.67 12.67 1.72 12.29 3.94 6.78 2.27
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Table 6-7 The change in precipitate average crystal size (um) with time for oil-brine 1 (0.1M) system

0% oil content 17% oil content

Time

(min) Vaterite | Std.Dev. | Calcite | Std.Dev. | Vaterite | Std.Dev. | Calcite | Std.Dev.
2 3.57 141 6.94 244 5.74 1.86 6.51 2.39
5 5.74 2.95 10.67 1.19 6.76 2.95 6.39 1.84
15 14.72 5.74 12.64 0.53 7.26 1.9 8.03 1.68
30 14.59 5.98 14.68 2.85 10.52 2.87 9.25 2.17
45 14.09 5.42 16.33 2.47 9.82 3.63 9.72 2.48
60 16.52 6.18 16.97 2.00 11.75 3.58 10.22 2.83

Test 11239

x1.8k

S0 pm

Figure 6-36 The appearance of flat and smooth surface on a side of vaterite in oil-brine
systems at 30° C; (a) 23% oil-brine 2 (0.065M) sample at 60 min, (b) 17% oil-brine 1 (0.1 M)
sample at 45 min, (c) 17% oil-brine 1 (0.1M) sample at 60 min
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6.4.1.2 Morphology of precipitate at 60° C

Figure 6-37 compares between crystals morphology at different time intervals for the oil-free
system to those for the oil system for oil-brine 3 (0.045M) at 60° C. The three CaCOs;
morphologies (vaterite, aragonite and calcite) can be clearly identified at this temperature;
Aragonite with a needle like shape which appears as a single crystal in the beginning of the
crystallization process as shown Figure 6-37 (a) and (f). These crystals are then tending to
aggregate and/or branch in a later stage. Branched aragonite can be distinguished by the
presence of small needles that have emerged from the surface of a previous formed one.
This configuration can be observed more in the presence of oil and are most probably due to
the onset of secondary nucleation. It was claimed that when the supersaturation is
sufficiently high, secondary nucleation in the presence of prior crystals is induced [208]. The
crystals are also appearing to agglomerate to large clusters with time.

Rhombohedral calcite crystals which are formed interconnected to each other are observed
as early as 2 minutes in the oil system. Vaterite with a hexagonal plate is also presented and
are observed more at the beginning of the crystallization process than later. Vaterite is

observed more in the oil-free system than in the oil system.

0% oil content 23% oil content

Figure 6-37 Continued
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Figure 6-37 SEM for oil-brine 3 (0.045M) at 60° C; 0% oil content (a) 2 min, (b) 5 min, (c) 15min, (d)
30 min, (e) 60 min; 23% oil content (f) 2 min, (g) 5 min, (h) 15 min, (i) 30 min, (j) 60 min

6.4.2 Analysis of CaCOs scale using XRD

Calcium carbonate precipitate in the bulk solution is characterized using X Ray Diffraction
(XRD). The three different crystalline polymorphs ca be presented together under specific
conditions of temperature, supersaturation, pH and mixing conditions [43, 45]. The diffraction
peaks corresponding to the three calcium carbonate polymorphs calcite (C), vaterite (V) and
aragonite (A) are detected at 60° C as shown in Figure 6-39, whereas only calcite (C) and

vaterite (V) are at 30° C as shown in Figure 6-38.
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Figure 6-38 XRD patterns for oil-brine 2 (0.065M) at 30° C; LHS, 0% oil content; RHS, 23% oil content
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Figure 6-39 XRD patterns for oil-brine 3 (0.045M) at 60° C; LHS, 0% oil content; RHS, 23% oil content
6.4.3 Analysis of polymorphic abundance

In order to understand the kinetics of the precipitation process, the change in the
composition of each polymorph was estimated based on the relative intensity of different
phases which are detected using XRD and equations 4-22 to 4-24. The number of mmole of
each polymorph per one litre of solution is calculated by multiplying the total mmole of

calcium carbonate that is formed per one litre of solution by the mole fraction of each
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polymorph. The concentration in mg/l of each polymorph is then calculated by multiplying the
later quantity by the molecular weight of CaCOs. The change in the abundance, as well as

the nucleation and growth rate of each polymorph can be evaluated.

6.4.3.1 Assessment of precipitate polymorphic abundance and growth at 30°C

Figures 6-40 to 6-47 represent the mole fractions and the concentrations of calcium
carbonate crystalline phases that are formed in the bulk solution for two different brines with
and without oil at 30° C. The mole fractions of Vaterite, calcite and aragonite are about 55,
40 and 5 % respectively at 15 minutes for brine 2 (0.065M) as shown in Figure 6-40. This is
an indication of a relatively fast transformation rate where 45% of vaterite is transformed in
15 minutes. The change in vaterite composition beyond 15 minutes is slowed down; it
requires about 45 minutes for the vaterite composition to reduce from 55% to 50%. Equal
composition of vaterite and calcite requires about 90 minutes to achieve and a complete
transformation would appear to require about 4 hours if the transformation persists with a
similar rate. However the slowing of the apparent rate of vaterite conversion is not
necessarily due to a slowing in transformation process from vaterite to calcite but it may be
because of the high nucleation and/ or growth rate of vaterite which is exhibited
simultaneously with the transformation to the more stable calcite. Some aragonite is also
found to form at 30° C but in a very low amount and this also appeared in the SEM images in

Figures 6-34. Aragonite is reported to form at this low temperature [43, 201].
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Figure 6-40 Polymorph abundance in the bulk solution for brine 2 (0.065M) at 30° C and at
different times
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The composition of vaterite, calcite and aragonite are about 60, 30 and 10 % respectively at
5 minutes for brine 1 (0.1M) as shown in Figure 6-41. This is also an indication of a fast
initial transformation rate. The Vaterite abundance declines within the first 15 minutes
followed by a rise which is continued to 60 minutes before it re-declined. The increase in the
vaterite after the decline is most probably due to the continuous nucleation and/ or growth of
vaterite which is continued to 60 minutes. Vaterite composition is then gradually decreased

again as a result of the transformation of vaterite to calcite with time.
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Figure 6-41 Polymorph abundance in the bulk solution for brine 1 (0.1M) at 30° C and at different
times

Equal composition of vaterite and calcite requires about 60 minutes to reach. The
composition of vaterite and calcite are about 70 and 30% respectively at 120 minutes and a
complete transformation to a stable phase may require about 4 hours by extrapolating the
vaterite abundance beyond 120 minutes. However the rise in vaterite abundance beyond 15
minutes indicates high nucleation and/ or growth rate of vaterite which is much higher than
the rate of its transformation to calcite. Vaterite nucleation and/ or growth continued to 60
minutes before it slowed down or stopped with the continuous formation and growth of
calcite.

Generally, the rate of transformation of vaterite and growth of calcite are much faster int the
first 15 minutes for both the brines where the abundance of vaterite is decreased by about
40 to 60% of its initial value of 100%, provided that vaterite is the first crystalline phase to
form. The rate of transformation beyond 15 minutes is slowed down and this is may be due

to the continuous nucleation and/ or growth of vaterite. The de-supersaturation profile was
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also found to exhibit a significant drop in the first 15 minutes before it stabilised as shown in
Figures 6-15 and 6-16. Therefore, the possibility of continuous nucleation beyond 15
minutes is eliminated and the reduction in the transformation process is most probably due
to an extended period of vaterite growth. The evidence of vaterite growth in the oil-free
system is also clearly observed by SEM in the left sides of Figures 6-34 and 6-35. FBRM
also showed a high tendency to large patrticle sizes with time which shifts the distribution to
the right side in the case of oil-free system at 30° C as shown in Figure 6-20.

The fraction of polymorph abundance can then be translated to concentration distribution in
mg/| for each crystalline phase and compared to the amount of total CaCOs produced in the
bulk solution as shown in Figures 6-42 and 6-43. Both vaterite and calcite concentrations
increase within first 15 minutes which is considered as a nucleation period. The composition
of vaterite and calcite are then found to be parallel to each other in the first hour for both
brine systems. This is considered as the period of continuous growth for vaterite which is
then transformed at a slow rate to stable calcite at the same time. This is also shown as a
period of steady state in the concentration of the total CaCOs3 produced per litre of solution.
Equilibrium exists between the rate of transformation of vaterite and the rate of growth of
calcite beyond one hour as shown for brine 1 in Figure 6-43. This appears as a period of
steady state for the total concentration of CaCOs which could be subject to another slight
rise due to further growth of the stable phase if the solution saturation allowed further
growth. However, the overall reaction stops when the concentration difference in the solution

and at the crystal surface is zero.
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Figure 6-42 CaCOs polymorph concentrations in (mg/l) for brine 2 (0.065M) at 30° C and at different
times
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Figure 6-43 CaCOs polymorph concentrations in (mg/l) for brine 1 (0.1M) at 30° C and at different
times

The assessment of polymorph abundance in the presence of an organic phase is illustrated
in Figures 6-44 to 6-47. The mole percent of vaterite and calcite are about 70 and 30%
respectively at 5 minutes for 23% oil-brine 2 (0.065M) as shown in Figure 6-44. Equal
composition of phases requires about 60 minutes to reach and a complete transformation
may require about 180 minutes at same rate. The change in vaterite composition and hence
calcite composition is two times faster in the presence of oil than in the absence of oil by
considering the slope of their abundance.
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Figure 6-44 Polymorph abundance in the bulk solution for 23% oil-brine 2 (0.065M) at 30° C and at
different times

The composition of vaterite and calcite is about 65 and 30% respectively at 5 minutes for

17% oil-brine 1 (0.1M) as shown in Figure 6-45. Brine 1 generally exhibits faster reaction
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than brine 2 and a high rate of transformation is shown to exist within the first 15 minutes
and an equal composition of both phases is achieved within this period. The transformation
then slows down by a high degree once the compositions reach 30 and 70% for vaterite and
calcite, respectively. The transformation is then continues with a very slow rate in the

following 90 minutes.
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Figure 6-45 Polymorph abundance in the bulk solution for 17% oil-brine 1 (0.1M) at 30° C and different
times

The concentration distribution of each polymorph in mg/l for 23% oil-brine 2 system in Figure
6-46 showed an increase in vaterite concentration within the first 15 minutes which is
considered as the period of nucleation and growth. Transformation to the stable phase is
also encountered during this period which resulted in an increase in the amount of calcite. A
slow change in both vaterite and calcite concentration is shown after 15 minutes where
calcite increased by a linear trend. This may be due to the growth of vaterite which is taking

place simultaneously with the transformation to calcite.
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Figure 6-46 CaCOs polymorph concentration in (mg/l) for 23% oil-brine 2 (0.065M) at 30° C and
different times

The higher saturation brine in Figure 6-47 showed an increase in vaterite concentration
within the first 2 minutes which is considered as the period of nucleation. Transformation to a
stable phase is also encountered during this period where calcite showed a clear increase in
its presence after 15 minutes. This is due to further transformation of vaterite to calcite with

the stopping of the vaterite nucleation process.
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Figure 6-47 CaCOs polymorph concentration in (mg/l) for 17% oil-brine 1 (0.1M) at 60° C and different
times

This results in a clear decrease in vaterite and a clear increase in calcite. The latter period is
presented as a steady state in total CaCOs concentration where the transformation is very

slow in this region. However, SEM images in the right side of 6-35 showed that vaterite had
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less growth tendency in this case and this resulted in smaller calcite crystals when compared

to the calcite in the oil- free system.

6.4.3.2 Assessment of precipitate polymorphic abundance and growth at 60° C

Figures 6-48 to 6-51 show the mole fractions and the concentrations of calcium carbonate
crystalline phases that are formed in the bulk solution for oil-brine 3 (0.045M) at 60° C.
Aragonite is known to predominant at this temperature and its presence is combined with the
presence of calcite and vaterite [51]. This is also confirmed by SEM in Figure 6-37 and XRD
in Figure 6-39.

The distribution of phase fractions with time for brine 3 is shown in Figure 6-48. Initially
vaterite was found as the predominant phase where it formed about 80 mole % of the total
abundance at 2 minutes whereas aragonite and calcite were only about 15 and 5 mole%,
respectively. The transformation at this temperature is considered to be from the metastable
vaterite to aragonite which in turn transforms to the stable calcite. The nucleation of
aragonite proceeded from the transformation of vaterite and was hence very fast as can be
observed from the slope of the aragonite and vaterite fractions after 5 minutes. Aragonite is
seemed to reach a steady state beyond 15 minutes where it represents about 75% of the
total fraction at 60 minutes. Calcite is also found to form during the first two minutes with
very low abundance which represented about 5% of the phases. Calcite presence is

increased with time where it represented about 20% of the phases at 60 minutes.
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Figure 6-48 Polymorph abundance in the bulk solution for 0% oil-brine 3 (0.045M) at 60° C

Actually, it is not clear whether calcite was formed as a result of aragonite or vaterite
transformation. However, the increase in calcite and the decrease in vaterite seemed to

occur simultaneously beyond 15 minutes.
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The change of the polymorphic concentration with time in Figure 6-49 illustrates the period of
nucleation and growth for the three phases which seemed to take place within the first 5
minutes. This period was extended to 15 minutes for aragonite and calcite. In this region, the
transformation of vaterite to aragonite was also taking place and this can be clearly observed
by the clear decline in vaterite concentration after 5 minutes. Calcite seemed to increase
slightly after 30 minutes and this is combined with a slight decrease in vaterite concentration
in the same period.
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Figure 6-49 CaCOs polymorph concentration in (mg/l) for 0% oil-brine 3 (0.045M) at 60° C and
different times

Combining the nucleation, the transformation and the growth processes to the total CaCOs
concentration profile can lead us to consider the first 5 minutes to represent the period of
nucleation and growth of vaterite which occurs simultaneously with its transformation.
Therefore the nucleation and the growth of the other phases were as a consequence of the
vaterite transformation process. Further transformation of vaterite to aragonite with the
stopping of the vaterite formation resulted in an equilibrium between the rate of vaterite
decline and the rate of aragonite increase and this is shown as a slight incline in the total
CaCOs slope. The slight increase in the total CaCOs after 15 minutes is due to the growth of
aragonite and the nucleation of calcite. The nucleation and growth of calcite are progressed
very slowly and are combined with the decline in the vaterite concentration beyond 15
minutes. This may suggest that the formation of calcite is due to vaterite rather than

aragonite transformation.

When the oil phase is introduced to the system the transformation from vaterite to aragonite

seemed to exhibit differently as shown in Figures 6-50 and 6-51. Initially vaterite is found as
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the predominant phase where it formed about 65 mole% of the total abundance at 2 minutes
whereas aragonite and calcite were about 25 and 10 mole% respectively. The nucleation of
aragonite proceeds with the transformation of vaterite and this process encountered periods
of decline followed by steadiness until the composition of vaterite dropped to about 20% at
60 minutes as shown in Figure 6-50.
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Figure 6-50 Polymorph abundance in the bulk solution for 23% oil-brine 3 (0.045M) at 60° C and
different times

The concentration distribution in Figure 6-51 shows high vaterite concentration within first 2
minutes which is considered as a period of nucleation and growth of vaterite. Transformation
to a stable phase is also encountered during this period as some aragonite and calcite also
appeared within 2 minutes. Aragonite is showed a clear increase in its presence by 15
minutes. This is due to the high rate of transformation of vaterite to aragonite with continuous
vaterite nucleation. This results in a steadiness in vaterite and an increase in aragonite
polymorph at 15 minutes. Vaterite and aragonite then exhibit a region of steadiness followed
by a slight increase in aragonite and decrease in vaterite. The last period showed a decline
in the total CaCOs3 concentration which is theoretically unacceptable. The decrease in the
total calcium carbonate detected results from the abnormal increase in pH in the presence of
oil at 60° C as shown in Figure 6.17(b) which affected the saturation ratio calculations which

calculated as shown in Table 6-5.
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Figure 6-51 CaCOs polymorph concentration in (mg/l) for 23% oil-brine 3 (0.045M) at 60° C and
different times

6.5 Concluding Remarks

The pH measurement did not accurately measure the induction time for the system
used in this study. This is most probably due to the high tendency for the brines to
precipitate (high saturation brines). Also mixing of the phases with rotation speed of
520 rpm which is quite high and believed to promote and accelerate precipitation.
Visual observations of the experiments ensure the existence of instantaneous

precipitation for all the brines at both temperatures.

Detection of the amount of calcium carbonate that is produced by measuring the
amount of calcium remaining in the solution using inductively coupled plasma did
not accurately represent the precipitation process. The amount of calcium that
reacted or is consumed should be combined with the change in the solution pH to

better represent the system.

FBRM technique is used to track the nucleation and growth processes in the
presence and absence of oil, to estimate mean particle size and distribution.

Applying weighting methods can help in interpreting the FBRM data.

Analysis of the polymorphic abundance and growth showed that the transformation
from the metastable phase to stable phase at both temperatures is much faster in
the early stages of the crystallization process. The transformation then slowed down

when the process entered a long period where further transformation is expected.
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7 Chapter Seven Discussion;

7.1 Introduction

The results in this thesis have covered aspects of surface deposition and bulk precipitation
of calcium carbonate scale in the absence and presence of oil. The kinetics of the formation
of scale has been followed and quantified and the transformation of the morphology of the
scale has been studied. The new insights provided in this thesis are mainly around the
effects of oil on all aspects of surface and bulk deposition and around the transformation of
the polymorphs of calcium carbonate. Very little on these two subjects has been published in
relation to oilfield scale. In this thesis chapter the results will be brought together, discussed
in relation to the literature and the contribution that this work has made to the oilfield scaling

field will be discussed.

7.1.1 Characterization of oil-water (brine) emulsions

In both the surface deposition tests and bulk crystallisation experiments the presence of olil
complicates matters significantly. In a single phase system the situation is one where the
surfaces in the solution are the seed crystals and the clusters of atoms in the early stages of
nucleation. When there is oil phase present it is really important that the oil-water interface
is described as this provides a different “surface” that can complicate matters in the
determination of scale growth rates. In this section the emulsion properties are

characterised.

An attempt to characterize the precipitation process in the presence of oil using Focused
Beam Reflectance Measurement (FBRM) technique is presented in this study. This has not
been reported previously in the literature and is a contribution made in this work. This has
been achieved through estimation of the droplet mean chord length and the chord length
distribution, the crystal mean chord length and the chord length distribution for an oil-free
system and the particle (oil droplets and crystals) mean chord length and the chord length

distribution for the oil-brine emulsion system.

A square weighting method was applied to approximate the chord length to the particle size
where studies such as [191, 192] show that different chord weighting methods are found to
correlate well with other sizing techniques for different systems. The agreement between
square-weighted droplet chord counts with the density of droplets in the solution calculated
based on the square-weighted mean droplet size is illustrated in Figure 6-6. This result led to
suggested that the square-weighted mean droplet diameter and square-weighted droplet
size distribution can reasonably represent the oil-in-water emulsion system. The square-

weighted mean droplet diameter was found to be larger than the un-weighted one by about 3
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to 4 times. Table 7-1 shows the difference between the number of droplets and the droplet
density when calculated by the un-weighted and square-weighted methods for 23% oil
content system at 60° C. The difference between the estimated values according to both
methods changed the system characteristic and leads to better interpretation of the data as

shown in Figure 6-6.

Table 7-1 Comparing the difference in the system characteristic as calculated by un-weighted and
square-weighted mean droplet diameter

Un-weighted Square-weighted
Mean droplet diameter (um) 27.45 78.62
Volume of a droplet (m?) 1.082x1014 2.543x1013
Number of droplets 3.88x1010 1.65x100°
Droplets density/ 1ml of solution 27,715,060 1,179,620

However, many studies show that FBRM undersizes the droplets [192, 209, 210]. For oil in
water emulsions, El-Hamouz et al. [209] compared FBRM mean chord length with mean
droplet size detected by laser diffraction while Khatibi [210] compared FBRM chord length
distribution (CLD) with droplet size distribution (DSD) measured by particle video microscope
(PVM) technology. Both found that FBRM under-sizes large droplets, whereas [209, 211]
found that it also overestimates small particles. It was claimed by [192] that FBRM can
detect the change in the droplet size distribution with time but cannot measure the exact size
of the droplets. They attributed this to the smooth exterior surface of the droplets as opposed
to solid particles. According to Heath et al. [191] square-weighted CLD for a spherical
particles correlate closer to the particle size distribution than un-weighted CLD. They applied
different weighting methods to FBRM and compared them to laser diffraction as shown in

Figure 7-1.
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Figure 7-1 Comparison of different FBRM weighting methods of chord length distribution for
aluminium particles (sieved 45-53 um) to laser diffraction volume-weighted distribution [191]

Interpreting FBRM data when the system is encountering precipitation means it shows an
increase in the intensity of particles for the large chord length channels of 10-23 and 29-86
pm which is considered as a growth events. This occurred simultaneously with an increase
in the intensity of small chord length channels of 1-5 um which are considered as a
nucleation event as shown in Figures 6-18 and 6-19. The simultaneous nucleation and
growth events are found to persist throughout all the experiment time of 1 hour in the oil-free
system at 30° C whereas these events only occur up to about 25 minutes (1500 s) for the
system with oil at 30° C. The situation is different at 60° C where the nucleation event is
found to persist to about 40 minutes (2500 s) for the oil-free system whereas the growth
event is found to cease by about 16 minutes (1000 s) as shown in Figure 6-26. The oil
system at 60° C showed less nucleation events with high growth tendency as shown in
Figure 6-27. A possible explanation of this is when the precipitated particles increase in size,
the probability of detecting the edges of the randomly shaped particles becomes higher and
hence affects the measurements by increasing the small chord size counts. This could be
more easily observed in oil-free system than in oil-systems in which a considerable amount
of crystals have appeared at the oil-water interface and this results in a more regular shape
as the crystals are supposed to form at the droplet surface and retain the overall droplet
shape. The difference in the nature of the crystals formed between 30 and 60° C may also
affect the measurements; SEM images at 30° C showed the agglomeration of vaterite to
form a cauliflower shape of an average size of about 15 pm for brine 2 (0.065M) at 60

minutes as shown in Table 6-6. The mean chord length detected for the precipitate at 60
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minutes is 21 um (un-weighted) as shown in Table 7-2. The precipitate at 60° C showed
needle-like aragonite of a high aspect ratio which emerged from a central point forming an
aggregate as shown in Figure 6-37. The shape of the aragonite and the existence of gaps
between the aragonite needles which form the aggregate increase the probability of the
detection of the width of the needle aragonite rather than the length of the needle. This may
give rise to small chord length counts (nucleation) much more than large chord counts
(growth) at 60° C as shown in Figure 6.26. However, in a study [20] which used FBRM
technique for tracking nucleation and growth Kkinetics using polystyrene spheres in
suspension; the growth process was studied by adding the same number of different sizes of
polystyrene micro-particles separately in an ascending order in which particles were
removed after measurement and replaced with the next size particles. It was found that the
total number of chord counts increased due to the increase in small chord length counts
when large particles were added although the number of particles remained the same. It was
concluded that the number of particles does not give a good approximation to the number of
chord lengths when the system exhibits a significant change in size. According to the same
study, square-weighted mean chord lengths were found to track the changes in the average
particle size reasonably. This suggests that the small chord length is not necessary
translated as a nucleation event. The crystals morphology is also found as an important
factor which may enhance or diminish this effect. According to this it may be expected that

the system is better represented at 30° C than at 60°C using FBRM.

Table 7-2 summarizes the different mean chord length detected by applying weighting
methods to the different systems at 30°C; 10% oil droplets (no precipitate), crystals that
precipitated (no oil droplets) and when the precipitation occurs in the presence of 10% oil
content (crystals and oil droplets). This may help in detecting which is the best method to
rely on for each system (values in bold). The calculation of weighted mean size for the
different systems is shown in Table A-1 in appendix A-2.

Table 7-2 Applying weighting methods to the mean patrticle size for 10% oil-brine emulsion at 30° C

Unweighted mean size Square-weighted mean
System )
(um) size (um)
Oil droplets 27 68
Crystals 21 62

Particles (oil droplets and crystals) 25 46
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As discussed previously the square-weighted method represents the mean droplet size
reasonably. The un-weighted crystal size is much similar to the crystal size estimated using
SEM than square-weight one and it is considered to represent the crystals in oil-free system.
When the system contains both oil droplets and crystal particles a higher intensity for the
large patrticle size of the range of 29-86 um was detected over the other sizes for the 10%
oil-brine system as shown in Figure 6-19. Moreover, the existence of similar distribution
between the system containing only oil droplets and the system which precipitates in the
presence of oil as shown in Figures 6-23 and 6-24, and the reduction of the total chord
counts by 1 to 1.5 times when the oil droplets are removed from the total counts of the
particles as shown in Figure 6.25, indicate that most of the colloids that exist in the system
are closer in size to the oil droplets rather than to the crystals size. That means the counts
for the oil droplets are higher than the counts for the crystals in the bulk solution. All of these
support the application of the square-weighted method to the chord length distribution for oil-
brine systems at 30° C.

However, this could not eliminate the expectation that some of the crystals may nucleate at
the oil-water interface via heterogeneous type nucleation. Visual observations of the
experiments of this study have shown evidence for a Pickering emulsion when mixing stops.
These stabilized emulsions existed at different degrees of stabilization which mainly
depends on the initial pH of the solution. High initial pH of 9 or above is found to stabilise the
emulsion where a homogeneous layer of relatively small droplets are formed as shown on
the right side of Figure 7.2. Lower initial pH of 8 (the experiment condition) showed droplets
of various sizes which accumulated at the oil-water interface and sometimes diffused up into
the upper oil layer as shown on the left side of Figure 7.2. Some camera and microscopic

images for the Pickering emulsions are illustrated in appendix D.

The formation of the crystals at the surface of the oil droplets may retain the size of the oll
droplets but may affect the oil droplet roughness and slightly increase the droplet size. This
is difficult to isolate from other changes unless complete inhibition of the crystals formed in
the bulk solution is achieved. In a study conducted by [212] using FBRM, the crystallization
of water-in-oil emulsions into gas hydrates showed that the hydrate crystallization does not
affect the size of the water droplets. Zhang et al. [41] using a glass—micromodel device
observed the nucleation of CaCO3; downstream of gas bubbles whereas no nucleation was
observed in the absence of the gas bubbles. They claimed that the existence of a gas-water

interface acted as a high energy surface where heterogeneous nucleation took place.
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Figure 7-2 Varied behaviour of the colloidal system is shown when mixing stops; LHS, un-
stabilized emulsion layer; RHS, stabilized emulsion layer

Figure 7-3 highlights the impact of oil-in-water emulsions on calcium carbonate precipitation
at 30° C. The increase in the interfacial area with oil content minimizes the rate of calcium
carbonate formed in the bulk solution by homogeneous type nucleation. The number of
crystals that are formed when removing the oil droplets has shown a clear decline; the oil-
free system exhibits a higher precipitation rate than the 10% O/W emulsion system which in
turn exhibits higher precipitation than the 17% O/W emulsion system. This suggests that
adding the oil droplets has decreased the potential of scale formation by reducing the
number of crystals that are formed in the bulk solution according to homogeneous
nucleation. On the other hand, this did not show whether the existence of an extra surface
(oil droplets) has promoted the heterogeneous type nucleation as in this case the number of
counts may stay constant to the oil droplet counts despite the crystals that are formed at the

interface.

A better way to address the impact of the oil droplets on the scale formation in the bulk
solution could be through the estimation of the de-supersaturation profile and the total
amount of calcium carbonate formed in the system by both homogeneous and
heterogeneous type of nucleation.
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Figure 7-3 Effect of O/W emulsion on calcium carbonate scaling process at 30° C; (a) the impact of
interfacial tension (b) the impact on total number of calcium carbonate crystals in bulk solution at 60
minutes; (c) the impact on mean particle size at 60 minutes

Table 7-3 summarizes the different mean chord length detected by applying weighting
methods to the different systems at 60°C; 10% oil droplets (no precipitate), crystals that
precipitated (no oil droplets) and when the precipitation occurs in the presence of 10% oil
content (crystals and oil droplets). This may help in detecting which is the best method to
rely on for each system (values in bold). The calculation of weighted mean size for the
different systems is shown in Table A-2 in appendix A-2.

Table 7-3 Applying weighting methods to the mean particle size for 10% oil-brine emulsion at 60° C

Unweighted mean size Square-weighted mean
System )
(um) size (um)
Oil droplets 29 65
Crystals 18 95

Particles (oil droplets and crystals) 32 74
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The square-weighted mean chord lengths for both the crystals formed in the oil-free system
and for the particles (oil droplets and crystals) are higher than the square-weighted mean
chord length for the oil droplets. These high values can only reflect the agglomeration effect
of the crystals at 60° C where applying weighting methods in this case gave rise to large
particles among the small ones and this is clearly observed in Figures 6-31 and 6-32. The
total chord counts are reduced by up to 30% when removing the oil counts from the oil-brine
systems as shown in Figure 6-33. This suggests that the crystal counts are much higher
than the droplet counts and hence the crystals are mainly formed in the bulk solution by
homogeneous type nucleation. However the agglomeration of particles was also visually
observed in the FBRM experiments at 60° C and is attributed to the change in the conditions
of the experiments. According to this we may consider that the mean particle size and
particle size distribution may be best represented by square-weighted methods at 60° C.

7.1.2 Comparing the pH and the free calcium ions in solution during the precipitation

process

Conflicting behaviour for the precipitation progress between systems with and without oil has
been detected as shown in Figures 7-4 and 7-5. The drop in pH is higher for the oil-free
system than for the oil systems which indicate a higher reaction rate exists in the oil-free
system compared to the oil systems. On the other hand, the amount of unreacted calcium is
higher in oil-free system and this indicates a lower reaction rate compared to that in oil
systems. Since the crystallization process consists of different stages; nucleation and growth
stages where the energy required to grow a crystal after being formed is less than that
required to form a new crystal in the bulk solution according to classic nucleation theory [30],
it is expected that the drop in both the pH and the calcium ions in solution is much higher in
the beginning of the crystallization process than later. The left images of Figures 7-4 and 7-5
show the high drop in pH during the first 5 and 15 minutes of the reaction for brine 3 at 60° C
and brine 1 at 30° C, respectively. The drop in pH is then slowed down and a steady state to
a slight increase in pH value is exhibited after about 15 and 30 minutes for the same brines,
respectively. This high drop in pH in the early stage is an indication of the nucleation
process. This is also supported by turbidity measurements for oil-free system in Figure 6-7
and the visual observation where a high degree of cloudiness for both the brines with and
without the oil is observed straight after mixing the brines (instantaneous nucleation).
However the change in calcium ion concentrations as detected using ICP did not support
this theory. The drop in calcium concentrations display a progressive trend with lower drop
detected initially and higher drop toward the end of experiment. This behaviour is less
observed in the case of oil-brine 3 (0.045M) system at 60° C as shown on the right side of

Figure 7-5. The explanation of why the ICP results did not support the other methods is
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because of the procedure of quenching the sample before having it filtered. As the sample

contains some crystals of calcium carbonate and the quench solution contains a chemical

inhibitor, having the sample to be immediately quenched after sampling may dissolve the

crystals. The procedure should be by filtering the sample from any crystals presence before

having it quenched.
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Figure 7-4 Comparing the reaction progress for oil-brine 1 at 30° C (0.1M) using two different
techniques; LHS: by normal drift of pH during the reaction; RHS: by measuring the amount of
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Figure 7 5 Comparing the reaction progress for oil-brine 3 (0.045M) at 60° C using two different
technique; LHS, by normal drift of pH during the reaction; RHS, by measuring the amount of
unreacted calcium using ICP

The amount of calcium carbonate produced is different between the measured calcium ions

and the calculated from the supersaturation dependence on the pH as shown in Figures 6-

13 and 6-14. Calcium carbonate is well known to exhibit different stages in which

transformation from one polymorph to another is exhibited with time. This polymorphic
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transformation is known to take place through dissolution and re-crystallization processes;
vaterite is transformed to calcite via the dissolution of vaterite and the nucleation and growth
of calcite [48, 68, 69]. Vaterite to aragonite and aragonite to calcite transformation is shown
to transform via similar processes by [51]. Moreover, the dissolution and the re-crystallization
processes are also found to be the case for ACC transformation to the different crystalline
phases [49, 50, 77, 213]. According to this, calcium and carbonate ions are supposed to
return to the solution during the dissolution process [69]. This may cause an increase in the
concentration of calcium ions and the alkalinity of the solution and hence the increase in the
pH due to the release of carbonate ions in the solution. Kralj et al. [73] followed the progress
of the vaterite dissolution process by recording the pH as a function of time at temperatures
ranging between 15 and 45° C. They found that pH is increased initially before it stabilises
as shown in Figure 7-5. The increase in pH may not be observable because the dissolution
process is usually accompanied by the nucleation and growth processes. These processes
are usually more intense during the early stages of the precipitation process where they are
supposed to cause a decline in the pH of the solution and thus eliminate the rise in pH due
to the dissolution process. This may explain the slight increase in pH after a period of decline
and steadiness in the later stages of the precipitation process as shown in chapter 6, section
6.2.2. This most probably is a result of the continuous dissolution processes as further
transformation from the less stable to the more stable phase takes place. According to all of
these, estimating the amount of calcium carbonate formed cannot be isolated from the effect

of pH on the solubility and hence the solution supersaturation.
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Figure 7-5 The change in pH during the dissolution process of vaterite at different temperatures [73]
In this study the molar concentrations of calcium and carbonate ions were estimated with the

aid of MultiScale™ software. The activity coefficients of various species in the solution and
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the saturation ratios are calculated by taking into account the change in pH with time. This
can be considered as a correction for the effect of pH on the precipitation concentration. The
calculation of calcium carbonate produced based on this correction is shown in Tables 6-2 to
6-5.

7.1.3 The kinetics of CaCOs; surface deposition and bulk precipitation

The results show that surface fouling is reduced in the presence of an organic phase. The
reduction reaches 90% for oil content up to 70% at 30° C. At high oil fractions the cleaner
surfaces may be due to the surface being wetted by the oil phase which most probably
prevents the scaling species to deposit on the surface. The presence of oil may not only wet
the surface but also may act as a barrier for scaling species to transfer from the bulk solution
and move to the surface. This may lead to low nucleation rate at the surface where with
more oil, there are less nucleation sites and the larger the crystals are as shown in Figures
5-7 and 5-8.

The existence of different CaCO3 phases as early as 1 minute is an indication of not only the
fast nucleation reaction on the surface (low induction time) but also an indication of the fast
transformation to a more stable species. Actually it is not clear whether the initial formation
of the more stable phase with relatively high abundance is as a consequence of a rapid
transformation of the metastable phase or it is just formed directly from the amorphous
calcium carbonate ACC state. Although the latter contradicts the Ostwald’s rule of stages
[214] which states that a substance may exist in two or more solid phases with different
stabilities where the unstable phase tends to transform to a stable phase through a
metastable one, it was reported in the literature under some conditions that the more stable
phase can be formed directly from ACC without a metastable precursor [63]. However, due
to the low induction time for both the brines which is less than 1 minute, it is difficult to
characterize the initial stage of the crystallization process and detect which is the first phase

to form and what order the transformation takes.

The transformation of vaterite to calcite is known to occur by two kinetic processes; (i) the
dissolution of vaterite (ii) the growth of calcite. The transformation process is controlled by
the process which is slower. Assessment of the polymorphic mass growth in Figures 5-25
and 5-26 indicate the control of calcite growth in the oil-free system. The total mass growth
of CaCO:s follows the calcite growth profile where the dissolution of vaterite and hence the
transformation to calcite seems to occur rapidly. However crystals usually dissolve much
faster than they grow [215]. Converting the polymorphic mass growth to thickness in (um) by

dividing the polymorphic mass in (mg/cm?) by both the polymorphic density and surface
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coverage is shown in Figure 7.6. The densities of vaterite and calcite are taken as 2645 and
2710 mg/cm? [216], respectively.

The thickness growth profiles for vaterite and calcite are shown in Figure 7-6. The profiles
follow a polynomial growth function for the first 20 minutes as shown in Figure 7-6(b). The
polymorphic growth fitted function is shown in Table 7-4 and the slope of the curves in the
early stages of the deposition process represents the polymorphic growth rate constants
which are shown in Table 7-5. The polymorphic growth rate constant decreases with time
and this ensures the faster kinetics is taken place in the early stages of the process. The
growth rates reduces by about 15% within the first 10 minutes for calcite whereas the
vaterite growth reduction reaches to 75% within the same period of time.
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Figure 7-6 Polymorphic thickness versus time for brine 2 (0.065M) at 30° C; (a) calcite and vaterite
thickness (um), (b) curve fitting at an early stage of the crystallization process

Table 7-4 The growth profile fitted function for brine 2 (0.065M) at 30° C
Second order polynomial, y = B;x + B,x?

Polymorph 4
Slope, 2> = By +2B,x
B: B> R?
Vaterite 0.1626 -0.0061 0.942

Calcite 0.2899 -0.0078 0.993
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Table 7-5 The polymorphic growth constants in the early stages of the deposition process for brine
2(0.065M) at 30° C

Growth rate
Vaterite Calcite
constant
Time (min) pm/ min m/ sec um/ min m/ sec
1 0.1504 2.51x10° 0.2743 4.57x10°
5 0.1016 1.69x10° 0.2119 3.53x10°
10 0.0406 6.76x1010 0.1339 2.23x10°

The polymorphic growth rate constants are also estimated for brine 4 (0.06M) at 40° C,
where it is found to obey an exponential function in which the reaction is very fast and decay
rapidly within the first 5 minute as shown in Table B-2 in appendix B-1. According to this
rapid reaction at 40° C, the growth rate constants are only considered at the first minute and
the activation energy for vaterite and calcite growth is calculated using the Arrhenius
equation 2.57 at both temperatures as shown in Table 7-6.

Table 7-6 The growth rate constants at 30 and 40° C and the growth activation energy for oil-free
systems

polymorph Growth rate constant (m/sec) Growth activation energy
30°C 40° C (kJ/mol)
Vaterite 2.51x10° 9.03x10° 101.06
Calcite 4.57%x10° 1.711x10¢ 104.04

Kralj et al. [68, 72] studied the individual rate for vaterite growth and calcite growth
independently. Vaterite growth rate was found to follow a parabolic trend and the growth rate
constant was 5.6x101° m/s at 25° C and 1.25x10° m/s at 33.8° C and the activation energy
was 57 kJ/mol. The growth of calcite was found to follow a parabolic trend and the growth
rate constant was 5x101° m/s at 25° C and 1.2x10° m/s at 35° C and the activation energy
was 55 kJ/mol. They showed that the growth rate of calcite is lower than the growth rate of
vaterite and according to this calcite growth is considered as the rate determining step for
the transformation of vaterite to calcite. Andreassen et al. [206] studied vaterite growth rate
by a seeded-batch precipitation process. The growth rate constant of vaterite was found as
5.27x10° m/s at 25° C and 1.98x10° m/s at 40° C, resulting in an activation energy of 68 F

3 kJ/mol. Rodriguez-Blanco et al. [69] showed that the activation energy for calcite growth is
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66 + 2kJ/mol, they suggested that this range of activation energy is for surface-controlled

reactions.

To determine the activation energy for vaterite transformation to calcite, the fraction of
vaterite (a) which is transformed to calcite at 30° C and 40°C is fitted into different models
using model-fitting method of solid-state kinetics as shown in Tables B-5 and B-6 and
Figures B-4 and B-5 in appendix B-2. The activation energy and the frequency factor can
then be determined using the Arrhenius equation 2.57. It is difficult to choose which model
represents the system by this method as all the models show relatively good fits [79]. An
elimination of some models is done based on the shape of a-time curve. This curve showed
a slowing trend in which the reaction rate decreases with the progress of the conversion as
shown in Figure B-3 in the appendix. The range of the activation energy could then be
estimated based on some selected models which also showed best fit to the data at both
temperatures as shown in Tables B-9 in appendix B-2. The activation energy for the
transformation of vaterite to calcite is found to be about = 11-22 kJ /mol for oil-free system.
Kralj et al. [73] studied the dissolution of vaterite at temperatures between 15 and 45° C and
found the activation energy of vaterite dissolution is 24 kJ/mol. They suggested that this
range of activation energy supports the diffusion of the hydrated calcium and carbonate ions
away from the crystal surface to be the rate determining step.

The activation energy for calcite growth which is shown to be 104 kJ/mol is much higher than
the activation energy require for the dissolution process which is estimated to be in the range
of 11-22 kJ/mol. This confirms the rapid dissolution process of vaterite and the slow growth
process of calcite which is considered to control the process in this case. The rapid
dissolution rate of vaterite and the slow growth rate of calcite are also confirmed by many
other studies such as [67, 69]. During the dissolution process, calcium and carbonate ions
are supposed to return to the solution [69], therefore vaterite is suggested to dissolve and
return to the solution as Ca?* and COs? by a fast process. This explains the low levels of
vaterite during the crystallization process which is then re-crystallized to calcite as the
solution in this case is saturated with respect to vaterite and supersaturated with respect to
calcite [69, 202]. Since the process of calcite nucleation is slow, the Ca?" and COs? ions may
have sufficient time to move nearby and nucleate independently to calcite in the vicinity of its
mother phase which is vaterite. This results in a spread of calcite nucleation sites with time
which means calcite occupies a large surface area with small crystals and this is also
confirmed by SEM in the left side of Figures 5-9 and 5-10 and the change in the slope of the
total mass gain beyond 10 minutes is due to the re-nucleation of calcite as shown in Figures
5-25 and 5-26. The hypothesis regarding the formation and transformation of CaCOs in oil-

free system is illustrated in Figure 7-7.
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Figure 7-7 The hypothesis of surface crystallization kinetics for oil-free system at 30° C; Calcite
growth controls the transformation process

The decrease in crystal population when vaterite is converted to calcite as shown in Figure
5-12 (b) and (c) and the existence of a variety of sizes of calcite crystals as shown in Figure
5-12 (c) may also suggest the existence of the joint effect of Ostwald ripening and particle
size-solubility methods. The first states that there is a tendency for smaller particles to
dissolve and the solute to settle down on the larger particles and this causes a further growth
of the larger particles. The second method states as the small particles dissolve, the ratio of
the surface area to the volume becomes larger and hence it exhibits higher surface free
energy and hence a rapid transformation rate. This was also reported by [217] for a surface-
controlled nucleation and growth processes of AgCl and AgBr crystals at 70°C. According to
this study as the material is transported away from the surface (vaterite surface in this case),
it leads to a decrease in the crystals size for a fraction of crystals and when the crystals size
become less than the critical size required to grow, it dissolves and results in an overall

decrease in the number of crystals.

The situation is different when adding an oil phase at 30° C; it is shown in Figure 5-29 that
both vaterite and calcite mass gain increases in parallel to each other in a gradual manner.
This gradual increase of calcite is due to the covering of vaterite with the newly formed
calcite. This results in an increase in the surface area of the growing calcite with the
progress of the transformation process [202]. The slow change in the composition of vaterite
and calcite is most probably due to the slow dissolution process of vaterite which could be
considered as the rate determining step in this case. According to [217] when the diffusion
from or to the surface of a crystal controls the growth process (vaterite in this case), the

dissolution process will retard and the number of crystals remains constant.

Figure 7-8 presents the polymorphic thickness (um) at different times for the system with oil.
The polymorphic profiles follow an exponential growth function for the first 20 minutes as
shown in Figure 7-8(b). The polymorphic growth fitted function and the polymorphic growth

rate constants are shown in Table 7-7 and Table 7-8, respectively. The growth rate
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constants are reduced by about 90 and 75% within the first 10 minutes for vaterite and

calcite, respectively.
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Figure 7-8 Polymorphic thickness versus time for 23% oil-brine 2 (0.065M) at 30° C; (a) calcite and
vaterite thickness (um), (b) the slope of curves at an early stage of the crystallization process

Table 7-7 The growth profile fitted function for 23% oil-brine 2 (0.065M) at 30° C

Exponential function, y = A; — A,exp(—kx)

Polymorph 4
Slope, 2% = kA,exp(—kx)
Aq Az K R?
Vaterite 1.56957 1.59405 0.2931 0.996
Calcite 1.02623 1.03183 0.1482 0.999

Table 7-8 The polymorphic growth constants in the early stages of the deposition process for 23% oil-
brine 2(0.065M) at 30° C

Growth rate
Vaterite Calcite
constant
Time (min) pm/ min m/ sec pm/ min m/ sec
1 0.3485 5.81x10° 0.1318 2.19x10°
5 0.1079 1.79x10° 0.0729 1.21x10°
10 0.0249 4,15x1010 0.0347 5.79x1010
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The polymorphic growth rate constants are also estimated for 23% oil-brine 4 (0.06M) at 40°
C, where it is also found to obey an exponential function in which the growth is very fast and
decay by about 95% within the first 10 minute as shown in Table B-4 in appendix B-1.
According to this rapid process at 40° C, the growth rate constants are only considered for
the first minute and the activation energy for vaterite and calcite growth is calculated using

the Arrhenius equation 2.57 at both temperatures as shown in Table 7-9

Table 7-9 The growth rate constants at 30 and 40° C and the growth activation energy for oil systems

polymorph Growth rate constant (m/sec) Growth activation energy
30°C 40° C (kJ/mol)
Vaterite 5.81x10° 9.28x10° 36.98
Calcite 2.19x10° 8.751x10° 108.96

The activation energy for vaterite transformation to calcite is estimated according to the
same method used in the oil-free system. The fraction of vaterite (a) which is transformed to
calcite at 30° C and 40°C is fitted into different models as shown in Tables B-7 and B-8 and
Figures B-6 and B-7 in appendix B-2. The range of activation energy could then be
estimated based on some selected models which also showed best fit to the data at both
temperatures as shown in Table B-10 in the appendix. Oil systems show much higher
activation energy for the transformation where it found to range about = 87-107 kJ/mol.

The activation energy for calcite growth process is estimated to be 109 kJ/mol whereas the
activation energy for the dissolution from vaterite to calcite is found to range between 87 and
107 kJ/mol. This high value for the transformation process confirms the slower dissolution
process of vaterite growth process and therefore the vaterite dissolution process controls the
oil/water system. It has to be mentioned here that these values are an approximation for the
range of activation energy detected for both systems. More accurate values could be
achieved under a range of isothermal conditions at different temperatures where the system
exhibits conversion from vaterite to calcite but needs to avoid any aragonite formation and
hence better represented at temperatures < 30° C. Model-free methods can also be used
under a varied isothermal temperatures to estimate the activation energy. Khawam and
Flanagan [218] have proposed a complementary approach that uses both model-free and
model-fitting methods for kinetic data analysis. This approach utilizes a model-free method
to obtain the activation energy and a model-fitting method to estimate the activation energy
for different models. The most accurate model is chosen to be the one which produces an

activation energy closest to that detected from the model-free analysis.
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Therefore, Ca?* and COs? ions that are released to the solution by a slow process may have
not had sufficient time to move away from the mother phase which is vaterite. They may re-
crystallize as calcite at the surface of vaterite which then is subjected to further growth in
size. As a result of this, calcite crystals grow with roughened surfaces which then become
smooth when all vaterite is converted to calcite. This is also confirmed by SEM in the right
side of Figures 5.9 and 5-10. The hypothesis regarding the formation and transformation of
CaCOs in oil containing systems is illustrated in Figure 7-9.

Dissolution of vaterite control the process

COs%
Ca®
a) Nucleation and b) Dissolution of ¢) Nucleation d) Growth of
growth of vaterite vaterite (slow) and growth of calcite

calcite (fast)

Figure 7-9 The hypothesis of surface crystallization kinetics for oil systems at 30° C; vaterite
dissolution controls the transformation process

The mole percentage of vaterite and calcite for systems with and without oil in Figure 5-31
suggest that adding an organic phase to the brine in which oil-in-water emulsions are formed
impacts the transformation process. The decrease in the nucleation process occurs either by
retarding the rate at which reacting species reach the surface or by intermittent wetting of the
surface in the presence of oil droplets in the bulk solution. This is confirmed by the existence
of less nucleation sites in the first minute when the oil is in the system as shown in Figure 5-
12 (a) and 5-13 (a), in addition to low mass gain in the early stages as shown in Figures 5-3
and 5-4. Moreover, the presence of an organic phase may also slow the dissolution of the
metastable phase due to the wetting of the crystal surface by the oil and this causes a
change in the transformation mechanism from a surface-controlled to diffusion-controlled
mechanism. This caused a reduction in the overall surface deposition and suggests the
existence of an inhibition effect when adding the organic phase to the overall crystallization
process at 30° C. According to [59] when some scale inhibitors are added, both formation
and transformation of the metastable phase are inhibited. It was also reported by [62] that
adding monoethylene glycol (MEG) solvent to the water changes the growth mechanism
from surface reaction control to diffusion control and yields a decrease in the growth rate of

calcite.

In the bulk solution, the analysis of the polymorphic composition and concentration for the

precipitate of two different brine saturations at 30° C shows the convergence between the
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compositions and hence the concentration of vaterite and calcite for a duration of time
ranging between 60 to 90 minutes for brine 1 (0.1M) and brine 2 (0.065M) respectively, as
shown in Figures 6-40 and 6-41. The composition and concentration of vaterite and calcite
diverges after this period of time; calcite increases and vaterite decreases in a relatively slow
rate. The change in the polymorphic mole percentage with time for brine 1 and brine 2 at 30°
C is in good agreement with Sawada and Ogino et al. [51, 202] who combined the change
in the polymorphic composition at 25° C with the change in the lonic Activity Product (IAP)
as shown in Figure 7-10. The graph illustrates the existence of three regions; the unstable
region which lasts for about 4 minutes and represents the region where ACC is transformed
to crystalline forms of vaterite and calcite. The transformation is shown to occur by a rapid
rate in which their abundance is increased rapidly. Calcite is shown to form prior to vaterite
and this may suggest the direct formation of some of calcite phase from ACC. This is also
shown by other studies such as [48, 63] who showed that calcite could be formed directly
from ACC at room temperature. The metastable region where the gradual transformation of
vaterite to calcite exists and is shown as a relatively slow process where equal compositions
of vaterite and calcite can take about 100 minutes and a divergence of their abundance is
then shown after this period of time. The stable region represents the period where all the
metastable phase is transformed to calcite where the whole transformation process took up

to 3.5 hours.
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Figure 7-10 (a) The change in the ionic activity product with time at 25° C; (I) unstable stage, (ll)
metastable stage, (lll) Stable stage; (b) The change in polymorphic abundance with time; (1)
amorphous phase, (2) vaterite, (3) calcite [202]
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The change in the polymorphic concentration in Figure 6-43, combined with both pH and de-
supersaturation profiles in Figure 6-15(b) reveals the importance of the first 15 minutes (the
nucleation period) compared to the later stages (the growth period) of the crystallization
process. This early stage of the crystallization time represents the stage of formation of the
crystals which causes the saturation ratio to decline by up to 97% of its initial value. The rate
of formation of calcite fast within the nucleation period but since vaterite is supposed to form
first, it is suggested that the first generation of vaterite is transformed by a rapid dissolution
process and re-crystallizes to calcite according to the particle size-solubility dependence
effect [215]. This states that as the particle size decreases, it exhibits higher solubility and
hence higher dissolution rate than large particles. Small particles also exhibit larger surface
area to volume ratio and this result in larger surface free energy and hence faster
transformation tendency. Since the vaterite dissolution is considered fast in this process, the
re-crystallization to calcite would be slower and this made the process controlled by the
growth of calcite (surface-controlled) and is considered as process 1. This process takes
place within the nucleation period and this explains the rapid increase in the concentration of
calcite initially in Figure 6-43 which is in agreement with SEM in Figure 6-34 (a) and (b) and
6-35 (a) and (b). The hypothesis regarding the formation and transformation of CaCOs;

according to surface-controlled mechanism (process 1) is illustrated in Figure 7-11.

Qil- free systems

Dissolution of vaterite Transformation
re-crystalize as Calcite

Process 1 O R O . O - - (Calcite growth control)
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Figure 7-11 The hypothesis of formation and transformation of CaCOs in oil-free system which shows
the dissolution of vaterite to calcite according to growth-control mechanism (process 1)

Due to the continuous formation of new crystals within the nucleation period in Figure 6-43
where this is also confirmed by the pH and the de-supersaturation profile in Figure 6-15 and
the turbidity in the left side of Figure 6-7, the newly formed vaterite particles may then be
subject to the Ostwald ripening phenomena [214]. This states that as small particles
dissolve, the solute is then re-deposited onto larger particles and causes them to grow in
size. Large particles in this case are vaterite particles which may survive from the early
dissolution (process 1) and this is also reported by [50]. The growth of vaterite crystals in this
case may slow the dissolution process according to the particle size-solubility dependence
method [215]. This cause calcite to nucleate at the surface of vaterite in a process controlled

by the dissolution of vaterite (diffusion-controlled mechanism) and this is considered as
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process 2. Hence the existence of similar compositions for vaterite and calcite for a specific
period of time in the growth period of Figure 6-43 is attributed to the slow dissolution of
vaterite which may take several hours for a complete transformation from vaterite to calcite.
The evidence of growing calcite on the surface of vaterite is also observed by many others
such as [69, 77, 205]. The hypothesis regarding the formation and transformation of CaCOs3
according to the dissolution-controlled mechanism (process 2) is illustrated in Figure 7-12.

Qil- free systems . .
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to Ostwald ripening
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Process 2 D — @ — — 7
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Re-crystalize of calcite at surface of
vaterite (dissolution control)

Figure 7-12 The hypothesis of formation and transformation of CaCOs in oil-free system which shows
the growth of vaterite and the crystallization of calcite at surface of vaterite according to dissolution-
control mechanism (process 2)

The evidence of vaterite growth in oil-free system at 30° C is also clearly observed by SEM
in Figures 6-34 and 6-35 which is estimated in Tables 6-6 and 6-7 where an agreement
between the average size of the crystals detected using un- weighted method for FBRM data
in Table 7-2 and estimated by analysis of SEM images is shown; FBRM detected a mean
chord length of 21 um at 60 minutes for brine 3 (0.045M) whereas the estimated average
crystals size at 60 minutes for brine 2 (0.065M) in Table 6-6 is about 15 um. The rate of the
transformation of vaterite and the growth of calcite are then accelerated when the mole
percentage of vaterite and calcite are equal and this causes a clear decline in vaterite
composition and an increase in calcite composition beyond 60 minutes as shown in Figure
6-43. It was suggested by [51, 202] that the increase in the rate of transformation with time is
a result of an increase in the surface area of calcite which proceeds with the transformation
process. However the increase in the rate of transformation after a period of slowness may
be due to the decrease in vaterite surface area with time rather than the increase in calcite
surface area which results in higher dissolution rate and hence faster transformation to

calcite.

The change in the total concentration of CaCO3; combined with pH and de-supersaturation
profiles in the presence of oil showed similar behaviour to that in absence of oil as shown in
Figure 6-15. The change in the polymorphic concentration of vaterite and calcite are also
found to behave similarly as in Figures 6-43 and 6-47 and this suggests the existence of the
same two processes (the surface controlled and the dissolution controlled) in this system

too. The tendency for the vaterite growth process according to the dissolution controlled
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process is less in this case as less increase in vaterite concentration within the growth period
is encountered in this case as shown in Figure 6-47. The decline in vaterite concentration
within the nucleation process in the presence of oil may suggest the existence of a third

process in which vaterite is transformed to calcite by a relatively fast process.

Although FBRM has not detected the formation of the crystals at oil/water interface, it
showed a lower crystal count in the bulk solution than an oil droplet count. FBRM has also
shown the decrease in the amount of homogeneous precipitation with the interfacial area as
shown in Figure 7.3. A comparison between the total CaCOs that is formed between
systems with and without oil is illustrated in Figure 7.13. A similar amount of CaCOs
produced where the supersaturation is minimized by about 97% of its initial value for both
cases. It seems that the oil phase has affected the bulk precipitation by reducing the
homogeneous nucleation but at the same time the oil surface has provided an alternative
place for the crystals to form. This causes a potential decrease in the supersaturation to a
level that no more nucleation can take place and hence a similar yield of scale is detected in
both cases. Similar rates of precipitation between an oil-free system and a system contains

of 10% v/v n-dodecane has also been detected by [167].
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Figure 7-13 Comparing the total amount of CaCOs produced for oil-brine 1 at 30° C

The evidence of the formation of CaCOs crystals at the surface of oil droplets has also been
observed using SEM images as observed in Figure 6.36. The existence of a flat surface at
one side of some of vaterite clusters supports the idea of heterogeneous nucleation at the
surface of the oil droplets. The vaterite clusters are shown to have an average size of 12 ym

at 60 minutes for oil-brine systems at 30° C as shown in Tables 6-6 and 6-7, while the mean
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diameter for the oil droplets at 30° C was found about 78 um as measured using FBRM as
shown in Table 6-1 . According to these values, the surface area of the oil droplets is about
40 times bigger than the surface area of vaterite by assuming a spherical shape of vaterite.
This may also support the possibility of forming of the crystals at the surface of oil droplets
and may also explain why the curvature shape of the oil droplets did not appear at vaterite
flat surface.

The assumption of the nucleation of some of vaterite crystals at the oil-water interface could
also explain why vaterite growth is less in the presence of oil where a competition surface
with higher energy is found in which extra nucleation has taken place in this case. The
heterogeneous nucleation at the oil-water interface is considered as a third process to
encounter in the presence of oil. This process is also considered to take place within the
nucleation period. The hypothesis regarding the formation and the transformation of CaCOs3

in oil systems is illustrated in Figure 7-14.
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Figure 7-14 The hypothesis of formation and transformation of CaCOs in the presence of oil which
shows the existence of three processes simultaneously; So and Sc denotes the surface area for an oil
droplet and a crystal, respectively

SEM images in Figures 6-34 and 6-35 illustrate the polycrystalline nature of vaterite which
takes a cauliflower shape. It was reported that vaterite is formed as a result of agglomeration
of smaller particles [206]. It was also suggested by [43] that primary nucleation and
secondary growth are common in the precipitation processes; primary nucleation is when
nuclei are formed instantaneously at high supersaturation conditions and results in a drastic
decline in supersaturation and secondary growth in which a larger particle is formed by the
collision and the join of one or more particles together. The growth of vaterite in oil-free
system with the agglomeration of vaterite units led to the formation of large vaterite clusters
with size reaching to 16 pum in oil-free system. Since the transformation from vaterite to

calcite at 30° C is believed to occur at the surface of the vaterite, calcite retains the
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polycrystalline nature of vaterite and results in clusters of crystals that are interconnected
and have an average size of 14 um. The mechanism of formation of cauliflower vaterite is
similar in the presence of oil but with fewer tendencies to form big vaterite units. However
vaterite and calcite are formed with an average size of 12 um and 8 um, respectively for the

systems with oil.

The crystallization kinetics at 60°C show relatively similar mechanisms of formation and
transformation of CaCO; to that at 30°C. The reduction in the surface deposition in the
presence of oil is also shown to exist at 60° C. An exception to this is found for the oll
fractions of up to 40% where the amount of deposition is increased by one fold; the mass
gain for an hour is higher in the presence of oil than in the absence of oil at 60° C as shown
in Figure 5-2. However the amount of deposition for two different brine concentrations has
showed a similar maximum deposition rate which is about 65% higher than the amount of
deposition for oil-free system. This may be due to some of the crystals being sheared away
when the thickness of the crystal layers reach the boundary layer thickness. A maximum

limit on the amount of deposition is exhibited in this case.

Assessment of polymorphic abundance and mass gain on a surface for the oil-free system in
Figures 5-32 and 5-33 suggest the transformation of aragonite to calcite occurs by a slow
process and this slow process results in a gradual parallel rise in their masses. This
suggests a dissolution controlled process in which the growth of calcite is taking place at the
aragonite surface as an analogy to the transformation of vaterite to calcite at 30° C. This is in
agreement with [219] who showed that the calcite nucleation during the aragonite-calcite

transformation takes place on the aragonite surface.

In the presence of oil, the transformation of aragonite to calcite is faster as it only requires
about 20 minutes for their fractions to equilibrate as shown in Figure 5-34. The increase in
aragonite abundance after the decline is most probably due to new layers of aragonite
crystals being formed and growing on old ones forming a dendrite or tree-like shape as
shown in Figure 5-16 (c) to (e). This suggests the onset of secondary nucleation and this
most probably attributed to the bulk behaviour which may have a direct impact on surface
scaling behaviour. It was postulated by [208] that when the supersaturation is sufficiently
high, secondary nucleation in the presence of prior crystals occurs. However, SEM images
in the early stages of the crystallization process showed that aragonite is formed as
aggregates of thin needles which emerged from a central point. These aggregates are less
in average size but higher in quantity when compared to the aragonite aggregates in the oil-
free system as shown in Figures 5-19 and 5-20. It is suggested that these first generation of
aragonite thin needles are easier to transform to calcite by a fast transformation process

according to surface-controlled mechanism and result in calcite spread over the surface in
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the presence of oil as shown in Figure 5-17 (e) and (f). This may explain the rapid
transformation of aragonite to calcite within the first 20 minutes in the presence of oil as
detected in Figure 5-34. According to Bischoff et al. [219] aragonite of different origins and
grain size gave significantly different rate of transformation. Bischoff et al. extensively
studied the transformation of vaterite to aragonite and aragonite to calcite [219-221]. Apart
from their work which is considered quite old today, there is a lack of studies in the literature

concerned with the transformation to and from aragonite.

Comparing the mole percent of calcite to aragonite for systems with and without the oil and
the amount of mass gain per hour for different oil fractions at 60° C in Figure 5-36, shows a
similar abundance of calcite and aragonite for oil-free system whereas higher percentage of
aragonite comparing to calcite is detected in the presence of oil. This is because of the
mechanism of the transformation at this temperature where the diffusion-controlled process
in the oil-free system caused the slow transformation of aragonite to calcite at 60° C,
whereas the secondary nucleation in the presence of oil caused an increase in the

abundance of aragonite.

It is found that equal composition of the metastable phase and the stable phase on the
surface is achieved within first minute at 30° C and it requires about 50 minutes to achieve at
60° C in the single phase crystallization systems. This is contrary to the multiphase
crystallization processes where equal composition of the metastable phase and the stable
phase require about 60 minutes to achieve at 30° C and it only requires 20 minutes at 60° C.
However, it was shown that the transformation is surface-controlled (fast) in the absence of
oil at 30° C and at the first 20 minutes in the presence of oil at 60° C, whereas it was
diffusion-controlled (slow) in the presence of oil at 30° C and in the absence of oil at 60° C.
In the latter case, the stable phase is formed at the surface of the metastable phase and

occupies the same area.

In the bulk solution, the analysis of the polymorphic composition and concentration of the
precipitates at 60° C showed the domination of the aragonite phase in the presence and
absence of oil. Vaterite is more observed in the solution at the beginning of the precipitation
process in the oil-free system as shown in Figures 6-48 and Figure 6-49. Vaterite
composition then declined rapidly and only requires 15 minutes for vaterite to reduce to
about 15 mole%. The concentrations then diverge and the transformation seemed to cease
beyond 15 minutes. Bischoff [220] suggested that the nucleation and the growth
mechanisms that is applied to calcite is applied to aragonite. Therefore as an analogy to the
transformation of vaterite to calcite at 30° C, the rapid transformation of vaterite to aragonite
in this case is attributed to the rapid dissolution of vaterite and the re-crystallization of

aragonite in the vicinity of vaterite which is a slow process and this makes the process
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controlled by aragonite growth. On the other hand calcite seemed to form simultaneously
with vaterite rather than aragonite as shown after 15 minutes in Figure 6-49. This may
suggest that some of vaterite was transformed to calcite by a slow process which is
diffusion-controlled as their concentrations were found to build together after 15 minutes. It
was reported by [45] when diffusion and reaction play joint roles in the reaction system, a
mixture of cubic and needle-like particles are formed. The last stage in the crystallization
process in this case will be the transformation from aragonite to calcite which seemed to be
a very slow process. However, Ogino et al. [51] showed that the time required for a complete
transformation of aragonite to calcite took 1100 min (= 18 hours) at 60-80° C. This is much
higher than that required for a complete transformation of vaterite to calcite which took up to
6 hours according to the same authors.

The change in the polymorphic concentration in Figure 6-49, combined with the pH and de-
supersaturation profiles as shown on the left side of Figure 6-17 reveals the importance of
the first 5 minutes (nucleation period) compared to the latter stage (growth period) of the
crystallization process. This early stage of the crystallization time represents the stage of
crystal formation which causes the supersaturation to decline by up to 95% of its initial value.
Vaterite seemed to nucleate within the first 5 minutes at a relatively fast rate. The nucleation
of vaterite caused a potential drop in the supersaturation and pH within this period of time as
shown on the left side of Figure 6-17 and a high increase in the turbidity intensity as shown
in Figure 6-7(b). At the same time vaterite is transformed to aragonite and this caused a
clear increase in the aragonite concentration after 5 minutes. The dissolution process of
vaterite is so fast and caused a significant drop in its concentration at 15 minutes allowing

aragonite to become dominant.

The analysis of the polymorphic composition and concentration in the presence of oil
behaves similarly to the oil-free system in the period of nucleation but with lower initial
vaterite concentration in this case. The transformation to aragonite seemed to take place
rapidly in the nucleation period and since vaterite is supposed to form first, it is suggested
that some of the first generation of vaterite is transformed by a rapid dissolution process and
re-crystallizes as aragonite. The rest of the vaterite has kept its presence and the
transformation to aragonite in this case seemed to take place at a slower rate. An analogy to
the transformation of vaterite to calcite at 30° C, the slow transformation of vaterite to
aragonite in this case is attributed to the slow dissolution of vaterite and the re-crystallization
of aragonite on the surface of vaterite and this makes the process controlled by vaterite

dissolution.

However a decline in the total CaCO3; seemed to take place after the nucleation period as

shown in Figure 6-49 and this is combined with the abnormal rise in pH profile in the same
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region as shown in the right side of Figure 6-17. This is most probably due to the initiation of
the third process which causes the pH to increase and hence the calculations of the
saturation ratio shows an increase and this results in a decrease in the total CaCOs
produced as illustrated in Table 6-5. Theoretically, this is not possible as the system is going
towards lowering the solubility as the reaction is progressed. However, FBRM shows the
high tendency for the system to agglomerate at this temperature particularly in the presence
of oil as discussed in section 7.1.1. The agglomeration process is defined as the formation of
strong bonds when aggregate particles are cemented by a crystalline bridge and form an
agglomerate [222]. The increase in the amount of scale formed on the surface is also
encountered at this period of time as shown in Figure 5-35. This could be considered as a

sensitive case which requires more investigation.

7.1.4 Linking between surface deposition and bulk precipitation

Comparing the polymorphic percentages of scale formed on a stainless steel surface with
that formed in the bulk solution at 30° C highlights the importance of the first 10 to 20
minutes period of time as shown in Figures 7-15 and 7-16. This period is considered as the
period when nucleation existed in simultaneous to the transformation of phases. The high
drop in saturation ratio within this period supports this as illustrated in section 6.3.5 of
chapter 6. Beyond this initial stage, nucleation ceases and the system is dominated by the
further transformation of vaterite to calcite. However, it has been shown that the
transformation from vaterite to calcite can exist by either a fast surface-controlled process or
by a slow diffusion-controlled process. This is clearly observed for the kinetics of the
crystallization on a surface. The kinetics of the crystallization in the bulk solution shows that
both these processes are taking place simultaneously; part of the crystals exhibit a rapid
surface-controlled mechanism and this process only requires about 15 minute to complete.
The other part of the crystals exhibit a slow diffusion-controlled mechanism and this process

takes place throughout the experiment and may persist much longer.

The fact that two processes occur in the bulk solution whereas only one process occur on
the surface makes the polymorphic transformation faster on the surface than in the bulk for
oil-free system as shown in Figures 7-15 and 7-16. Equal percentage of vaterite and calcite
require only 1 minute to exist on a surface whereas in the bulk solution, it takes about 60 and

90 minutes for brine 1 (0.1M) and brine 2 (0.065M) to equilibrate respectively.
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Figure 7-15 Comparing deposition and precipitation polymorphic abundance for brine 2 (0.065M) at
30° C; (a) on a surface, (b) in the bulk solution
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Figure 7-16 Comparing deposition and precipitation polymorphic abundance for brine 1 (0.1M) at 30°
C; (a) on a surface, (b) in the bulk solution

In the presence of oil the existence of similar distribution of the phases between surface and
bulk are clearly observed as shown in Figures 7-17 to 7-20. There are two possibilities for
this similarity; surface deposition is diffusion-controlled which exhibited slow kinetics and this
process is also found to dominate in the solution.
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Figure 7-17 Comparing deposition and precipitation polymorphic abundance for oil-brine 2 (0.065M)

at 30° C; (a) on a surface, (b) in the bulk solution
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Figure 7-18 Comparing deposition and precipitation polymorphic abundance for oil-brine 1 (0.1M) at
30° C; (a) on a surface, (b) in the bulk solution

Another possibility to explain the similar polymorphic distribution observed on the surface

and in the bulk in the presence of the oil is the role of heterogeneous nucleation on the

crystallisation process; part of the bulk precipitate is believed to occur at oil-water interface.

A competitive surface with low energy is found in this case and therefore more scale is
formed and this may explain the existence of similar CaCO3 produced in the bulk solution for
systems with and without oil as shown in Figure 7-13.
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Figure 7-19 Comparing the polymorphic growth for 23% oil-brine 2 (0.065M) at 30° C; (a) on a
surface, (b) in the bulk solution
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Figure 7-20 Comparing the polymorphic growth for 17% oil-brine 1 (0.1M) at 30° C; (a) on a surface,
(b) in the bulk solution

At 60° C the situation is different as the three phases seen together in the bulk solution
where the transformation of vaterite to aragonite and vaterite to calcite are taking place
within the experiment. However, vaterite did not appear on a surface and the transformation
seemed to take place from the metastable phase aragonite to the stable phase calcite. In the
oil-free system the mole percentage of aragonite and calcite are about 80 and 20 mole % at
first 1 minute on a surface. The same mole percentage of aragonite and calcite is detected

by 30 minutes in the bulk solution as shown in Figure 7-21. This may suggest the fact that
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polymorphic transformation is faster on a surface than in the bulk solution. It seems like a
complete stage of transformation from vaterite to aragonite was eliminated on a surface in
this case. However since the transformation time depends on the number of precursor
stages being involved [201], and because the transformation process is much faster on a
surface than in the bulk, it is suggested that aragonite is formed directly from the ACC
precursor and then is transformed to the more stable calcite by the slow diffusion-controlled
process on a surface. While the situation is different in the bulk where vaterite is formed first
and transformed to aragonite by a relatively fast surface-controlled process which is then
supposed to transform to calcite in a relatively slow process.
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Figure 7-21 Comparing deposition and precipitation polymorph abundance for brine 3 (0.045M) at 60°
C; (a) on a surface, (b) in the bulk solution

The mechanism of transformation in the presence of oil in Figure 7-22 shows the existence
of two processes on a surface; the first is the rapid dissolution of aragonite to calcite
according to surface-controlled mechanism. The second process is the onset of a secondary
nucleation which causes the deposition to increase in this case. In the bulk solution two
processes also existed in which vaterite is transformed to aragonite by both fast (surface-

controlled) and slow (diffusion-controlled) mechanisms.
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(0.045M) at 60° C; (a) on a surface, (b) in the bulk solution
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8 Chapter Eight Conclusions and future work;

8.1 Conclusions of the study

Despite the complexity of the system, FBRM has been acceptably used to track the
nucleation and the growth processes in multiphase conditions. It was also used to detect
where nucleation takes place; the high precipitation rate at 60° C where the crystals are
mainly formed in the bulk solution and the low precipitation rate at 30° C where less crystals
are formed in the bulk solutions and this led to the thinking that some of the crystals may
have been formed at the oil-water interface. FBRM has also been used to characterize the
oil-water system by estimating the mean droplets size and the interfacial area between
phases and to estimate the particles (droplets and crystals) mean chord length and chord
length distribution. Weight statistics have been used to interpret the data; square-weighted
mean chord length and square-weighted chord length distribution are found to better
represent the system when the oil droplets are dominant. Un-weighted mean chord length
and un-weighted chord length distribution are found to better represent the system when
precipitation is dominant. An overall characterizing of the system where the precipitation in
the bulk solution according to homogeneous type nucleation is found to decrease in the
presence of oil.

Kinetic measurements combined with microscopic observations have been monitored with
time and found as a useful way for characterizing CaCOs scale formation on a surface and in
the bulk solution. Analysing the surface crystallization process by estimating the rate at
which each polymorph of CaCOs; forms, grows and transforms can provide a microscale
frame that enables a better understanding of the overall kinetics of the process compared to

looking at the process through a macroscale frame by considering it as a stable structure.

The metastable phase is thermodynamically unstable and has a high tendency to transform
and stabilise. The transformation from a metastable phase to a stable phase is agreed in the
literature to take place by two steps: The first is the dissolution of the metastable phase and
the second is the growth of the stable phase. How fast the transformation takes depends on
which of these two steps is controlling the transformation process. The last stage in CaCOs
crystallization is the growth of the stable phase. These various stages of CaCO3 are believed
to apply for the various phases; what applies between vaterite and calcite is applied between
vaterite and aragonite or between aragonite and calcite with respect to the order of the
transformation which is from a high solubility phase to a less solubility phase. This takes the

order of vaterite, aragonite then calcite.
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It is found that the formation of the more stable phase mainly depends on the formation and
transformation of the less stable phase. The change in the kinetics of formation and
transformation of vaterite on a surface, in the presence of oil at 30° C resulted in less
nucleation sites with bigger crystals. Low nucleation sites was due to the lower ability for
scaling species to diffuse and reach the surface in the presence of the oil droplets when an
oil-in-water emulsion is formed. Big crystals were due to the slow dissolution process of
vaterite which means it controlled the transformation process. This results in the nucleation
and growth of calcite on the surface of the vaterite. Therefore it is suggested that the
presence of an organic phase in the system acted by changing the mechanism of
transformation process from surface-controlled to a diffusion-controlled mechanism and

hence acted as an inhibition effect to the overall deposition process.

The presence of oil was shown to have more effect on the surface crystallization kinetics
than on the bulk precipitation kinetics which was shown to behave similarly between the
systems with and without oil at 30° C and 60° C. However, the growth of vaterite in the bulk
solution is slightly lower and led to a faster transformation rate to calcite in the presence of
oil. This is attributed to either the presence of oil which acted by reducing the nucleation
sites in the bulk solution and led to less vaterite growth by the agglomeration process or due
to the existence of heterogeneous nucleation where some vaterite were found to form at the
oil-water interface. This acts as a competitive surface for crystals to nucleate at. Therefore
less nucleation is found to take place in the solution by homogeneous type nucleation
whereas some extra nucleation sites are found to occur at the oil-water interface according
to heterogeneous type nucleation. The total yield of CaCOs; scale is the same in the
presence and absence of oil as what was reduced in the bulk solution found an alternative

place to form, at the oil-water interface.

The kinetics of crystallization at 60° C is much complicated as the three polymorphs have
been shown to appear during the reaction time in the bulk solution. However only aragonite
and calcite present on the surface at 60° C and this is due to the fast kinetics that were
taking place on the surface which caused vaterite to either disappear rapidly or be eliminated
from the reaction. The kinetics of transformation of aragonite to calcite on a surface in the
absence of oil at 60° C took place by a slow diffusion-controlled process in which calcite is
supposed to form at the surface of aragonite. In the presence of oil at 60° C, two processes
are found to exist on a surface. The first is the fast surface-controlled aragonite to calcite
transformation. The second is the secondary nucleation of aragonite which caused layers of
aragonite to form and led to high deposition rates. Bulk precipitation kinetics in the absence
and presence of oil at 60° C showed similar mechanisms in which two processes took place

simultaneously; the first in which vaterite is transformed by a fast surface-controlled process
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to aragonite. The second is the transformation of vaterite to calcite by a slow diffusion-
controlled mechanism in the oil-free system and the transformation of vaterite to aragonite

by a slow diffusion-controlled mechanism in the oil systems.

According to all previous findings and as a rule of thumb we may summarize the trend of

total calcium carbonate growth as:

- High slope: usually at the beginning of the crystallization process is the period at in
which all the processes of nucleation and growth of the metastable phase,
transformation to a more stable phase and nucleation and growth of a more stable
phase are taken place simultaneously.

- Low slope: represents the period of growth of the metastable phase, transformation
to a more stable phase, nucleation and growth of the more stable phase.

- Zero slope: represents the period of the transformation to a more stable phase,
nucleation and growth of the more stable phase where an equilibrium between the
rate of the metastable phase transformation and the rate of nucleation and growth of
the more stable phase exists in this region.

Of patrticular interest is the relationship between surface crystallization and bulk precipitation
kinetics. The similarity in the mechanism of the formation and the transformation of CaCOs3
scale between surface and bulk has been shown. It is suggested here that what applies in
the bulk also applies on a surface. However, surface kinetics show much faster kinetics than

bulk precipitation.

8.2 Suggestions for future research work

- Because the rate of formation and transformation of calcium carbonate scale on a
surface and in the bulk, in the presence and absence of oil, for all experiment
conditions in this study are extremely high, the early stage of the formation of
different phases was not long enough to study. The results showed the great
importance of this early stage of the crystallization process in terms of the detection
of the mechanism of the formation of the different phases and their transformation.
This early stage is shown to exist within 1 minute on a surface and it is extended to
about 10 to 15 minutes in the bulk. This is considered as the nucleation period in
which a potential supersaturation drop is exhibited. This period is considered to be
very short and needs to be more focused on by more sampling and careful analysing.
It is also recommended to work at much lower brine saturations in order to prolong

this stage. This would allow the detection of the induction time in which the
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metastable phase is formed and its abundance is 100%. Moreover, using an impeller
with a rotation speed of 520 rpm may also promote the faster process. Therefore, it is
also recommended to avoid vigorous mixing by using other techniques for emulsions
creation such as using stabilizing agents but this is not a preferred option as it may
affect the chemistry of the system, or by using homogenizing methods such as
ultrasonic homogenization. It is also recommended to study the kinetics of surface
deposition alone to avoid the interactions in their mechanisms. This can be done by
using low saturation brine in which the energy required for homogeneous nucleation
is much higher than that required for heterogeneous nucleation. This may also be
applicable for studying the precipitation process by heterogeneous type nucleation in
which the crystals are formed at the oil-water interface.

The results in this study showed how the formation of a more stable phase is affected
by the formation of the less stable phase. It has been shown that vaterite takes
different morphologies at different experiment conditions. Vaterite is usually known to
have a spherical shape, but this is not the only morphology that vaterite may appear
with. Vaterite could also present as irregular shapes such as a leaf-like shape or as
flower, cauliflower-like or pine cone shapes. This indicates the differences in the
mechanisms of vaterite formation and since the amorphous calcium carbonate is
known as the precursor for vaterite formation, understanding the stages and the
mechanisms of formation and transformation of ACC to vaterite is very important.
However, evidence of the formation and transformation of the ACC on the surface
and in the bulk solution were detected during this study and are shown in appendix

E. ACC should be looked at in more details.

The increase in the pH with time and after a steady state period is also of interesting
and needs more investigation. The primary explanations for this phenomena is that
when further transformation is exhibited in the bulk solution the dissolution of the
unstable phase causes the release of calcium and carbonate ions which return to the
solution. This causes an increase in the pH of the solution. The existence of this
phenomenon after the nucleation period explains why this could only be observed in
a later stage but not in the early stage of the process. The increase in solution pH is
observed more at 60° C where an abnormal rise in pH is exhibited and this is
associated with the abnormal rise in the amount of surface deposition and the

agglomeration of the crystals in the solution.

The organic phase that was used in this study was an iso-paraffinic oil of which 55

wt% are paraffins and 45 wt% are naphthenic compounds. Using different type of oils
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with different chemical composition such as a highly paraffinic oil or highly aromatic
oils is recommended to evaluate the impact of the oil chemistry on the overall

crystallization process.

Understanding the kinetics of polymorphic formation and transformation of calcium
carbonate could provide further insights for the development of new surface kinetics

prediction models.

The main finding in this study is the detection of the inhibition effect of the oil phase
on surface deposition. The change in the kinetics from surface-controlled to diffusion-
controlled at 30° C has caused an overall minimization of surface scaling.
Assessment of the kinetics of polymorphic formation and transformation of calcium
carbonate in the presence of different chemical scale inhibitors could help in
developing a better understanding of the inhibition kinetics. This could help in
detecting how different scale inhibitors act on the different stages of the polymorphic
nucleation, growth and transformation mechanisms. Therefore, it could help in

choosing which scale inhibitors work much more effectively at specific conditions.

The existence of a similar mechanism of formation and transformation of CaCOs3 in
the bulk solution and on a surface, may suggest that both type of scaling could be
controlled in a similar way. It has also been shown in this study that surface
deposition exhibited a faster process than bulk precipitation in the absence of oil
whereas surface deposition exhibited similar behaviour to bulk precipitation in the
presence of oil. The oil phase was found to act as an inhibitor to surface deposition
causing slower kinetics whereas the presence of oil did not show a significant effect
in the bulk solution. This may result in differences in the minimum inhibition
concentration MIC required for surface inhibition from that required for bulk
precipitation inhibition. However, Inhibitors still need to be further developed to be

more effective and provide full scale prevention.
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Appendix A-1
Raw data from FBRM measurement

Figures A-1 to A-4 show the high intensity peaks which are detected during the cleaning

period of the FBRM probe. These peaks are removed when interpreting the results.
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Figure A- 1 Chord counts (un-weighted) for brine 3 (0.045M) at 60° C, agitated at 550 rpm
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Figure A- 2 Chord counts (un-weighted) for 23% oil-brine 3 (0.045M) at 60° C, agitated at 750 rpm
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Figure A- 3 Chord counts (un-weighted) for brine 3 (0.045M) at 30° C, agitated at 550 rpm
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Figure A- 4 Chord counts (un-weighted) for 10% oil-brine 3 (0.045M) at 30° C, agitated at 550 rpm
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Appendix A-2

Different weighted mean size

Table A- 1 Calculation of un-weighted and square-weighted mean size for different systems at 30° C

Chord 10% oil-saline system Brine 3 system (no oil droplets) 10% oil-brine 3 (0.045M) system
L; fi fixL; fx L fixL fi fixLi | fuoxLf fixL fi fixL; fx L fixL
1 0.166 | 0.166 0.166 0.166 0.063 | 0.063 0.063 0.063 0.044 0.044 0.044 0.044
1.08 0.179 | 0.193 0.209 0.225 0.068 | 0.073 0.079 0.086 0.047 0.051 0.055 0.059
1.166 0.201 | 0.234 0.273 0.319 0.079 | 0.092 0.107 0.125 0.053 0.062 0.072 0.084
1.259 0.299 | 0.376 0.474 0.597 0.146 | 0.184 0.231 0.291 0.078 0.098 0.124 0.156
1.359 0.323 | 0.439 0.597 0.811 0.158 | 0.215 0.292 0.397 0.084 0.114 0.155 0.211
1.468 0.576 | 0.846 1.241 1.822 0.198 | 0.291 0.427 0.626 0.106 0.156 0.228 0.335
1.585 0.716 | 1.135 1.799 2.85 0.225 | 0.357 0.565 0.896 0.121 0.192 0.304 0.482
1.711 0.79 1.352 2.313 3.95 0.263 | 0.450 0.770 1.317 0.149 0.255 0.436 0.746
1.848 0.86 1.589 2.937 5.42 0.293 | 0.541 1.001 1.849 0.169 0.312 0.577 1.067
1.995 0.502 | 1.001 1.998 3.98 0.413 | 0.824 1.644 3.279 0.195 0.389 0.776 1.548
2.154 0.447 | 0.963 2.074 4.46 0.537 | 1.157 2.492 5.367 0.236 0.508 1.095 2.359
2.326 0.375 | 0.872 2.029 4.71 0.705 | 1.640 3.814 8.872 0.289 0.672 1.564 3.637
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2.512 0.409 | 1.027 2.581 6.48 0.859 | 2.158 5.420 13.616 0.328 0.824 2.070 5.199

2.712 0.361 | 0.979 2.655 7.20 0.765 | 2.075 5.627 15.259 0.366 0.993 2.692 7.300

2.929 0.38 1.113 3.260 9.54 0.793 | 2.323 6.803 19.927 0.432 1.265 3.706 10.855
3.162 0.438 | 1.385 4.379 13.84 0.952 | 3.010 9.518 30.097 0.478 1511 4.779 15.112
3.415 0.473 | 1.615 5.516 18.83 1.197 | 4.088 13.960 47.672 0.568 1.940 6.624 22.621
3.687 0.472 | 1.740 6.416 23.65 1.834 | 6.762 24.931 91.922 0.681 2511 9.257 34.132
3.981 0.634 | 2.524 10.048 40.00 2.683 | 10.68 42.521 169.277 0.809 3.221 12.821 51.042
4.299 0.645 | 2.773 11.921 51.24 1.478 | 6.354 27.316 117.429 0.851 3.658 15.728 67.613
4.642 0.782 | 3.630 16.851 78.221 1.112 | 5.162 23.962 111.230 1.042 4.837 22.453 104.228
5.012 1.024 | 5.132 25.723 128.92 1.013 | 5.077 25.447 127.539 0.989 4.957 24.844 124.517
5.412 1.687 | 9.130 49.412 267.41 1.122 | 6.072 32.863 177.855 1.047 5.666 30.666 165.966
5.843 2.248 | 13.13 76.748 448.44 1221 | 7.134 41.686 243.570 1.106 6.462 37.760 220.629
6.31 1.418 | 8.948 56.459 356.25 1.602 | 10.10 63.785 402.486 1.103 6.960 43.917 277.117
6.813 0.959 | 6.534 44514 303.27 1.856 | 12.64 86.150 586.939 121 8.244 56.165 382.649
7.356 0.932 | 6.856 50.431 370.97 1.616 | 11.88 87.443 643.230 1.357 9.982 73.428 540.138
7.943 1.088 | 8.642 68.643 545.23 1471 | 11.68 92.807 737.168 1.512 12.010 95.394 757.714
8.577 1.025 | 8.791 75.404 646.74 1573 | 13.49 115.71 992.510 1.666 14.289 122.559 1051.19
9.261 1.115 | 10.32 95.629 885.62 1.641 | 15.19 140.74 1303.414 1.703 15.771 146.060 1352.66
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10 1.207 | 12.07 120.700 1207.00 1.72 17.20 172.00 1720.000 1.852 18.520 185.200 1852.00
10.798 1.338 | 14.44 156.007 1684.55 1.912 | 20.64 222.93 2407.231 1.959 21.153 228.413 2466.41
11.659 2474 | 28.84 336.296 3920.88 2.004 | 23.36 272.40 3176.008 2.096 24.437 284.914 3321.81
12.589 2.353 | 29.62 372.910 4694.56 2.318 | 29.18 367.36 4624.738 2.256 28.401 357.537 4501.04
13.594 3.766 | 51.19 695.945 9460.67 2.673 | 36.33 493.96 6714.919 2.356 32.027 435.381 5918.57
14.678 3.592 | 52.72 773.874 11358.91 3.193 | 46.86 687.91 10097.168 2.624 38.515 565.324 8297.83
15.849 3.669 | 58.15 921.619 14606.74 3.474 | 55.05 872.63 13830.421 2.826 44,789 709.865 11250.65
17.113 2.02 34.56 591.567 10123.48 3.766 | 64.44 1102.8 18873.775 3.226 55.207 944.749 16167.50
18.478 1.761 | 32.54 601.270 11110.26 4.242 | 78.38 1448.3 | 26763.047 3.224 59.573 1100.79 20340.42
19.953 1.922 | 38.35 765.191 15267.85 4.76 94.97 1895.0 | 37812.166 3.528 70.394 1404.57 28025.49
21.544 1.916 | 41.27 889.300 19159.07 4712 | 101.5 2187.0 | 47117.724 3.923 84.517 1820.83 39228.11
23.263 2.267 | 52.73 1226.82 28539.65 4813 | 111.9 2604.6 | 60591.684 3.974 92.447 2150.59 50029.37
25.119 2419 | 60.76 1526.30 38339.18 4.565 | 114.6 2880.3 | 72351.547 4.227 106.178 2667.08 66994.52
27.123 8.285 | 224.7 6094.91 165312.49 | 4.355 | 118.1 3203.7 | 86896.309 4.577 124.142 3367.10 91325.93
29.286 8.356 | 244.7 7166.68 209883.64 | 4.261 | 124.7 3654.5 107026.59 4.765 139.548 4086.79 119685.92
31.623 3.49 110.3 3490.04 110365.82 3.7 117.0 3700.0 117006.75 4.964 156.977 4964.07 156978.79
34.145 4.154 | 1418 4843.07 165366.61 3.45 117.8 4022.2 137341.07 4.726 161.369 5509.95 188137.37
36.869 2.799 | 103.1 3804.74 140277.16 | 2.595 | 95.67 3527.4 | 130053.31 4.513 166.390 6134.62 226177.50
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39.811 2777 | 110.5 4401.31 175220.59 | 1.802 | 71.73 2856.0 113700.93 4.119 163.982 6528.26 259896.87
42.987 2,611 | 112.2 4824.82 20740455 | 1.274 | 54.76 2354.2 101200.07 3.652 156.989 6748.46 290096.29
46.416 2473 | 114.7 5327.94 247301.78 | 0.702 | 32.58 1512.4 | 70200.507 3.087 143.286 6650.77 308702.23
50.119 2.256 | 113.0 5666.87 284018.27 | 0.569 | 28.51 1429.2 | 71634.042 2.578 129.207 6475.71 324556.35
54.117 1.762 | 95.35 5160.28 279258.91 | 0.484 | 26.19 1417.4 | 76709.032 1.915 103.634 5608.36 303507.84
58.434 1.341 | 78.36 4578.88 267562.73 | 0.401 | 23.43 1369.2 | 80009.438 1.293 75.555 4414.99 257985.55
63.096 1.003 | 63.28 3993.04 251945.39 | 0.415 | 26.18 1652.1 104244.60 0.894 56.408 3559.10 224565.48
68.129 0.673 | 45.85 3123.77 212819.34 | 0.352 | 23.98 1633.8 111311.15 0.503 34.269 2334.70 159061.12
73.564 0.442 | 3251 2391.95 175961.75 0.4 29.42 2164.6 159241.40 0.461 33.913 249477 183525.72
79.433 0.332 | 26.37 2094.78 166395.27 | 0.524 | 41.62 3306.2 | 262623.86 0.315 25.021 1987.52 157875.03
85.77 0.264 | 22.64 1942.11 166575.12 | 0.525 | 45.02 3862.1 | 331257.35 0.261 22.386 1920.04 164682.23
92.612 0.177 | 16.39 1518.12 140596.67 | 0.539 | 49.91 4622.9 | 428144.68 0.224 20.745 1921.2 177930.26

100 0 0 0 0 0.495 | 49.50 4950.0 | 495000.00 0.101 10.100 1010.00 101000.00
107.978 | 0.167 | 18.03 1947.09 210243.37 | 0.406 | 43.83 4733.6 | 511130.58 0.061 6.587 711.214 76795.48
116.591 | 0.118 13.7 1604.02 187015.27 | 0.343 | 39.99 4662.5 | 543612.20 0.054 6.296 734.047 85583.26
125.893 | 0.091 | 11.45 1442.26 181570.85 | 0.156 | 19.63 2472.4 | 311264.32 0.028 3.525 443.773 55867.96
135.936 0.08 10.87 1478.28 200952.51 | 0.099 | 13.45 1829.3 | 248678.73 0.01 1.359 184.786 25119.06
146.78 0.031 | 4.550 667.875 98030.75 0.044 | 6.458 947.95 139140.42 0.008 1.174 172.355 25298.26
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158.489 0.03 4.755 753.563 119431.42 | 0.018 | 2.853 452.13 71658.86 0 0 0 0
171.133 | 0.019 | 3.252 556.444 95225.85 0 0 0 0 0 0 0 0
184.785 | 0.009 | 1.663 307.309 56786.18 0.003 | 0.554 102.43 | 18928.726 0.003 0.554 102.436 18928.727
199.526 | 0.006 | 1.197 238.864 47659.52 0 0 0 0 0 0 0 0
215.443 0 0 0 0 0 0 0 0 0 0 0 0
232.631 | 0.003 | 0.698 162.352 37768.00 0 0 0 0 0 0 0 0
251.189 | 0.003 | 0.754 189.288 47546.99 0 0 0 0 0 0 0 0
271.227 0 0 0 0 0 0 0 0 0 0 0 0
292.864 0 0 0 0 0 0 0 0 0 0 0 0
316.228 0 0 0 0 0 0 0 0 0 0 0 0
341.455 0 0 0 0 0 0 0 0 0 0 0 0
368.695 0 0 0 0 0 0 0 0 0 0 0 0
398.107 0 0 0 0 0 0 0 0 0 0 0 0
429.866 0 0 0 0 0 0 0 0 0 0 0 0
464.159 0 0 0 0 0 0 0 0 0 0 0 0
501.187 0 0 0 0 0 0 0 0 0 0 0 0
541.17 0 0 0 0 0 0 0 0 0 0 0 0
584.341 0 0 0 0 0 0 0 0 0 0 0 0
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630.957 0 0 0 0 0 0 0 0 0 0 0
681.292 0 0 0 0 0 0 0 0 0 0 0
735.642 0 0 0 0 0 0 0 0 0 0 0
794.328 0 0 0 0 0 0 0 0 0 0 0
857.696 0 0 0 0 0 0 0 0 0 0 0
926.119 0 0 0 0 0 0 0 0 0 0 0
1000 0 0 0 0 0 0 0 0 0 0 0
Sum 99.9 | 2739.7 | 129551.2 | 8840201.0 | 100 | 2139.4 | 82505.0 | 5139949.7 | 100.002 | 2527.5 | 91636.7 | 4246878.3
(Un-wt) Zg; l 27.39 Zg; l 21.39 Zg; d 25.27
3 3 3
(Sq-wt) % 68.23 % 62.29 % 46.34
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Table A- 2 Calculation of un-weighted and square-weighted mean size for different systems at 60° C

Chord 10% oil-saline system Brine 3 system (no oil droplets) 10% oil-brine 3 (0.045M) system
L; fi fixL; fixLf fixL fi fixLi | fxLf fixL} fi fixL; fx L fixL
1 0.051 0.051 0.051 0.051 0.118 0.118 0.118 0.118 0.046 0.046 0.046 0.046
1.08 0.055 0.059 0.064 0.069 0.128 0.138 0.149 0.161 0.049 0.053 0.057 0.062
1.166 0.063 0.073 0.086 0.100 0.143 0.167 0.194 0.227 0.056 0.065 0.076 0.089
1.259 0.1 0.126 0.159 0.200 0.205 0.258 0.325 0.409 0.088 0.111 0.139 0.176
1.359 0.108 0.147 0.199 0.271 0.222 0.302 0.410 0.557 0.095 0.129 0.175 0.238
1.468 0.131 0.192 0.282 0.414 0.287 0.421 0.618 0.908 0.113 0.166 0.244 0.357
1.585 0.147 0.233 0.369 0.585 0.329 0.521 0.827 1.310 0.126 0.200 0.317 0.502
1.711 0.179 0.306 0.524 0.897 0.414 0.708 1.21 2.074 0.144 0.246 0.422 0.721
1.848 0.203 0.375 0.693 1.28 0.473 0.874 1.62 2.99 0.16 0.296 0.546 1.01
1.995 0.202 0.403 0.804 1.60 0.599 1.195 2.38 4.76 0.192 0.383 0.764 1.52
2.154 0.253 0.545 1.17 2.53 0.687 1.480 3.19 6.87 0.226 0.487 1.05 2.26
2.326 0.323 0.751 1.75 4.06 0.794 1.847 4.30 9.99 0.269 0.626 1.46 3.39
2.512 0.372 0.934 2.35 5.90 0.863 2.168 5.45 13.68 0.314 0.789 1.98 4.98
2.712 0.462 1.25 3.40 9.22 0.979 2.655 7.20 19.53 0.402 1.09 2.96 8.02
2.929 0.49 1.44 4.20 12.31 1.176 3.445 10.09 29.55 0.465 1.36 3.99 11.68
3.162 0.585 1.85 5.85 18.49 1.438 4.547 14.38 45.46 0.493 1.56 4.93 15.59
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3.415 0.664 2.27 7.74 26.44 1.702 5.812 19.85 67.78 0.517 1.77 6.03 20.59
3.687 0.801 2.95 10.89 40.15 2.019 7.444 27.45 101.19 0.571 2.11 7.76 28.62
3.981 0.853 3.40 13.52 53.82 2.318 9.228 36.74 146.25 0.661 2.63 10.48 41.70
4.299 0.941 4.05 17.39 74.76 2.197 9.445 40.60 174.56 0.765 3.29 14.14 60.78
4.642 1.076 4.99 23.19 107.63 2.031 9.428 43.76 203.15 0.852 3.95 18.36 85.22
5.012 l1.161 5.82 29.16 146.17 1.812 9.082 45.52 228.13 0.859 4.31 21.58 108.15
5.412 1.185 6.41 34.71 187.84 1.718 9.298 50.32 272.33 0.871 4.71 25.51 138.07
5.843 1.206 7.05 41.17 240.58 1.751 10.23 59.78 349.30 0.938 5.48 32.02 187.12
6.31 1.296 8.18 51.60 325.61 2.023 12.76 80.55 508.26 1.06 6.70 42.28 266.82
6.813 1.512 10.30 70.18 478.15 2.495 16.99 115.81 789.02 1.04 7.10 48.37 329.52
7.356 1.45 10.67 78.46 577.16 2.242 16.49 121.32 892.40 1.14 8.39 61.74 454.16
7.943 1.566 12.44 98.80 784.78 2.215 17.59 139.75 1110.01 121 9.58 76.09 604.37
8.577 1.698 14.56 124.91 1071.38 2.396 20.55 176.26 1511.80 1.34 11.45 98.21 842.34
9.261 1.648 15.26 141.34 1308.97 2.463 22.81 211.24 1956.31 1.39 12.89 119.39 1105.64
10 1.806 18.06 180.6 1806 2.445 24.45 244.50 2445 151 15.11 151.10 1511.00
10.798 1.713 18.50 199.73 2156.69 2.507 27.07 292.31 3156.34 1.67 18.05 194.95 2105.07
11.659 1.946 22.69 264.52 3084.09 2.525 29.44 343.23 4001.71 1.90 22.09 257.59 3003.26
12.589 1.844 23.21 292.24 3679.04 2.737 34.46 433.77 5460.70 191 24.04 302.70 3810.72
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13.594 2.102 28.57 388.44 5280.49 2.795 38.00 516.51 7021.40 2.15 29.27 397.87 5408.61
14.678 2.149 31.54 462.99 6795.74 2.938 43.12 632.97 9290.79 2.27 33.29 488.63 7172.06
15.849 2.261 35.83 567.94 9001.32 2.956 46.85 742.52 11768.20 2.58 40.92 648.57 10279.3
17.113 2.5 42.78 732.14 12529.06 3.078 52.67 901.41 15425.78 2.65 45.37 776.36 13285.8
18.478 2.708 50.04 924.61 17084.94 3.174 58.65 1083.7 20024.97 2.93 54.07 999.04 18460.3
19.953 2.959 59.04 1178.04 23505.50 3.277 65.39 1304.6 26031.61 3.16 63.11 1259.2 25126.0
21.544 2.934 63.21 1361.80 29338.58 3.455 74.43 1603.6 34548.33 3.37 72.65 1565.0 33718.4
23.263 3.388 78.82 1833.47 42652.11 3.452 80.30 1868.1 43457.82 3.49 81.09 1886.5 43885.9
25.119 3.616 90.83 2281.57 57310.67 3.618 90.88 2282.8 57342.36 3.77 94.80 2381.2 59814.8
27.123 3.754 101.8 2761.66 74904.42 3.954 107.2 2908.7 78895.06 3.69 100.14 2716.0 73667.3
29.286 4.431 129.7 3800.33 111296.61 3.123 91.46 2678.5 78442.63 3.82 111.99 3279.7 96050.2
31.623 4.176 132.0 4176.06 132059.51 2.741 86.68 2741.0 86679.87 3.97 125.39 3965.0 125387.0
34.145 3.582 122.3 4176.19 142595.87 2.423 82.73 2824.9 96457.23 3.70 126.20 4309.1 147134.1
36.869 3.438 126.7 4673.35 172301.85 1.922 70.86 2612.6 96324.65 3.74 137.96 5086.5 187537.4
39.811 3.358 133.6 5322.15 211879.99 1591 63.34 2521.6 100387.45 3.82 152.24 6060.7 241283.2
42.987 3.243 139.4 5992.68 257607.42 1.181 50.77 2182.3 93812.63 3.66 157.29 6761.4 290652.3
46.416 3.175 147.3 6840.36 317502.29 0.875 40.61 1885.1 87500.63 3.27 151.92 7051.5 327302.4
50.119 2.935 147.1 7372.47 369500.73 0.732 36.69 1838.7 92154.87 3.25 162.89 8163.7 409157.5
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54.117 2.807 151.9 8220.72 444880.69 0.554 29.98 1622.4 87803.31 2.90 156.99 8496.0 459778.7
58.434 2.739 160.0 9352.40 546498.38 0.514 30.04 1755.0 102555.74 2.45 143.16 8365.6 488835.7
63.096 2.394 151.0 9530.77 601353.20 0.385 24.29 1532.7 96708.85 2.19 137.93 8702.7 549105.3
68.129 1.981 134.9 9194.93 626441.50 0.355 24.19 1647.7 112259.83 1901 129.85 8846.8 602724.6
73.564 1.666 122.5 9015.83 663240.45 0.317 23.32 17155 126198.81 1.64 120.94 8896.7 654482.2
79.433 1.18 93.73 7445.33 591404.88 0.284 22.56 1791.9 142338.12 1.29 102.71 8158.3 648039.4
85.77 0.764 65.53 5620.36 482058.33 0.303 25.99 2229.0 191182.82 1.16 99.06 8496.7 728766.2
92.612 0.53 49.08 4545.80 420995.70 0.268 24.82 2298.6 212880.84 0.94 86.87 8045.2 745083.0

100 0 0 0 0 0.222 22.20 2220.0 222000 0.73 72.70 7270.0 727000.0
107.978 0.239 25.81 2786.56 300887.22 0.188 20.30 2191.9 236681.15 0.57 61.01 6587.4 711302.4
116.591 0.184 21.45 2501.20 291617.04 0.155 18.07 2106.9 245655.66 0.44 51.07 5953.9 694175.4
125.893 0.144 18.13 2282.26 287320.91 0.138 17.37 2187.1 275349.21 0.37 47.08 5927.5 746236.3
135.936 0.07 9.52 1293.50 175833.45 0.119 16.18 2198.9 298916.87 0.24 32.35 4397.9 597833.7
146.78 0.062 9.10 1335.75 196061.51 0.078 11.45 1680.4 | 246658.03 0.18 26.86 3942.6 578697.7
158.489 0.066 10.46 1657.84 262749.14 0.086 13.63 2160.2 | 342370.10 0.1 15.85 2511.8 398104.8
171.133 0.025 4.28 732.16 125297.18 0.065 11.12 1903.6 | 325772.67 0.08 13.69 2342.9 400951.0
184.785 0.05 9.24 1707.27 315478.78 0.058 10.72 1980.4 | 365955.38 0.04 7.39 1365.8 252383.0
199.526 0.022 4.39 875.83 174751.60 0.043 8.58 1711.8 | 341559.95 0.019 3.79 756.40 150921.8
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215.443 0.007 151 324.91 69999.54 0.033 7.11 1531.7 | 329997.84 0.015 3.23 696.24 149999.0
232.631 0.006 1.40 324.70 75536.01 0.035 8.14 1894.1 | 440626.70 0.006 1.40 324.70 75536.0
251.189 0 0 0 0 0.024 6.03 1514.3 | 380375.99 0.006 151 378.58 95094.0
271.227 0.004 1.08 294.25 79810.26 0.014 3.80 1029.9 | 279335.93 0 0 0 0
292.864 0 0 0 0 0.012 3.51 1029.2 | 301424.96 0 0 0 0
316.228 0 0 0 0 0.005 1.58 500.00 | 158114.23 0 0 0 0
341.455 0 0 0 0 0.003 1.02 349.77 119432.27 0.001 0.341 116.59 39810.8
368.695 0 0 0 0 0.003 111 407.81 150356.77 0 0 0 0
398.107 0 0 0 0 0.002 0.80 316.98 | 126191.31 0 0 0 0
429.866 0 0 0 0 0.002 0.86 369.57 158865.39 0 0 0 0
464.159 0 0 0 0 0.001 0.46 215.44 | 100000.08 0 0 0 0
501.187 0 0 0 0 0 0 0 0 0 0 0 0
541.17 0 0 0 0 0 0 0 0 0 0 0 0
584.341 0 0 0 0 0 0 0 0 0 0 0 0
630.957 0 0 0 0 0 0 0 0 0 0 0 0
681.292 0 0 0 0 0 0 0 0 0 0 0 0
735.642 0 0 0 0 0 0 0 0 0 0 0 0
794.328 0 0 0 0 0 0 0 0 0 0 0 0




257

857.696 0 0 0 0 0 0 0 0 0 0 0
926.119 0 0 0 0 0 0 0 0 0 0 0
1000 0 0 0 0 0 0 0 0 0 0 0
Sum 99.9 2739.7 | 129551.2 | 8840201.0 100 | 2139.4 | 82505.0 | 5139949.7 | 100.002 | 2527.5 | 91636.7 | 4246878.3
Lfixl X fi Xl Xfixl;
Un-wt 29.31 18.83 32.27
() oy o 7
- x 12 - x 12 x 12
(Sg-wt) Zf‘—‘z 65.13 Zfl—‘z 94.99 Zfl—‘z 74.31
Lfixl Xfixl Xfixl
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Appendix B-1
Growth rate constants and the activation energy for growth at
40° C

a) For 0% oil-brine 4 (0.06M) at 40° C
The polymorphic thickness profiles follow an exponential growth function as shown in Figure
B-1(b). Only the first 20 minutes are fitted for vaterite as it exhibit a clear decline after this
time. Table B-1 shows the growth fitted function and parameters. Table B-2 shows the
growth rate constants for the first 5 minutes which exhibits a high decrease by about 99 and
65% for vaterite and calcite, respectively within this time and this indicates the rapid growth

behaviour for the brine at 40° C.
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Figure B- 1 Polymorphic thickness versus time for brine 4 (0.06M) at 40° C; (a) calcite and vaterite
thickness (um), (b) curve fitting of the data

Table B- 1 The growth profile fitted function and parameters for brine 4 (0.06M) at 40° C
Exponential function, y = A; — A,exp(—kx)

Polymorph p
Slope, 2> = kA,exp(~—kx)
A1 Az k R2
Vaterite 1.49050 1.49050 1.1617 0.999

Calcite 3.42816 3.40133 0.4950 0.971
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Table B- 2 The polymorphic growth rate constants in m/sec in the early stages of the deposition
process for brine 4 (0.06M) at 40° C

Growth rate ) ]
Vaterite Calcite
constant
Time (min) pm/ min m/ sec pm/ min m/ sec
1 0.5419 9.031x10° 1.026 1.711x108
2 0.1696 2.826x10° 0.6256 1.043x108
5 0.0052 8.662x101! 0.1417 2.362x10°

b) For 23% oil-brine 4 (0.06M) at 40° C

The polymorphic thickness profiles follow an exponential growth function for the oil
system at 40° C as shown in Figure B-2(b) and Table B-3. Only the first 10 minutes are
fitted for vaterite as it exhibit a high decrease after this time. Table B-4 shows the growth
rate constants for the first 10 minutes where the growth reduces by about 80 within 5
minutes and the growth reduction reaches to about 95% within 10 minutes. This is also
an indication for the rapid growth behaviour in this temperature.
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Figure B- 2 Polymorphic thickness versus time for brine 4 (0.06M) at 40° C; (a) calcite and vaterite
thickness (um), (b) curve fitting of the data
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Table B- 3 The growth profile fitted function and parameters for 23% oil-brine 4 (0.06M) at 40° C

Exponential function, y = A; — A,exp(—kx)

Polymorph p
Slope, d—i = kA,exp(—kx)
A1 Az k R?
Vaterite 2.11229 2.11229 0.3892 0.976
Calcite 1.90656 1.90536 0.4189 0.999

Table B- 4 The polymorphic growth rate constants in the early stages of the deposition process for
23% oil-brine 4 (0.06M) at 40° C

Growth rate ) .
Vaterite Calcite
constant
Time (min) pKm/ min m/ sec pm/ min m/ sec
1 0.55701 9.283%10° 0.52498 8.749x10°
5 0.11745 1.957x10° 0.09829 1.638x10"°
10 0.01678 2.797x1010 0.01210 2.017x1010
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Appendix B-2
Calculation of the activation energy for the transformation of

vaterite to calcite by solid-state kinetics

a) Fraction of vaterite converted to calcite a is calculated according to the following:

Xo—Xt

a=—— B.1

Xo—%oo
Where: x, is the initial mole fraction of vaterite which is assumed to be 1 as vaterite is the
first phase to form. x; : is of vaterite mole fraction at time t and x,, is vaterite mole fraction at
the end of reaction which is equal zero at the end of the transformation process. Plots of a-
time at 30 and 40° C in the absence and presence of oil are shown in Figure B-3 (a) and (b).

The figures show a decelerator relation in which the reaction progress decreases with time.
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0.9 #+at 30C . 0.9 *at 300
- 7] T T A
Aat 40C
E at 40C e Egg
S 038 S % 4
2 | R2 = (.9563 £ 07 |
= = & Rz=0(09945
__g 0.7 1 *o = 06
s : = ' —
= # z i o
- 06 - 5 05 **’ R? =0.9812
f
S - 204 ¥
S 05 - = g
m _
= = 0.3
0_4 e E e o s | U 2
0o 10 20 Timg[](min}“” 50 60 0 10 20 30 40 50 60
Time {min)

Figure B- 3 a- time plots for isothermal transformation of vaterite to calcite at 30° C and 40° C; (a) in
the absence of oil, (b) In the presence of oil

b) Analysis of the data using model- fitting methods
The conversion fraction a is fitted into the different models as shown in Tables B-5 to B-8
and a relation of the form g(a) = kt is plotted as shown in Figures B-4 to B-7. The reaction
rate constant is estimated and the activation energy is calculated using the Arrhenius for
different models at 30 and 40° C in the absence and presence of oil as shown in Tables B-9
and B-10.
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Table B- 5 Model fitting of the conversion fraction a into different models for brine 2 (0.065M) at 30° C

Assume ) Geometrical - )
Avarami model ) Power law Diffusion models Reaction order models
model contraction
Time
(min) a A2 A3 Ad R2 R3 P2 P3 P4 D1 D2 D3 D4 F1 F2 F3

1 0.524 | 0.862 | 0.906 | 0.928 0.762 0.841 | 0.262 | 0.159 | 0.216 0.275 | 0.171 | 0.048 | 0.041 | 0.743 1.103 | 1.711

5 0.629 | 0.995 | 0.997 | 0.998 0.814 | 0.876 | 0.314 | 0.124 | 0.249 0.395 | 0.261 | 0.079 | 0.064 | 0.991 1.694 | 3.128

10 0.699 | 1.095 | 1.063 | 1.047 0.849 0.900 | 0.349 | 0.100 | 0.274 | 0.488 | 0.337 | 0.109 | 0.085 | 1.200 | 2.320 | 5.010

40 0.839 | 1.350 | 1.222 | 1.162 0.919 0.946 | 0.419 | 0.054 | 0.338 0.703 | 0.544 | 0.208 | 0.144 | 1.824 | 5.195 | 18.691

60 0.922 | 1.596 | 1.366 | 1.263 | 0.961 | 0.974 | 0.461 | 0.026 | 0.399 | 0.850 | 0.723 | 0.328 | 0.203 | 2.549 | 11.789 | 81.278

Table B- 6 Model fitting of the conversion fraction a into different models for brine 4 (0.06M) at 40° C

Assume ) Geometrical o )
Avarami model ) Power law Diffusion models Reaction order models
model contraction
min a A2 A3 A4 R2 R3 P2 P3 P4 D1 D2 D3 D4 F1 F2 F3

1 0.584 |0937 |0957 |0968 |0.792 |0.861 |0.292 |0.139 |0.234 |0.341 |0.219 |0.064 |0.053 |0.877 |1.404 |2391

10 | 0.673 |1.057 |1.038 |1.028 |0.836 |0.891 |0.336 |0.109 |0.264 | 0453 |0.307 |0.097 |0.077 | 1118 | 2.057 |4.173

30 | 0836 |1345 |1.218 |1.160 |0918 |0945 |0.418 |0.055 |0.336 |0.699 |0.540 |0.205 | 0.143 |1.809 |5.104 | 18.129

60 | 0950 |1.733 |1443 |1316 |0.975 |0.983 |0.475 |0.017 | 0.433 0.903 |0.801 |0.400 |0.231 |3.002 |19.127 | 202.05
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Table B- 7 Model fitting of the conversion fraction a into different models for 23% oil-brine 2 (0.065M) at 30° C

Assume ) Geometrical o )
Avarami model ) Power law Diffusion models Reaction order models
model contraction
Time
(min) a A2 A3 Ad R2 R3 P2 P3 P4 D1 D2 D3 D4 F1 F2 F3

1 0.278 | 0.571 | 0.688 | 0.755 | 0.639 | 0.759 | 0.139 | 0.241 | 0.143 | 0.077 | 0.043 | 0.011 | 0.010 | 0.326 | 0.385 | 0.459

20 0.395 | 0.709 |0.795 | 0.842 |0.698 |0.798 |0.198 |0.202 |0.177 |0.156 |0.091 |0.024 |0.021 | 0.503 | 0.654 | 0.868

30 0.407 | 0.722 | 0.805 |0.850 |0.703 |0.802 |0.203 |0.198 |0.181 | 0.165 | 0.097 |0.025 |0.023 | 0.522 | 0.685 | 0.920

40 0.446 | 0.769 |0.839 |0.877 |0.723 |0.815 |0.223 |0.185 |0.192 |0.199 |0.119 |0.032 |0.028 | 0.591 | 0.805 |1.129

60 0.502 | 0.835 |0.886 |0.914 |0.751 |0.834 |0.251 |0.166 |0.209 |0.252 |0.155 |0.043 |0.037 |0.696 | 1.007 | 1.513

Table B- 8 Model fitting of the conversion fraction a into different models for 23% oil- brine 4 (0.06M) at 40° C

Assume ) Geometrical o ]
Avarami model ) Power law Diffusion models Reaction order models
model contraction
min a A2 A3 Ad R2 R3 P2 P3 P4 D1 D2 D3 D4 F1 F2 F3

1 0.493 | 0.824 | 0.879 | 0.908 | 0.746 | 0.831 | 0.246 | 0.169 | 0.206 | 0.243 | 0.149 | 0.041 | 0.036 | 0.679 | 0.972 | 1.445

10 0.577 | 0927 | 0951 | 0.963 | 0.788 | 0.859 | 0.288 | 0.141 | 0.232 | 0.333 | 0.213 | 0.062 | 0.052 | 0.860 | 1.362 | 2.290

30 0.671 | 1.055 | 1.036 | 1.027 | 0.836 | 0.890 | 0.336 | 0.110 | 0.264 | 0.451 | 0.306 | 0.096 | 0.076 | 1.113 | 2.043 | 4.129

60 0.769 | 1.210 | 1.136 | 1.100 | 0.884 | 0.923 | 0.384 | 0.077 | 0.303 | 0591 | 0.430 | 0.149 | 0.111 | 1.465 | 3.328 | 8.864
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Figure B- 4 g(a)-time plot of different models for brine 2 (0.065M) at 30° C, a) Avarami, b) geometrical
contraction, c) power law, d) diffusion, e) reaction order models
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Figure B- 5 g(a)-time plot of different models for brine 4 (0.06M) at 40° C; a) Avarami, b) geometrical
contraction, c) power law, d) diffusion, e) reaction order models
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Table B- 9 Calculation of the activation energy between 30 and 40° C in the absence of oil

30°C 40° C Activation energy
Model
K1 R2 Ln Kz K2 R? Ln Kz -E/R E (KJ/mole)

A2 0.011 0.972 -4.483 0.014 0.999 -4.305 -1687.062 14.03
A3 0.007 0.965 -4.962 0.008 0.997 -4.804 -1500.581 12.47
A4 0.005 0.961 -5.278 0.006 0.996 -5.133 -1381.923 11.49
R2 0.003 0.919 -5.809 0.003 0.956 -5.776 -310.975 2.58
R3 0.002 0.919 -6.215 0.002 0.956 -6.215 0 0
P2 0.003 0.919 -5.809 0.003 0.956 -5.776 -310.975 2.58
P3 -0.002 0.919 - -0.002 0.956 - -
P4 0.0028 | 0.972 -5.878 0.003 0.999 -5.684 -1841.356 15.31
D1 0.0089 0.955 -4.722 0.010 0.976 -4.656 -618.735 5.14
D2 0.0086 0.979 -4.756 0.010 0.996 -4.615 -1335.073 11.10
D3 0.0044 | 0.984 -5.426 0.006 0.993 -5.150 -2619.96 21.78
D4 0.0025 0.984 -5.991 0.003 0.991 -5.809 -1729.119 14.37
F1 0.0281 0.912 -3.572 0.0036 0.996 -3.313 -2454.425 20.41
F2 0.156 0.924 -1.801 0.030 0.918 -3.493 16053.523 133.47
F3 1.1933 0.819 0.177 3.407 0.840 1.226 1676.019 13.93
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Table B- 10 Calculation of the activation energy between 30 and 40° C in the presence of ail

30°C 40° C Activation energy
Model
K1 R? Ln Kz K2 R? Ln K2 -E/R E (KJ/mole)

A2 0.0043 0.949 -5.449 0.006 0.979 -5.067 -3622.23 30.11
A3 0.0032 0.941 -5.745 0.004 0.974 -5.473 -2578.99 21.44
A4 0.0026 0.937 -5.952 0.003 0.971 -5.776 -1668.13 13.87
R2 0.0018 0.950 -6.319 0.002 0.960 -6.119 -1903.14 15.82
R3 0.0012 0.950 -6.725 0.002 0.960 -6.502 -2116.27 17.59
P2 0.0018 0.950 -6.319 0.002 0.960 -6.119 -1903.14 15.82
P3 -0.0012 0.950 - -0.002 0.960 - - -

P4 0.0011 0.949 -6.812 0.002 0.979 -6.437 -3553.56 29.54
D1 0.0029 0.978 -5.843 0.006 0.982 -5.167 -6408.8 53.28
D2 0.0018 0.983 -6.319 0.005 0.992 -5.360 -9102.42 75.67
D3 0.0005 0.986 -7.601 0.002 0.998 -6.320 -12148.2 101.00
D4 0.0004 0.984 -7.824 0.001 0.995 -6.725 -10419.13 86.62
F1 0.0061 0.970 -5.099 0.013 0.992 -4.343 -7176.09 59.66
F2 0.0102 0.983 -4.585 0.04 0.998 -3.231 -12840.4 106.75
F3 1.0174 0.986 -4.051 0.126 0.981 -2.074 -18753.7 155.92
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Appendix C

Table C- 1 The calculations for correcting calcium ion that has reacted to form calcium carbonate for 0% oil- brine 2 (0.065M) at 30° C

Ca2+ Ca2+ [C8.2+]:[CO3 2_] Produced
. 2+ 2- = 2% 2+
Time (mg/lit (mmolli) oy SR YCa YCOs IAP= SR2*Kspy (mmolliit Reacted [Ca?'] CaCOs
(min) (Multiscale) (Multiscale) (Multiscale) (M)2 (mmol/lit) )
by (ICP) by (ICP) Corrected (mgllit)
0 1349.00 33.659 7.63 115.81 - - - 33.659* 0.000 0
2 1258.20 31.394 7.26 48.01 0.2578 0.1864 2.56191E-05 23.0358 10.624 1062.357
5 1222.98 30.515 6.83 17.3 0.2579 0.1872 3.32654E-06 8.301 25.359 2535.861
15 980.31 24.460 6.47 5.11 0.2579 0.1872 2.9023E-07 2.400 31.259 3125.903
30 986.63 24.618 6.51 5.67 0.261 0.193 3.57327E-07 2.663 30.996 3099.598
45 897.27 22.388 6.55 5.23 0.261 0.193 3.04021E-07 2.422 31.237 3123.699
60 883.88 22.054 6.58 5.44 0.263 0.197 3.28926E-07 2.515 31.145 3114.450
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Table C- 2 The calculations for correcting calcium ion that has reacted to form calcium carbonate for 23% oil- brine 2 (0.065M) at 30° C

Ca? Ca?* [Ca*]=[COs?] Produced
. 2+ 2- = 2% 2+
Time (mg/lit) (mmolliit oH SR YCa YCOs IAP= SR?*Kspyv (mmolit) Reacted [Ca?*] CacOs
(min) (Multiscale) (Multiscale) (Multiscale) (M)?2 (mmol/lit) )
by (ICP) by (ICP) Corrected (mgllit)
0 1349 33.659 7.6 115.81 - - - 33.659* 0.000 0
2 1242 30.979 7.45 71.445 0.2588 0.188 5.67341E-05 32.148 1.511 151.136
5 1133 28.281 7.16 31.886 0.2605 0.191 1.13006E-05 15.070 18.589 1858.879
15 886 22.107 6.87 10.603 0.265 0.199 1.24956E-06 4.868 28.792 2879.160
30 907 22.633 6.56 5.455 0.263 0.196 3.30742E-07 2.5633 31.126 3112.634
45 879 21.931 6.35 3.185 0.263 0.196 1.12751E-07 1.479 32.180 3218.041

60 871.92 21.756 6.34 3.068 0.2628 0.196 1.04619E-07 1.425 32.234 3223.420




272

Appendix D
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Figure D- 1 Camera image for stabilized emulsion, experiment conducted for oil-brine (0.1M),
pH of 9 at 30° C

Figure D- 2 Microscopic image shows stabilized emulsion of different droplets sizes ranges from 200
pm to 1500 pm; experiment conducted for oil-brine 2 (0.065M), pH of 9 and 60° C
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Appendix E

a) Evidences on the presence of amorphous CaCO3(ACC) in the bulk solution

Test 11285 Sopm  Test11310

Figure E- 1 Evidence of amorphous calcium carbonate presence in the bulk solution for 23% oil-brine
3 (0.045 M) at 60° C. The experiment was conducted under high pH conditions of 9. Sample was
taken at 10 minutes
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Test 10955 H x1.0k  10pm  Test10950 H x18  50pm

Test 10951 H x50k 20§ Test 10953 4 a0k 10pm

Figure E- 2 Evidence of amorphous calcium carbonate presence in the bulk solution for 23% oil-brine
3 (0.045 M) at 60° C. The experiment was conducted under high pH conditions of 9. Sample was
taken at 10 minutes
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b) Evidences on the presence of amorphous calcium carbonate ACC on the
surface

Rl

S0pn  Test11187 HLM  x10k 100pm

Test 10352 HLM  x18k
Figure E- 3 ACC presence on the surface, a) b1 23% brine 1 (0.1 M) at 30° C, sample at 30 minutes;

b) 23% oil brine 3 (0.045 M) at 60° C, Monohydrocalcite presence, sample at 45 minute



