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Abstract

One of the most challenging issues in the oil production industry is the treatment of
oil in water emulsions. Such emulsions may occur during enhanced oil recovery
methods, workover of oil wells, or even during the conventional steady state
production process. Incomplete resolution of the emulsions results in loss of
conventional steady state production process. Incomplete resolution of the emulsions
results in loss of production and environmental hazards from the disposal of the
production water.

The present thesis is focused on the methods and equipment used for the treatment of
oil in water emulsions. Initially the mechanism for the emulsion formation is
explained, as well as the characteristics of each type of emulsions. Subsequently, a
detailed description of the separation stages is provided along with the type of
equipment used and processes that take place during the emulsion separation. The
chemical additives that facilitate the treatment are analytically presented. Both the
equipment and chemicals can vary between each case depending on the oil and water
characteristics and the regulatory restrictions in each country. Newly introduced
chemicals, equipment and processes are presented along with the established ones.

A major role in the success of such treatment plants plays the continuous optimization
of both the equipment's orientation conditions, as well as dosage and types of
additives used for the resolution of the oil in water emulsion. The scope of such
optimization is always the minimization of the cost and the improvement of the
separation efficiency. The process’ economics is the most important factor, so
information related to the costs of treatment plans of oil in water emulsions is
presented in the last chapter.
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Introduction

Consumers of petrochemicals are usually unaware of all the processes involved until
the final product reaches them. The producing lifeline of an oilfield can be divided
into 3 periods of different recovering method. Primary recovery takes advantage of
the natural pressure regimes which move the oil to the wellbore and then to the
surface. The secondary recovery, which involves water injection scheduling, is the
most common method to keep the oil flowing through the rocks to the wellbore by
maintaining the pressure sufficiently high. Tertiary recovery is the last period, also
named as enhanced oil recovery (EOR) which involves chemical flooding or steam
injection, targeting on changing the oil-rock properties so as to maximize the
production. Enhanced oil recovery can be categorized in thermal, gas and chemical
injection recovery. Thermal recovery targets to the reduction of oil viscosity by the
application of heat in the form of steam in the reservoir. Flow to the surface is then
easier. Gas injection technique aims similarly in the alteration of oil viscosity and the
extraction of oil by the introduction of natural gas, nitrogen or carbon dioxide in the
reservoir. Chemical injection is the least used method and it involves lowering the
surface tension of the oil in the well and increase the water flooding efficiency.

All three periods can produce up to 80% of the total oil in place. Produced water,
solids and other chemicals are brought up to the surface together with the oil and they
create serious problems. Water can be produced either as "free" water that will settle
out easily during the separation process or as an emulsion. Emulsions in oil industry
can be a dispersion of oil in water or vice versa. In more complicated situations a
combination of those two categories can exist. They are mainly formed due to the
reduction in the interfacial tension between oil and water caused by the presence of
additives and chemicals related to EOR. In some cases dilute oil in water emulsions
are injected into the reservoirs for the enhancement of production of high viscosity
oils (de Farias et al. 2016).

Emulsions are a concern for the producers, transporter and refiners since they can be
formulated at each stage of the oil production and processing. Breaking the emulsions
is difficult but vital for the oil recovery industry. Large amounts of oil can be
recovered through this process while at the same time the production water gets
cleaned. Among the different categories of emulsions that are common in oil industry,
this work focuses in oil in water type of emulsions. It will be extensively discussed
how this type of emulsions forms and how it can be treated in order to recover as
much crude oil as possible, without any chemical additives if possible, and clean
water that its quality complies with the legislation standards.



Chapter 1 - Origin of produced water, oil recovery and
environmental concerns

The water that is produced on the surface during oil and gas extraction operations is
the water trapped in the underground formations and it is referred as “"connate water".
This water contains a mixture of organic and inorganic compounds, it is slightly
acidic and it is locate at and below the hydrocarbons’ reservoir media, as it shown in
Figure 1 (lgunnu and Chen 2012). American Petroleum Institure has estimated in
2012 that the average water to oil ratio was 10 barrels of water for every 1 barrel of
oil produced, with daily costs for water treatment reaching $125,000 in certain
oilfields (Kelland 2014). The water to oil ratio production of well varies widely from
essentially zero to more than 50, e.g. 98% water and 2% of oil (Neff et al. 2011). The
source of this water can lie above, within or below the hydrocarbons zone. Another
source can be the water injected during production activities and in this case additives
and injection fluids will be present.

Reservoir Rock
%20y SN0JOY

Source Rock

Figure 1 - Sketch of a typical Reservoir (Igunnu and Chen 2012)

During production, a mixture of oil, water, dissolved or suspended solids, injected
fluids and additives comes to the surface. As a result produced water's characteristics
can vary depending on the geographic location, the geological formation and the type
of hydrocarbon produced. Water's composition may even vary between different
production zones of the same field. Dissolved, suspended and precipitated solids,
sand, dissolved gases and toxicants are the main constituents of the produced water
along with the liquid hydrocarbons that can be in dispersed or dissolved form.

Oil and grease are the most important pollutants of produced water for both offshore
and onshore operations while salinity is of high importance for the offshore
operations. The oil which is "trapped” in the water consists mainly of non-emulsified
oil and emulsified state while insoluble solids are also present. The total organic
carbon (TOC) in produced water can range from 0.1 to 11,000 mg/L. Organic acids



are present in the produced water in the form of mono- and di-carboxylic acids (-
COOH) and of saturated and aromatic hydrocarbons. Table 1 illustrates the
concentration range of several classes of naturally occurring organic chemicals in the
produced water (Neff et al. 2011).

Chemical Class Concentration Range
Total Organic Carbon <0.1 ->11,000
Total Organic Acids <0.001 - 10,000
Total Saturated Hydrocarbons 17 -30
Total Benzene, Toluene, Ethylbenzene
and Xylenes (BTEX) 0.068 - 578
Total Polycyclic Aromatic 0.04-3
Hydrocarbons (PAH) '
Total Steranes/Triterpanes 0.14-0.175
Ketones 1-2
Total Phenols (Primarily Co-Cs- 04-23

Phenols)

Table 1 - Concentration ranges (mg/L or parts per million) of several classes of naturally
occurring organic chemicals in produced water worldwide (Neff 2002)

An additional difference in characteristics occurs if waterflooding operations have
been conducted for unconventional oil liberation. Water produced after such
operations can include corrosion inhibitors, oxygen scavengers, scale inhibitors,
emulsion breakers and clarifiers, coagulants, flocculants and paraffin solvents.
Toxicity of water can be affected from these chemicals as well as the oil/water
partition coefficient. It is of high significance for the industry to measure and evaluate
the characteristics of produced water so that proper scale inhibitors and well treatment
chemicals are applied.

After production, oil, gas and water are fractionated into distinct streams at the
separators’ facility. After the primary separation, water can still contain emulsified oil
which requires a secondary treatment stage in order to be removed. Common
treatment methods for this case involve the application of heat and introduction of
emulsion breaking chemicals while processing the mixture in specialized equipment.

In most of the cases chemical addition is needed in the treatment facilities and that is
due to the conditions applied to the fluids during their transportation from the well to
the treatment site. Cold conditions and pressure drop may cause emulsions.

Legislation restrictions can make the treatment of the emulsions very intense and
costly and in many cases are the reason why production projects are rejected. (Veil et
al. 2004). Each country has set its own regulations concerning the disposal of
produced water. The latest regulations in some countries demand that the hydrocarbon
content of the disposed water should be between 15 and 50 mg/l, as shown in Table 2.
In general, two processes take place during the produced water treatment. A gravity
separation of the oil occurs naturally and removes the non-emulsified oil portion. At
the second stage chemical treatment (emulsion breaker) is applied for the emulsified



portion of the oil (Becker 1997). The emulsion breaker should be introduced the
earliest possible in the production process. In practice the wellhead is the best possible
option. To achieve this, a chemical pump and a chemical injection line in the well line
need to be installed. Different wells can face different emulsion problems thus there is
not a unique solution for all.

Country Limit
Ecuador, Colombia, Brazil 30 mg/L
Argentina and Venezuela 15 mg/L

Indonesia 25 mg/L

Malaysia, Middle East 30 mg/L
Nigeria, Angola, Cameroon, Ivory 50 mg/L
Coast

North Sea, Australia 30 mg/L
Thailand 50 mg/L

[URYAN 29 mg/L OCS water

Zero discharge inland water

Canada 30 mg/L
Mediterranean Sea 40 mg/L

Table 2 - Regulations for oil concentration in water effluent (Modified from Stewart and
Arnold 2011 and Neff 2011)

The salinity of the produced water can range from a few parts per thousand to that of
a saturated brine. In most cases the produced water is more saline than the seawater,
with high concentrations in sodium and chloride ions (Neff et al. 2011).

Dissolved solids

Dissolved solids are inorganic and they are mainly Na* and CI" and to a smaller
extend Ca?*, Mg** Fe?*. Rarely Ba®*, K*, Sr*, AI** and Li* (Igunnu and Chen 2012).
Bicarbonates, carbonates and sulfates can be present also. Depending on the
characteristics of the reservoir, dissolved solids can exist in ranges from 100 to
300000 mg/l. In general, the higher the temperature of the reservoir, the higher the
dissolved solids concentration. Accurate estimation and measurement of the
composition of those solids are very important to avoid precipitation from scales and
corrosion (Stewart and Arnold 2011).

Precipitated solids

With the change in pressure, temperature or composition some ions can form
precipitates, which tend to deposit in the equipment and create operational problems.
Calcium carbonate (CaCOg), calcium sulfate (CaSO,) and iron sulfide (FeS,) are very
common scales. The first two can be treated with hydrochloric acid but iron sulfide
cannot due to its high toxicity. Barium and Strontium sulfates can be removed only by
mechanical means and their disposal is difficult since they are considered as



radioactive materials. Prevention of scale can be achieved by using scale inhibiting
chemicals. These chemicals tend to slow down the growth of scale. The most
common scale inhibitors are inorganic phosphates, organic phosphate esters,
phosphates and polymers (Stewart and Arnold 2011).

Sand and other solids

Sand, clays, stimulation proppants and corrosion products are also very common in
the produced water. In general the size of the particles and their oil affiliation is a
decisive factor for the intensity of the separation problems. If those particles attract
the oil droplets, the formulated emulsions will be very stable due to prevention of
coalescence. Moreover, the specific gravity of the combined oil/solid droplet can be
equivalent to that of water, rendering the gravity separation impossible. Solids are
mostly oil coated so their direct disposal is prohibited. Chemical treatment is required
to reduce the attraction of solids and oil droplets. The oil measurement should not be
affected by the presence of solids (Stewart and Arnold 2011).

Dissolved gases

Water in the reservoir can be saturated with natural gas, hydrogen sulfide and carbon
dioxide. Primary separators and stock tanks remove most of those gases. Separation
pressure has a proportional relation with the quantity of dissolved gas while
temperature is inversely proportional to this. Natural gas components show an affinity
to oil and this is crucial for the gas flotation equipment. Hydrogen sulfide can be also
present in certain water stream. It is very dangerous for the personnel highly corrosive
so special equipment is required for its treatment. Its corrosion product, iron sulfide, is
also a potential fire hazard. Carbon dioxide is also present in most of the cases and it
can cause precipitation of CaCOj3. Another cause of corrosion is the oxygen that gets
absorbed by the water during its atmospheric exposition. A natural gas blanket can
prevent this. Oxygen and carbon dioxide are also present in sea water which is
sometimes used in injection processes and they should be removed before injection
(Stewart and Arnold 2011).

Petroleum Hydrocarbons

The two main groups of petroleum hydrocarbons contained in the produced water are
the saturated and the aromatic hydrocarbons. Their solubility is inversely proportional
to their molecular weight with aromatic hydrocarbons being more water soluble. They
both appear in dissolved or dispersed form (emulsions) in the water. Single ring
aromatic hydrocarbons such as benzene, toluene, ethylbenzene and xylenes (BTEX)
are the most abundant type present in produced water. Table 3 illustrates their



concentration in different production areas in Indonesia and in Gulf of Mexico (Neff
etal. 2011).

Gulf of Mexico Indonesia concentration

Compound

concentration (mg/L) (mg/L)
Benzene 0.44-238 0.084 -2.3
Toluene 0.34-1.7 0.089-0.8
Ethylbenzene 0.026 - 0.11 0.026 - 0.056
Xylenes (3 isomers) 0.16 - 0.72 0.013 - 0.048
Total BTEX 0.96 - 5.33 0.33 - 3.64

Table 3 - Concentrations (mg/L) of BTEX in produced water from US Gulf of Mexico and
Indonesia production facilities (Neff 2002)

Polycyclic aromatic Hydrocarbons (PAH) are also contained in the produced water.
Their toxicity is high, so that makes them a primary environmental concern for the
disposal of the treated water. Their concentration can range between 0.04 to 3 mg/L
and they consist of 2 and 3-ring PAH such as napthalene, phenanthrene and their alkyl
homologues. 4 to 6 ring PAH are rare, but their low water solubility promotes the
creation of oil in water emulsions. Table 4 illustrates PAH concenctrations in different
production areas in the Gulf of Mexico, Sotian Shelf, North Sea and Grand Banks in
Canada. Phenols are also found in produced water at concentrations of less than 20
mg/L (Neff et al. 2011). Oil in produced water can be either dissolved or dispersed as
it is shown in Figure 2

Gulf of Scotian Grand

CRrE Mexico North Sea Shelf Banks
Naphthalene 5.3-90.2 237-394 1,512 131
C1-Naphthalenes 4.2-73.2 123-354 499 186
C2-Naphthalenes 4.4-88.2 26.1-260 92 163
C3-Naphthalenes 2.8-82.6 19.3-81.3 17 97.2
C4-Naphthalenes 1.0-524 1.1-75.7 3.0 54.1
Acenaphthylene ND-1.1 ND 1.3 2.3
Acenaphthene ND-0.10 0.374.1 ND ND
Biphenyl 0.36-10.6 12.1-51.7 ND ND
Fluorene 0.06-2.8 2.6-21.7 13 16.5
C1-Fluorenes 0.09-8.7 1.1-27.3 3 23.7
C2-Fluorenes 0.20-15.5 0.54-33.2 0.35 4.8
C3-Fluorenes 0.27-17.6 0.30-25.5 ND ND
Anthracene ND-0.45 ND 0.26 ND
Phenanthrene 0.11-8.8 1.3-32.0 4.0 29.3
C1-Phenanthrenes 0.24-25.1 0.86-51.9 1.30 45.0
C2-Phenanthrenes 0.25-31.2 0.41-51.8 0.55 37.1
C3-Phenanthrenes ND-22.5 0.20-34.3 0.37 24.4
C4-Phenanthrenes ND-11.3 0.50-27.2 ND 13.2
Fluoranthene ND- ND-0.12 0.01-1.1 0.39 0.51
Pyrene 0.01-0.29 0.03-1.9 0.36 0.94




C1-Fluoranthenes/

ND-2.4 0.07-10.3 0.43 5.8
Pyrenes
SARTUEIREEEES \D 44 021116 ND 9.1
Pyrenes
Benz(a)anthracene ND-0.20 0.01-0.74 0.32 0.60
Chrysene ND-0.85 0.02-2.4 ND 3.6
C1-Chrysenes ND-2.4 0.064.4 ND 6.3
C2-Chrysenes ND-3.5 1.3-5.9 ND 18.8
C3-Chrysenes ND-3.3 0.68-3.5 ND 6.7
C4-Chrysenes ND-2.6 ND ND 4.2
Benzo(b)fluoranthene ND-0.03 0.01-0.54 ND 0.61
Benzo(k)fluoranthene ND-0.07 0.006-0.15 ND ND
Benzo(e)pyrene ND-0.10 0.01-0.82 ND 0.83
Benzo(a)pyrene ND-0.09 0.01-0.41 ND 0.38
Perylene 0.04-2.0 0.005-0.11 ND ND
Indeno(1,2,3- ND-0.01  0.022-0.23 ND ND
cd)pyrene

DIl VAERIERGI =N ND-0.02 0.012-0.10 ND 0.21
Benzo(ghi)perylene ND-0.03 0.01-0.28 ND 0.17
Total PAHs 40-600 419-1,559 2,148 845

Table 4 - Concentrations of PAH or alkyl congener groups in produced water in various
production areas (ND: Not Detected) (Neff et al. 2011)

Hydrocarbons in

Water

Figure 2 - Dispersed and dissolved oil scheme

Dissolved Oil

If water is produced together with a gas condensate, the dissolved oil in water will be
in greater quantities. This oil is defined as "soluble oil" and consists of hydrocarbons
that are soluble in the produced water. Gravitational separation methods cannot
remove this type of oil. Bio treatment, adsorption filtration, solvent extraction and



membrane techniques targeting to the enhancement of the separation are still on
experimental stage. Solubility is not affected dramatically at the temperature
conditions of the usual treatment (77-167 F°). To reduce the oil concentration a
saltiest brine can be introduced to the produced water. This will salt out the lighter
hydrocarbons and it will force the heavier ones to coalesce. Extra care should be taken
for the toxic aromatics of the BTEX scheme (Benzene, toluene, ethyl benzene and
xylenes) which are highly soluble in the water (Stewart and Arnold 2011).

Dispersed oil

The diameter of the dispersed oil droplets in oil-in-water emulsions ranges from 0.5
um to 200 um and it is a key factor for the water treatment. Stokes law governs the
relation between the oil droplet diameter and the settling velocity and it has great
effect on the efficiency of the separation equipment used for removal of the oil droplet
from the water. The greater the size of the droplets, the higher the efficiency of the
equipment, which is crucial for the disposed water to be in compliance with the
standards and regulations. An example of oil droplet distribution is shown in Figure 3.
A distribution curve can be drawn, connecting the midpoints of the tops of the bars
(Stewart and Arnold 2011).
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Figure 3 - Oil droplet distribution histogram (Stewart and Arnold 2011)



Different oil droplet sizes can be encountered in the same water system. Interfacial
tension, turbulence, temperature and shearing are decisive factors for the size
distribution.

Toxicants

Special care should be taken for the toxicity effects of the produced water in the
environment and on marine organisms. The toxicity is estimated by a number of tests
on organisms treated by water effluents at given concentrations. Mortality and
reduction of birth rate are the main measurements. Water treatment methods such as
the removal of emulsions contribute to the reduction of toxicity (Stewart and Arnold
2009).

Potential Uses for Produced Water

Treated produced water can be used in a number of applications. It can be used for
non potable uses, aquifer recharge storage and recovery, surface water discharge,
irrigation, wildlife maintenance and enhancement, dust control, fire protection and
others. Especially in the US, the beneficial uses of produced water are an important
part of the oil and gas industry water management policies (Drewes 2009). For direct
discharge, where the produced water is discharged directly in accordance to the
regulation norms, the cost varies from $0.03 to $0.05 per barrel. For reuse in oil and
gas processing industries the cost varies from $0.04 to $0.07 per barrel, while for
converting it into an asset the cost varies from $0.25 to $2.00 per barrel. (Duraisamy
et al. 2013).

Injection of oil in water emulsions in the reservoirs as an Enhanced Oil
Recovery Technique

A technique involving the injection of oil in water emulsions into reservoirs for the
production of high viscosity oils have been applied in various production sites as an
alternative to polymer and surfactant flooding. A characteristic example of this case is
Midway Sunset Qilfield where 33,000 bbls of 14% oil in water content in the form of
emulsions were injected, leading to an estimated additional oil recovery of 55,000 bbl
(McAuliffe (1973 a and b). Recent studies (Sarma et al. 1998, Mandal et al. 2010,
Baldygin et al. 2014 and de Farias et al. 2016) support the idea that higher
percentages of oil can be recovered using this process instead of conventional
waterflooding.

Karambeigi et al. 2015, describe the related mechanism. It is based on the hypothesis
that capillary forces are responsible for the entrapment of the oil into the pore space
when the pores constrain the water-oil interface to a high degree of curvature. Viscous



fluids flow are counteracting the effect of capillary forces and this results in the
displacement of the entrapped oil. The capillary number, which is defined as the ratio
of viscous forces to surface tension, determines how strong is the entrapment of the
oil in the porous medium. It is a dimensionless quantity which can be calculated by
Equation 1.

Ca= )
cA
Where:
w = the dynamic viscosity of the liquid
Q = the flow rate
A = the transversal area

o = interfacial tension between the two fluid phases
Equation 1 - Capilary number formula (Guillen et al. 2010)

To mobilize this oil a small difference in the interfacial tension between oil and the
displacement fluid is needed (Karambeigi et al 2015). Emulsion formation is also
favored by low interfacial tension. A reduction of interfacial tension causes a
reduction of the capillary forces that leave the oil behind any immiscible displacement
and lead to additional oil recovery (Mandal et al. 2010). The proper selection of the
dispersed hydrocarbon phase has been under research in various studies and it
depends on its stability under the reservoir conditions, efficiency, cost effectiveness
and environmental compatibility (Karambeigi et al. 2015).



Chapter 2 - Emulsions

The word "emulsion” comes from the ancient Greek word “auéiym” (to milk) since
milk itself is an emulsion of fat, proteins, lactose and other solids dispersed in water.
As an emulsion we can describe a heterogeneous system that consists of at least one
immiscible liquid dispersed in another liquid in the form of droplets, with diameters
that generally exceed 0.1 micron. Emulsions are a sub-category of colloids, which in
general are derived as mixtures composed of dispersed insoluble particles or droplets
of one substance within a fluid which is considered as the continuous phase and are
stabilized under the presence of an emulsifier. Emulsifiers or emulsifying agents are
substances that cause the formation of interfacial films around the dispersed oil
droplets, preventing the coalescence process (Bai and Bai 2012). Two immiscible
fluids, water and oil, are involved in the formation of emulsions in the oil industry. In
case oil is the dispersed phase and water is the continuous one, the emulsions are
called oil in water as shown in Figure 4. Usually they are formulated when watercut
exceeds 80%. Water droplets in oil continuous phase is the most common emulsion in
the oil industry. Their formation depends on the volume fraction of the phases and the
type of the emulsifier and they are usually formed at watercuts of up to 80%. There
are also multiple or complex emulsions for watercuts higher than 95%. In this case
water in oil in water or oil in water in oil emulsions can be formed. Emulsion
formation occurs under high shear stresses in certain parts of the equipment such as
the bottomhole and the transfer pumps. Flow through tubes, wellhead, manifold and
flowlines promotes the formation of emulsions as well as during the high pressure
drops through chokes and valves (Bai and Bai 2012).

Summarizing, three types of emulsions can be confronted in oil industry - oil in water,
water in oil or complex emulsions of oil in water in oil or water in oil in water. The
type of emulsion formed depends on the volume fraction of the phases. The boundary
between the continuous and the dispersed phase is called interface and many
characteristics of the emulsions depend on its attribute. Its thickness 3, defines an area
that has different properties from water and oil. In particular, the free energy of the
surface between the phases, called as "surface tension" or "surface energy',' is a
decisive factor for the characteristics of an emulsion. The Gibbs-Deuhem Equation 2,
explains mathematically the correlation between the surface free energy, entropy,
interfacial energy and composition.

dG* =—S*dT + Ady + > nds
where for constant temperature and composition
dG®=Ady
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where:
dG = The total differential of the Gibbs free energy
S = Entropy
T= Temperature
A =area
y = Interfacial tension
n; = The number of moles
dw; = The infinitesimal increase in chemical potential
Equation 2 - Definition of free energy

15 um

Figure 4 — Photomicrograph of an oil-in-water emulsion. (Oil emulsions. Retrieved from:
http://petrowiki.org/Oil_emulsions)

Free oil in the wastewater stream will rise to the surface due to gravity and form an oil
layer. Emulsified oils will not rise on the surface by gravity alone. Oils can be either
mechanically or chemically emulsified. Mechanically emulsified oils are produced
with water at high shear forces in parts of the equipment like centrifugal pumps.
Mechanically emulsified oils will eventually separate by gravity. Chemically
emulsified oils are produced by the action of soaps, detergents and degreasers. Cutting
lubricants are a form of oil water emulsions which are used to cool and provide
lubrication for the cutting tool. This type of emulsions are more difficult to treat as the
emulsifier is selected based on its strength to hold the oil in an emulsified state. If pH
is greater than 8.5 the oil is chemically emulsified and will not separate by gravity.
(Alther 2001)

Another categorization for emulsions is related to the size of the droplets spread
within the continuous phase. Macroemulsions’ droplet size is greater than 1um while
microemulsions’ ones are lower than that. Most of the emulsions that we encounter in
oilfields belong in the first category and they are characterized by thermodynamic



instability, since the phases tend to separate over time due to the reduction in
interfacial energy. Microemulsions on the other hand are considered
thermodynamically stable and they are formed due to extremely low interfacial
energy. Interfacial energy or interfacial tension is defined as the tendency towards the
minimization of the surface area between two liquids or a liquid and a solid (Alther
1997).

Emulsions can be also classified according to their degree of stability as loose,
medium and tight emulsions. Loose emulsions can be separated within a few minutes,
medium ones need approximately ten minutes while tight ones within hours, days,
weeks or not at all (Fink 2012).

Formation of Emulsions

The ratio of water and oil as well as the presence of emulsifiers are decisive factors
for the formation of an emulsion. Mixing can occur during flow through the reservoir
rock, through the production pipeline, through the surface equipment and as a result
of the release of gas bubbles. The more extensive the mixing, the smaller the size of
the droplets. Emulsifiers are critical for the formation of the emulsion. Naturally-
occurring emulsifiers include surface active agents and finely divided solids. The
most common type of emulsifier in the oil industry is ions such as OH" that are
adsorbed on the droplets, producing a charge which causes electrostatic repulsion
(Tadros 2013). Low stability emulsions, which can be easily resolved, are expected in
case of low concentrations of such emulsifiers. Organic acids, bases, asphaltenes and
resins are partly soluble both in water and oil due to their hydrophobic and
hydrophilic parts. They have a tendency to concentrate at the interface of oil and
water and form films which lead to the reduction of interfacial tension and enhance
dispersion, thus promoting the emulsification process. In some cases surfactants
coming from drilling fluids, stimulation chemicals, corrosion and scale inhibitors,
waxes and asphaltenes control agents may be present. Fine solids can also act as
stabilizers of the emulsions and they also have hydrophobic and hydrophilic parts.
They can come from clays, sand, silt, asphaltenes, waxes, corrosion products, shales,
mineral scales and drilling muds. Water, oil and emulsion configuration in a tank is
presented in Figure 5.
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Figure 5 - Schematic view of the different layers of foam, oil, emulsion and water in a tank
(Lees 2005)

Properties and characteristics of emulsions

The emulsification system involves a continuous fluid phase a dispersed one within
the first and the interface. Interface consists of emulsifiers which keep the emulsions
stable by binding the continuous phase and the dispersed one together and doesn't
permit the oil droplets to coalesce. It is not a "single molecule line" but a region
whose thickness can vary and its properties are different than oil and water phases.
Temperature, composition and droplet size distribution affect the properties of
emulsions Their characteristics can change at various stages and that is due to
absorbable materials contained in various oils, adsorption rate of the emulsifier,
temperature changes, pressure changes and the degree of agitation (Tadros 2013).

Color
Depending on the geometry of the interphase, the light passing through, will give a

cloudy color impression due to the in general non-equally scattering of the light. The
most common colors of emulsions range between dark brown to lighter brown,



however depending on the oil/water content and its characteristics, other color
impressions can be formed. In case of equally scattered light, a white color impression
will appear. In two special cases — microemulsions and nanoemulsions (droplet
size<100nm) the appearance will be semitransparent. This happens because the
droplet size is significantly smaller than the wavelength of the visible spectrum of
light (ranges between 390 and 750 nm), permitting it to pass through the emulsion
without being scattered. Overall, if large diameter droplets of oil exist then the color
will be darker while for small diameter of droplets it will be lighter. (Chantrapornchai
et al. 2008)

Viscosity

Emulsion's viscosity can be a lot higher than the one of water or oil, due to non-
Newtonian behavior which is caused by the high concentration of droplets or
structural viscosity. Structural viscosity depends on the flow rate and it is typical of
disperse systems. During the flow of liquids the work done by external forces, not
only overcomes the Newtonian viscosity but also destroys the structure of the liquid
and re-orientates the particles in the flow. This viscosity that is related to the structure
of the liquid is called "structural” viscosity and it plays a key role in the flow of the
liquids (Kokal 2005).

Dispersed phase's droplet size and the oil-water ratio are two critical factors for the
viscosity (Arirachakaran et al. 1989). The highest viscosity value will occur at the
point of phase inversion. Phase inversion occurs when agitated oil in water emulsion
of certain composition reverts to water in oil emulsion and vice versa (Preziosi et al.
2013). The composition of the interface is similar to the critical phase inversion
composition and this fact combined with the high viscosity value will slow down the
separation process. Up to 80% of watercut, the viscosity raises along with the
percentage of watercut. In contents of water higher than 80%, where actually oil in
water emulsions are formed, viscosity declines (Figure 6). Interfacial viscosity is also
an important property of the emulsions. The interface is a 2D insoluble viscous
monolayer which is independent of the 3D fluid space. In case of high interfacial
viscosity, there will be a delay in the liquid drainage rate which will have a stabilizing
impact on the emulsion. It is suggested by studies (Calderon et al. 2007) that it plays a
key role in the demulsification process. Interfacial viscosity can be defined by
Equation 3.

Os =1y
where:
y = shear rate
ns = interfacial viscosity in Nm™s
os = interfacial stress
Equation 3 - Viscosity calculation (Oil emulsions. Retrieved from:
http://petrowiki.org/Qil_emulsions#Viscosity of emulsions)
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Figure 6 - Relative viscosity (mixture viscosity over the viscosity of pure water) in oil-water
emulstions as a function of watercut. The phase inversion point is represented by the vertical
dashed line. (Arirachakaran et al.1989)

Smaller droplets make "tighter" emulsions while larger ones make more "loose"
emulsions. Thus the smaller the droplets are present in the emulsion the higher the
viscosity of the mixture as it moves towards the phase inversion point. This effect is
depicted in Figure 7. Crude oil characteristics and the degree of turbulence in the
separator are decisive for the droplet's size. Viscosity can further be affected by
flowrates and other variables during the separation process, creating a reduction of the
separation rate.
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Figure 7 - Relative viscosity (mixture viscosity over the viscosity of oil in oil-water emulstions
as a function of oilcut for three emulsions with different tightness. (Woelflin 1942)

Woelflin in 1942 suggested that oil-water ratio of the mixture is of greater importance
than that of tightness. Nevertheless, despite the large variety of formulas for the
prediction of viscosity of emulsions, none of them can be applied for all the oil fields
due to different conditions existing in each one.



Emulsification

Two main interaction forces act for the stabilization of emulsions: electrostatic and
steric repulsion forces.

Electrostatic stabilization repulsive forces

Electrostatic stabilization is caused by mutual repulsive forces that act when electrical
charged surfaces approach each other. A charged layer is formed at the interface by
ionic or ionisable surfactants and is neutralized by counter ions in the continuous
phase for the case of oil in water emulsions. The term "double layer" is used for the
charged surface and the counter ions (Urrutia 2006). Electrostatic repulsion can be
produced by the adsorption of ionic surfactants as illustrated in Figure 8. The surface
potential, defined as v, decreases linearly to vy (stern or zeta potential) and then
further decreases exponentially as distance (x) increases. A double layer is formed
which extension depends on the proportional relation between electrolyte
concentration and valency. Repulsion occurs when oil droplets in dispersion approach
each other in a way that the double layer begins to overlap. Limited space doesn't
permit complete potential decay and the double layers cannot develop further.
Equation 4 defines the repulsive interaction. As Gg is defined the repulsive
interaction, &, is the relative permitivity, &, is the permitivity of free space and « is the
Debye-Huckel parameter. The extension of the double layer is defined as 1/x and is
given by Equation 5, where k is the Boltzmann constant, T is the absolute
temperature, n, is the ions per unit volume, Z; is the valency of the ions and r is the
electronic charge (Tadros 2013)

G, =27Re &y’ In[1+exp(—xh)]

o

Equation 4 - Repulsive interaction (Tadros 2013)
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Equation 5 - Extension of the double layer (Tadros 2013)

The extension or thickness of the double layer is inversely proportional to the
electrolyte concentration, which means that repulsion will decrease for increasing
electrolyte concentration. When repulsive interaction energy is at its maximum then
flocculation is prevented. This occurs for high values of surface potential and low
electrolyte concentration and valency (Tadros 2013).
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Figure 8 - Schematic representation of double layers produced by ionic surfactant (Tadros
2013)

Steric stabilization repulsive forces

Steric stabilization is the result of a physical barrier to coalescence. Non ionic
surfactants (e.g. Alcohol ethoxylates or Polyethylene oxide - Polypropylene oxide -
Polyethylene oxide block copolymers as illustrated in Figure 9 form thick hydrophilic
chains and produce repulsion forces due to unfavorable mixing of the surfactant's
chains or entropic, volume restriction and elastic interaction. The total energy of the
interaction is the sum of the free energy produced by non favorable mixing, the
energy of the repulsive interaction and the attractive energy between the droplets.
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Figure 9 - Schematic representation of adsorbed surfactants that lead to steric stabilization
of oil in water emulsions (Tadros 2013)

Emulsifiers

Emulsifiers are substances such as surfactants or soaps that can be present to the
inflow of water and oil and they increase the stability of an emulsion due to interfacial
action by causing heterogeneity on the surface. Their ability to reduce the interfacial



tension is crucial for the formation of emulsions due to the fact that it produces
charges on the surface by their adsorption to the interface of oil and water. As
adsorption is defined the attraction of one substance to the surface of another while
absorption is the penetration of a substance into the inner structure of another.
Emulsifiers can be present in small amounts or form polymolecular aggregates called
micelles. Emulsifiers have molecules with hydrophilic and hydrophobic portions.
When they migrate to the interface of oil and water, their hydrophobic portion will
adhere to oil droplets while their hydrophilic one will stay in water forming a barrier
around the dispersed phase of oil droplets as shown in Figure 10. Finely divided
solids can act as emulsifiers due to the fact that oil droplets coat these solids leading
to the formation of emulsions. (Alther 1997).

WATER

Figure 10 - Oil in water emulsion, surfactant orientation towards the oil-water interface.
Thick black head represents the hydrophile end of the surfactant while its tail represents its
hydrophobic end (Retrieved from: http://www.processingmagazine.com/emulsion-stability-

basics/)

Spontaneous Emulsification

When two immiscible fluids are in contact but not in physicochemical equilibrium,
droplets can be formed. The process can be accelerated by stirring but is referred in
the literature also as self-emulsification exactly because it can be initiated without
external energy input (Shi et al 2015). Mostly this phenomenon appears in oil in water
emulsions and various mechanisms have been proposed (Solans et al. 2016).



An example of spontaneous emulsification is the phase inversion phenomenon. Oil in
water emulsions or water in oil emulsions can be inverted from one to other due to
changes in physicochemical parameters such as salinity, temperature and pH. Those
parameters need to be taken into account and that's why Surfactant Affinity
Difference (SAD) (Calderon et al.2007) has been introduced. SAD is an empirical
number which characterizes the surfactant for certain values of the parameters
mentioned before. In Figure 11 the effect of SAD in the formulation of the emulsions
is shown. Positive SAD implies surfactant's affinity for the oily phase, negative SAD
implies surfactant's affinity for the water phase while zero SAD implies affinity to
both water and oil. All the above are valid under the consideration that oil and water
volumes are equal. When oil content is high, water in oil emulsions are favored and
respectively for high water content oil in water emulsions will occur. Nevertheless it
is possible that double emulsions are formed. This phenomenon is considered as
abnormal because although it is in accordance with volumetric requirements it is
against the formulation ones. This can lead to double emulsions of oil-in-water-in-oil
(Calderon et al. 2007)
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Figure 11 - Schematic formulation-composition map. SAD is positive for surfactants with oil
affinity and negative for water affinity ones while grey zones are considered as abnormal.
Regions with letter "A" have equal content in oil and water while regions with letter "B" have
high oil content and letter "C" high water content. Areas that are colored in gray are
considered as abnormal and double emulsions can be formed there (Calderon et al. 2007)

HLB Value concept

The Hydrophilic - Lipophilic Balance number (HLB) was introduced in the late 40's
as a scheme which aids in the determination of the surfactants-emulsifiers present in
an emulsion. It shows the balance of the size and strength of the hydrophilic (polar)
and the lipophilic (non polar) groups of the emulsifiers. The surfactants are assigned a



number based on their solubility in the water as illustrated in Table 5. High HLB
values indicate the presence of hydrophilic surfactants that stabilize the oil in water
emulsions and their value can range between 8-18. Although the HLB constitutes an
empirical approach, it is very simple and popular in the industry (ICI Americas INC
1980). The HLB value is calculated using Equation 6 where m is the number of
hydrophilic groups in the molecule, H; is the value of the i hydrophilic group and n
is the number of the lipophilic groups in the molecule. The HLB values of common
hydrophilic and lipophilic functional groups are presented in Figure 12.

HLB Range

4-6 W/O Emulsifiers
7-9 Wetting Agents

8-18 O/W Emulsifiers
13-15 Detergents
10-18 Solubilizers

Table 5 - HLB Values concenpt (ICI Americas INC 1980)

HLB =7+ H, —nx0.475
i=1

Equation 6 - HLB value calculation (Kanicky et al. 2001)

Hydrophilic group HLR Lipophilic group HLE
=S504Na 38.7 -CH-

—COOK 21.1 —CH;- —0.475
_COONa 19.1 _CHy—

Sulfonate ~11.0 -CH=

-N (tertiary amine) 04 —CH>—CH;—CH;-0-) —0.15
Ester (sorbitan ring) 6.8

Ester (free) 24

—COOH 2.1

—OH (free) 19

- 1.3

—OH (sorbitan ring) 0.5

Figure 12- HLB values of common lipophilic and hydrophilic groups (Kanicky et al. 2001)

Resolution of Emulsions

Van der Waals attraction forces

In absence or neutralization of repulsion forces, van der Waals attraction is the main
mechanism causing the coalescence and flocculation of oil in water emulsions. Van
der Waals attraction can be categorized in three different categories: dipole-dipole,
dipole-induced dipole and dispersion interactions. Different orientation of dipoles
tend to cancel the first two categories of van der Waals attraction since they are



defined as vectors. Thus dispersion interactions (London) that arise from charge
fluctuations are acting for emulsion resolution (Tadros 2013).

Processes of separation

Gravitational or centrifugal forces overcoming the thermal motion of oil droplets are
the main cause of emulsion resolution. Processes that take place during the
phenomenon of emulsion resolution are creaming, sendimentation, flocculation, phase
inversion, coalescence and ostwald ripening as illustrated in Figure 13. Flotation
which will also be described in a later chapter of this work is an industrial process that
aids the resolution of emulsions. As demulsification or resolution of emulsions is
defined the separation of oil and water into two distinct parts after neutralizing the
stability factors of the emulsion. The main target of a demulsification process is the
destruction of the interface by driving the emulsifier either to the water or the oil
phase.
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Figure 13 - Demulsification mechanisms (Tadros 2013)

Sedimentation and Creaming - Gravity Separation

Sedimentation is caused by the gravitational forces which act due to density
difference between the continuous and the dispersed phase of the emulsion.
Centrifugal forces are the cause of these processes also. The simplest and the most
common separation equipment is based on gravity principles. When centrifugal or
gravitational forces exceed the thermal motion of the droplets, a concentration
gradient will build up in the system forcing the larger droplets to rise vertically to the
top. Drag force resists droplets' vertical movement (Tadros 2013). In the point where
drag force and gravity force are equal, the constant velocity is reached and it can be



computed by Equation 7. Equation 8 is used to calculate the gravitational buoyancy
force. The term g represents the gravitational acceleration. In case of some other
driving force it can be replaced. Frictional force F4 is calculated by Equation 9
(Stewart and Arnold 2009).
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where:

V, = Rising vertical velocity of the droplet (ft/sec)
d, = Droplet diameter in microns
1w = Viscosity of the water (cp)
ASG = Difference of specific gravity between oil and water

Equation 7 - Constant velocity equation - (Field Units) (Stewart and Arnold 2009).
Fe=Vd(pa-pm)g

where:
F,= Gravitational force
Vg= Volume of droplet
pq= Density of droplet
pm= Density of medium
g= gravitational acceleration

Equation 8 - Calculation of gravitational buoyancy force - SI Units (Stoke's law. Retrieved
from: https://en.wikipedia.org/wiki/Stokes%27_law)

Fg=-0.5CpAgplviv

where:
Cp = Drag coefficient
Aq = Reference area
v= relative velocity of the object surrounding the fluid
p = density

Equation 9 - Frictional force calculation (Ishii and Zuber 1979)

Equation 7 for rising velocity is based in the following observations. The first one is
that the larger the size of the oil droplet the greater its vertical velocity. That means
that bigger oil droplets have smaller times of settling in the surface and thus they can
be treated easier. The second observation is that the greater is the difference in
specific gravities the greater will be the velocity of the oil droplet. This means that
lighter crude oils are easier to treat. The last observation is that since viscosity
depends on temperature, on higher temperatures there will be greater droplet



velocities. This means that treatment of water is easier in high temperatures.
Theoretically Stokes law acts for oil droplets of 1-10 um diameter. In practice, 30 um
is the lower limit for the size of the droplets that can be removed. Below this
limitation the oil droplet rise to the surface depends on other factors than gravity like
vibrations and pressure fluctuations (Stewart and Arnold 2009).

Flocculation

During this process droplets are attracted close to each other but still they don't form a
bigger droplet due to a thin film of continuous phase between them. Van der Waals
forces attract them together but electrostatic or steric repulsion prevent the unification.
Flocculation thus occurs when there is not sufficient repulsion to keep the droplets
apart to distances where the van der Waals attraction is weak. This process though
accelerates sedimentation and it can be "strong" or weak" depending on the magnitude
of the attractive energy involved (Tadros 2013). Negative charge of oil droplets need
to be neutralized to overcome steric repulsion forces. Anionic / non ionic polymeric
flocculants aid this process since they bring together and agglomerate the micro flocs
formed by the coagulants (Lee et al. 2014)

Ostwald Ripening

This process is a result of finite solubility of the liquid phases. Often immiscible
fluids have comparable solubilities which leads to dissolution of smaller droplets in
the continuous phase and deposition into bigger droplets leading to larger droplet size
distributions (Tadros 2013).

Coalescence

Coalescence is the process of thinning and destruction of the film between the
droplets and their merging into larger droplets. The driving force of coalescence is the
surface and film fluctuations which result in close approach of the droplets (Tadros
2013). Coalescence mostly occurs in the separators, either between two droplets who
mix, forming a new larger droplet or when a droplet reaches the interface of the
continuous phases (Figure 14). Coalescence is caused by the different velocities
between the droplets which leads to collisions. The difference in velocities depends
on the droplets' size. Eventually coalescence is dependent on the kinetic energy of the
droplets and the attractive or repulsive forces acting between them. During
coalescence the droplet size increases and that makes the separation easier. In the
event of high interfacial tension, coalescence will be promoted close to the interface
since the droplets will accumulate in that area. The energy input to the system should
by low enough to permit the coalescence process. In case of high energy inputs,
dispersion will occur. On the other hand the energy input should be high enough to
promote frequent droplets collision or else the whole process will proceed at a very
low pace. In most treating vessels coalescence depends on gravity forces. Flotation



units and hydrocyclones are exceptions to this rule. Those vessels are nicknamed as
"deep bed gravity settlers”. Experiments conducted both with flotation units and
hydrocyclones show that there is only a 10% size increase in the droplets if residence
time is doubled and that the more dilute is the oil the greater is the residence time
needed (Stewart and Arnold 2009).

Figure 14 - a) Coalescence between two droplets, b) Coalescence between droplet and
continuous phase.(Tyvold 2015)

Phase Inversion

An exchange between disperse and continuous phase can occur leading to
transformation of oil in water emulsions into water in oil emulsions (Tadros 2013).
This process can occur during the accumulation of oil droplets into flocs at the
interface. The phase inversion temperature (PIT) (Shinoda and Saito 1968) and the
phase inversion composition (PIC) concepts are mechanisms leading to phase
inversion of the emulsions caused by changes in temperature or composition
respectively. Studies (Solans and Sole 2012, Roger et al. 2010, Roger et al. 2011 and
Morales et al. 2006) have shown that both methods are based on the fact that a
temperature increase (or composition change respectively) results in a proportional
increase of the conductivity of the oil in water emulsions until PIT is reached and an
inversely proportional decrease in its solubility in water as shown in Figure 15. That
means that emulsions close to their phase inversion temperature are less stable and
can be easily resolved due to the fact that interfacial tension decreases as temperature
is closer to PIT (Figure 16). Emulsification through this mechanism demands changes
in the spontaneous curvature of the non-ionic surfactants.
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Figure 15 - PIC and PIT methods emulsification process (Solans et al. 2016)

For lower temperatures the surfactant is soluble in water. Hence an aqueous rich-in-
surfactant phase (L; in Figure 17) and an almost pure oil phase will be obtained
(Winsor 1). Surfactant's spontaneous curvature is positive and upon stirring oil in
water emulsions can be formed. The same mechanism gives water in oil emulsions in
higher temperatures due to negative spontaneous curvature of the surfactant. Water in
oil emulsions are formed after stirring the oil phase containing the surfactant (L, in
Figure 17) and pure water (Winsor Il). For spontaneous curvature close to zero
emulsions get destabilized and destroyed and thus as we can see on Figure 17 we have
the presence of three phases, B (bicontinuous or liquid crystaline phase), water and oil
(Winsor 111) (Calderon et al. 2007). Spontaneous emulsification is important for EOR
methods as proposed by studies (Salager et al. 2013 and Shi et al. 2015)
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Figure 16 - Variation of interfacial tension with temperature increase for an Oil in Water
emulsion (Tadros 2013)
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Figure 17 - In case of non-ionic surfactant, it is shown the different situations formed with the
change of temperature on (a) the spontaneous curvature and surfactant morphology, (b) self-
assembly, (c) phase diagram, (d) coexisting phases, (e) emulsions formed for each case
(Calderon et al. 2007)

Favorable conditions for emulsion breaking

Favorable conditions for emulsion breaking include an increasing temperature profile
since it decreases viscosity and increases the Brownian motion. In this way the
particle collisions rate also increases. If residence time is long enough, different
breakdown mechanisms can act and addition of demulsifiers promotes flocculation
which will be examined later on in this work.

As it was previously mentioned there are two common types of emulsions, the oil-in-
water and water-in-oil. They can be easily differentiated visually. The main focus of
the present work are oil in water emulsions which appear as dirty oily water. They can
contain different oil types and concentrations. Cutting fluids, lubricants, tars, crude
oils and grease can be found in water together with various contaminants that can be
present in emulsions such as solids, metal particles, soaps, silt and residues. All of
them need to be removed both for reasons of oil recovery and water cleaning.



Charged oil droplets in an ionic environment constitute the colloid Oil in Water
emulsions. In case of intense mixing or shearing a dispersion of those oil droplets
throughout the water bulk will take place. Friction between oil and water phases acts
as a stabilizing factor since static electric charges are developed and gathered in the
oil-water interface.

lonization, which is provoked by surface-active agents is one of those mechanisms.
The electric charge of organic materials attracts them to the oil-water interface of the
droplet. Due to accumulation of charges, the emulsion stabilizes under repulsion of
the common charges (Schramm 2005). Electrically neutral surfactants can also act as
stabilizers since their molecules are both water-friendly and hydrocarbon-friendly.
This utility acts as a bridge in the interface and a stabilization factor.

Solid particles of certain size and quantity may also act as stabilizing factors for the
emulsions (Figure 18). The interfacial film is reinforced by those particles which
results in blocking the coalescence between the oil droplets. The most stable
emulsions occur when the contact angle between them and the particles is close to 90.

Solud particles prevent contocl
of oil droplets

Negatively charged ol droplels

Figure 18 - Solid particles acting as stabilizers of Oil in water emulsion (Kemmer 1988)

A hydrophilic molecule or portion of a molecule is one whose interactions with water
and other polar substances are more thermodynamically favorable. Proportionally as
lipophilic are defined the molecules or portions of a molecule whose interactions with
oil or other hydrophobic solvents. Complex molecules called surfactants with a
hydrophilic group at one end and lipophilic at the other can act as stabilizers for the
emulsions (Figure 19). Surfactants are compounds that lower the surface tension (or
interfacial tension) between two liquids or between a liquid and a solid. Their affinity
to both oil and water makes possible the dispersal of oil droplets in water phase
despite the act of coalescence. The "tail" of most surfactants are fairly similar,
consisting of a hydrocarbon chain, which can be branched, linear, or aromatic. They
can be anionic surfactants or non-ionic. Some emulsifiers can act as stabilizers also.
An example of such anionic emulsifiers is the petroleum sulfonates and the sulfonated
fatty acids while non-ionic emulsifiers which act as stabilizers are ethoxylated alkyl
phenols. A list of such emulsifiers is presented in Table 6.
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Figure 19 - Surfactants with hydrophilic and lipophilic groups acting as stabilizers (Kemmer
1988)

Type
Formation Soaps dispersed in water phase
a. Sodium, potassium soaps and sulfides
b. Sodium napthenes and cresylates
c. Precipitated sulfides and surfactants
d. Organic amines

lonic emulsifiers

a. Salts or univalent cations
b. Salts of di- and trivalent cations

Stabilizing electrolytes

Table 6 - emulsifying agents for oil in water emulsions

As previously mentioned the oil in water emulsions are droplets of oil dispersed in a
continuous water phase and are known as "reverse emulsions”. The unstable oil in
water emulsions can break within minutes due to coalescence. In case of stable
emulsions chemicals, heat, settling time and electrostatic forces are used for breaking.



If not treated properly, emulsions can remain unresolved for weeks. Emulsion
breakers used for oil in water emulsion treatment are water soluble and are added to
the stream after the first oil-water separator in concentrations of 5 to 15 ppm. After
the breaking of the emulsions, the oil droplets that will form, will coalesce into bigger
ones and due to gravity they will float as an oil layer.

In order to break the oil in water emulsions chemical or physical methods can be
applied. Chemical treatment is more commonly applied to oily wastewaters and for
enhancing the efficiency of mechanical treatment. The main focus is to neutralize the
stabilizing factors and thus to permit the evolution of the coalescence process between
the emulsified droplets. To achieve this, the introduction of opposite charges to the
ones existing in the system must occur (Figure 20). Oil droplets carry negative
charges due to the dielectric characteristics of water and oil (Alther 1997).
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Figure 20 - Schematic view of cationic emulsion breaker neutralizing surface charges
(Kemmer 1988)

Theoretically a perfect breaking of the emulsion will yield a clear water layer and a
clear oil layer. In practice this is rarely achieved and in most cases a scum is formed
in the interface by the remaining solids and neutralized emulsifiers. Normally this is
achieved in two steps:

1. Coagulation: Neutralization of the charge of the oil droplet which leads in
deprivation of emulsifying properties of the surface active agent

2. Flocculation: Neutralized droplets form agglomerate. It can occur when Van der
Waals attractive energy exceeds the repulsive energy as discussed in previous chapter.

In general acids are more effective in breaking of emulsions but a major drawback in
this case is that the acidic wastewater demands special treatment of neutralization.
Salts of iron or aluminium can also be used instead of acid, aiding the agglomeration



process. A problem occurs though since both aluminium and iron salts form
hydroxide sludges that need special treatment to dewater.

Giving better results than inorganic demulsifiers, the organic ones can be considered
as much better emulsion breaking agents. For the same treatment program, less
dosages of organic demulsifiers are needed than those of inorganic demulsifiers. The
effluent quality is much better with the use of organic breakers. In Table 7, four
examples of breakers are presented (Kemmer 1988).

Main type Description Charge
Polyvalent metal salts -
Inorganic alum, AICl;, FeCls, Cationic
FEz(SO4)3
Inorganic Mineral acids - H,SOs, Cationic
HCI, HNO3
Inorganic Adsorbents - _pulverized None
clay, lime
Substituted copolymers of
Organic polyamines and Cationic

polyacrylates

Table 7 - types of emulsion breakers for oil in water emulsions (Kemmer 1988)



Chapter 3 - Specialized Techniques and Equipment used for
oil in water emulsion resolution and oil recovery - General
Information

Various methods and vessels are used in water treatment for the removal of oil. This
IS due to the fact that multiple sources of water streams can be encountered during the
oil production operations. Mainly brine water or surface water is encountered. In
Table 8 some examples are presented while in Figure 21 an example of treating
system configuration is presented. Depending on the concentrations of the substances
need to be removed a secondary, tertiary or advanced treatment may be necessary.
Treating systems need to be selected considering their efficiency and space available
for minimization of expenses.

Approximate Minimum
Method Equipment Type Drop Size Removal

Capacities (um)

Skimmer tanks and vessels
API separators
Disposal piles

Skim piles

Gravity separation 100-150

Parallel plate interceptors
Corrugated plate
Plate coalescence interceptors 30-50
Cross flow separators
Mixed flow separators

Precipitators
Filters/coalescers
Free flow turbulent
coalescers

Enhanced coalescence 10-15

Dissolved gas
Gas flotation Hydraulic dispersed gas 10-20
Mechanical dispersed gas

Enhanced gravity Hydrocyclones 15-30
separation Centrifuges
Filtration Multimedia membranes 1+

Table 8 - Treatment equipment for water (Modified from Stewart and Arnold 2009)
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Figure 21 - Treatment stages of oil in water emulsions

A critical factor for decision making concerning the method applied in each case is
the droplets' sizes. Different mechanical methods can treat different sizes of droplets
as seen in Table 8. The basic principle on which the water treating scheme is based in
the removal of oil droplets and oil in water emulsions from the water. Dispersion and
coalescence of oil droplets starts during their flow towards the wellbore, control
valves, chokes and the process equipment. Small concentrations (<100 um) of free
hydrocarbons need to be treated further after the primary water treatment or, oil in
water emulsions pre treatment, which usually is two or three phase separators and
skim vessels. The more energy is put in the system the smaller are the droplets. When
energy is low coalescence is promoted. Gravity separation, flotation and coalescence
are the basic phenomena aiding the treatment. Gravity separation devices include
skim tanks, API separators, plate coalescers and skim piles (Juniel and Rawlins 2007).
Primary oil in water emulsions treatment involves CPI and cross flow modified
separators while Secondary treatment involves induced and dissolved gas flotation
units and centrifuges. Further treatment of the oil in water emulsions involve the
tertiary separation which includes walnut shell, media, cartridge and activated carbon
filters while the last stage of treatment called "Advanced Treatment" are membranes
and biodemulsifiers. Chemical treatment can be applied in all stages for the promotion
of coalescence of oil droplets but usually chemicals are introduced in the secondary
treatment stage. All stages of the treatment procedure will be discussed in the



following chapters. It is critical though for the design and application of a proper
treatment scheme to use monitoring and simulation techniques. Characterization of
emulsions is crucial also.

Characterization of Emulsions

It is essential for the design of the appropriate treating scheme to characterize the
emulsions that are to be treated. Several techniques are available in the industry.

Studies (Vandaraj et al. 2007) have shown that emulsion stability can be determined
according to their flow through porous media in a rapid and convenient assay through
Micro-percolation test. If the emulsified sample passes completely through a porous
media, then it can be centrifuged in two distinct phases. The greater the proportion of
pure water phase that is formed after this treatment the less stable is the emulsion. The
value range is between 1 (maximally unstable) and 0 (maximally stable).

Field Bottle or Jar test is another technique used in the industry. This technique has
been in use for more than 60 years (Kirkpatrick et al. 1960), with various alterations
proposed by studies (Leopold 1992, Manning et al. 1995, Poindexter 2009) but it
hasn't been standardized so far. The main idea of the procedure is to put a sample of
emulsion in a gal, drain off all free water and determine sediments and water of the
emulsion. After this add in different precipitation bottles 100 ml of emulsion and
emulsion breakers and shake them for a given time in constant temperature. In the end
a sample of oil is removed from each bottle and further analysis is performed on it.
This method is considered as a multivariate one and statistical analysis of it has shown
that although solid content is the most important indicator, several crude oil
parameters should be evaluated to predict emulsion stability (Poindexter et al. 2006).
A more detailed review of the method will be presented in a following chapter.

Monitoring techniques for oil in water emulsion treatment

Engineers need to design a treatment scheme that complies with each state's
requirements for effluent quality. Configurations of the treatment line are subjected to
the strategy that each engineer would adopt. This depends absolutely to the
experience of the engineer and the circumstances. Evaluation of data is really
important for the design of this treatment line. Sometimes values have to be assumed
in case they are missing. Basic information needed for the design of a proper
treatment line is the flow rate, specific gravity and viscosity of the produced water,
concentration of oil in the produced water and its specific gravity at flowing
conditions, concentration of soluble oil in the effluent, oil droplets size distribution in
the produced water and rainfall rate and flow rate of washdown water (Abdel-Aal
2003). Industry has introduced various techniques to obtain this data.



Colorimetric method

This technique is based in the measurement of absorption of energy in the visible
light. It is recommended for heavy oils mainly and it is based in the correlation of the
examined water sample to another with known concentration of oil. Calibration of the
sample of the oil is required. This technique can have large uncertainty concerning the
final oil in water measurement. HACH company provides portable test kits for the
implementation of tests using this method as shown in Figure 22 (Daigle and Cox
2012).

Figure 22 - CEL/890 Advanced portable laboratory (Daigle and Cox 2012)

Direct Weight Measurement

This technique is used for the US EPA and it is known as Method 1664. It involves
the acidification of a liter of water sample to pH lower than 2 and the extraction of its
n-hexane. N-hexane is evaporated and the remaining residue is weighted, obtaining a
direct measurement of concentration in mg/L (Daigle and Cox 2012).

Infrared Method

Carbon - Hydrogen bonds adsorb infrared energy at 3.41 micron wavelength.
Instruments that are used in this case are correlating the absorption of IR energy to the
oil concentration in water. Calibration of fluids for each sample is needed and it is not
so popular in the oil industry lately due to the fact that it is error prone method
(Daigle and Cox 2012).

Particle Counting Method

This method involves measurement of turbidity, Coulder counter and visual recording
of particles and their characteristics. Turbidity limits justify the maximum size of the
particles. Coulder counter is used for the determination of the oil droplets size, but it
can be error prone due to the fact that it doesn't differentiate between oil droplets and
solid particles. Microscopic visual recording through micro cameras can lead to safe



determination of the volume of the oil droplets within the water volume and
determine the oil's concentration. JM Canty and Jorin are two industrial companies
that employ successfully this method (Daigle and Cox 2012).

Ultraviolet Fluorescence Method

This method targets the aromatic compounds which absorb the UV radiation. The
principle of use of this method is related to the infrared one since the amount of
fluoresced light measured can give an estimation of the oil concentration in the water
sample. Technology is continuously improving and enhanced monitoring methods are
used in the industry today. Advanced Sensors company has manufactured monitoring
equipment which involves the use of both the UV technique along with particle
counting methods for the part per million oil in water calculation. An industrial
installation of this technology is shown in Figure 23 (Daigle and Cox 2012).

Figure 23 - Advanced Sensors Inline Probe Measurement (Daigle and Cox 2012)

New experimental methods have been evolved lately for the efficient monitoring of
the oil in water. The use of inductance, microwave and NIR absorption sensors has
been introduced lately. Photometry also has been used by Optek while NIM Tech has
introduced SonicGauge Sensor System which provides ultrasonic frequency
measurements to track the chemical fingerprints of oil emulsions in water (Daigle and
Cox 2012).



Simulation techniques for oil in water emulsion treatment

Approximation models have been proposed for the simulation of emulsion resolution.
Coalescence depends on the contact time and interface characteristics of the phases,
thus its frequency can be estimated by correlation of collision frequency and
coalescence efficiency (Almeida-Rivera and Bongers 2012). Computational Fluid
Dynamics (CFD) codes are used for the simulation of fluid flow of immiscible fluids
in three dimensions based on the population balance equation (PBE). CFD softwares
can simulate compressible, non-isothermal, non-Newtonian, multiphase and porous
media flow for laminar and turbulent flow regimes. Two commercial examples of
CFD software used for the simulation of oil in water emulsion treatment are ANSYS
fluent and OpenFOAM. Simulations aid in the understanding of surfactants' role in
the stability of emulsions also, although computational restrictions due to large
number of processes involved exist. This is due to the fact that the potential of
molecular interactions is time dependent since the coalescence of oil droplets reduces
the interfacial area of emulsions. Continuous calibration of the model is needed
though since interfacial properties and intermolecular forces of droplets are changing
with time (Urbina-Villalba 2009).



Chapter 4 - Specialized Techniques and Equipment used for
oil in water emulsion resolution and oil recovery - Pre
Treatment Stage

The primary level of water treatment for oil production can be considered as the pre-
treatment stage of emulsions due to the fact that all the free oil is removed from the
stream. Dispersed and dissolved oil remains in the water and needs to be treated by
specialized equipment and chemicals in various stages depending on the stream's
characteristics and discharge regulations.

Conventional Separators

An oil-water separator is a chamber designed to provide flow conditions sufficiently
quiescent so that globules of free oil rise to the water surface and coalesce into a separate oil
phase, in order to be removed by mechanical means. The base of oil-water separation theory
is the rise rate of the oil globules (vertical velocity) and its relationship to the surface-loading
rate of the separator. The rise rate is the velocity at which oil particles move toward the
separator surface as a result of the differential density of the oil and the aqueous phase of the
wastewater. The surface-loading rate is the flow rate to the separator divided by the surface
area of the separator.

In an ideal separator, any oil globule with a rise rate greater than or equal to the surface-
loading rate will reach the separator surface and be removed. An ideal separator is assumed to
have no short circuiting, turbulence, or eddy currents. The required surface-loading rate for
removal of a specified size of oil droplet can be determined from the equation for rise rate.
The mathematical relationship for the rise rate is provided by a form of Stokes’ Law:

vV, = (i> (Pw — Po)D? €Y

18u
Where:
V= vertical velocity, or rise rate, of the design oil globule (cm/s)
g= acceleration of gravity (981cm/s?)
1= absolute viscosity of wastewater at the design temperature (P)
pw= density of water at the design temperature (gr/cm®)
po= density of oil at the design temperature (gr/cm®)
D= diameter of oil globule to be removed (cm)

The vertical velocity of an oil globule in water depends on the density and diameter of
the oil globule, the density and viscosity of the water, and the temperature. The oil
globule’s vertical velocity is highly dependent on the globule’s diameter, with small
oil globules rising much more slowly than larger ones. There are two fundamental
principles that should always be kept in mind when designing and operating oil-water
separators. The performance of the separator will depend highly on the difference



between the specific gravity of the water and that of the oil. The closer the specific
gravity of the oil is to that of the water, the slower the oil globules will rise. Since the
oil globules’ rise rate is inversely proportional to the viscosity of the wastewater, oil
globules will rise more slowly at lower temperatures.

As stated above, oil-water separators are designed to remove free oil. If the oil is
emulsified or dissolved, additional downstream treatment is required. A principal
function of the oil-water separator is to remove gross quantities of free oil before
further treatment. In this capacity, the oil-water separator protects more sensitive
downstream treatment processes from excessive amounts of oil. Since separator
skimmings are typically recycled and the oil which is not recovered can end up as
sludge, efficient recovery results in minimization of waste. In a treatment scheme,
simple separators are acting as a pretreatment for the minimization of emulsion
formation and the removal of as much free oil possible.

The performance of gravity oil-water separators varies with changes in the
characteristics of the oil and wastewater, including flow rate, specific gravity, salinity,
temperature, viscosity, and oil-globule size. Performance is also a function of design
and operational constraints and of the analytical methods used to measure
performance. However, the data indicate that increasing separator size, as measured
by surface-loading rate, results in improved performance, as measured by effluent oil
and grease. Unit design needs to take into account the impact on downstream oil
removal processes (for example, dissolved-air flotation) to determine whether
incremental improvements in performance can be justified.

Parallel-plate separators are based on a newer technology. They require less space
than do conventional oil-water separators and are theoretically capable of achieving
lower concentrations of effluent oil. Petroleum industry data are insufficient to
conclude that parallel-plate units offer overall superior performance.

There are petroleum industry applications in which oil-water separators are the only
end-of-pipe treatment provided. These are usually cases in which the only effluent
restrictions specified are for oil or suspended solids and the wastewater in question
consistently contains sufficiently low amounts of emulsified and dissolved oils. In
some applications, the oil-water separator is provided as a protective device for
containment of spills and leaks (for example, on once-through cooling water).
Another example is an instance in which a stream is discharged to a publicly owned
treatment works and the oil-water separator is used to ensure compliance with
requirements for pre-treatment of oil and grease.

It should be stressed that whenever an oil-water separator is considered for an
application where it must stand alone, the amount of emulsified and dissolved oils in
the wastewater stream must be properly quantified, because these oils will not be
removed by the separators.



One aspect of oil-water separator design that is sometimes overlooked is that whether
intended to or not, an oil-water separator also functions as a sedimentation basin.
Solid particles more dense than water (for example, soil and coke particles) will tend
to settle out in the separator. Provision must therefore be made to deal with the
removal of settleable solids that accumulate in the separator.

High pressure water condensate separator

This vessel (Figure 24) operates approximately at the same pressure as the primary
production separator, in order to avoid the exposure of the water-condensate mix to
large pressure drops which lead to the formation of emulsions. Special valves are
regulating the pressure levels and emulsion formation can be reduced at least by 20%
by the use of this vessel. Corrosion inhibitor's use should be avoided since in
combination with high pressure it can promote the formation of emulsions (OSPAR
Commission 2013).
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Figure 24 - High pressure water-condensate separator (OSPAR Commission 2013)

Free flow turbulent coalescers (Serpentine-Pipe Packs)

SP packs is the common trade name used by the industry for those devices. They can
be cheap for onshore applications where space is not a problem but for offshore
applications they can be used only for small water rates depending on the space
available (Stewart and Arnold 2009). Laminar flow and closely spaced plates are
needed for plate coalescers to promote gravity separation and coalescence. Plugging
can easily occur under those circumstances. The idea for the confrontation of this
issue is the forced flow of the water through a serpentine path which will create
turbulence and coalescence will be promoted as shown in Figure 25. Sizing plays an
important role in this case since shearing of oil droplets must be avoided. Maximum
drop size needs to be of 1000 um for efficient gravity settling (Abdel Aal 2003) Their
pipes are created for Reynolds number up to 50000 and they include 180" bends. When
diameters are increased from the typical value of 250 pm to 1000um, the use of
skimmer is reduced. Retention time is also not so important since coalescence has



occurred before skimmer. (Stewart and Arnold 2009). Serpentine pipe packs can be
50% more efficient than simple gravity settling devices.
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Figure 25 - SP Pack operation principles. (Stewart and Arnold 2009)
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Figure 26 - SP Packs horizontal configuration (Stewart and Arnold 2009)
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Figure 27 - SP Packs in a series of staged tanks (Stewart and Arnold 2009)

They are installed inside gravity settling devices like skimmers, clarifiers and plate
coalescers as shown in Figure 28 and they can be staged in series causing successive
coalescence as shown in Figure 26 leading to enhancement of oil removal efficiency
as shown in Figure 29. They can be put between skim vessels constituting two stages
of coalescence and separation. The first one will deal with larger droplets and the
second one with smaller as shown in Figure 27 (Abdel-Aal 2003). More than two
stages can be used in the coalescence and removal process. Their efficiency for each
stage is calculated by Equation 10. C; is defined as the inlet concentration while C, is
defined as the outlet concentration (Stewart and Arnold 2009)

_ Ci _Co
C
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E

Equation 10 - Efficiency calculation of each stage for SP packs (Stewart and Arnold 2009)

Efficiency can also be calculated, assuming that the drop size distribution constitutes
a straight line by Equation 11 where d, is the drop size that can be treated and dmax iS
the maximum size drop created (1000 um). The overall efficiency can be estimated by
Equation 12 where n is the number of stages. Increased oil removal efficiency is
depicted in Figure 30 for SP Packs installed in different sized tanks. (Stewart and
Arnold 2009)

E=1- dy

max

Equation 11 - Efficiency as a function of oil droplets size (Stewart and Arnold 2009)

E =1-(1-E)"

Equation 12 - Overall efficiency estimation (Stewart and Arnold 2009)
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Figure 28 - SP Pack inside a clarifier tank (Stewart and Arnold 2009)
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(Stewart and Arnold 2009)
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Figure 30 - Oil removal efficiency using SP Packs in various sized tanks (Stewart and Arnold
2009)

Skim vessels

Skim tanks are not the so-called settling tanks. Skim tanks are used for the removal of
dispersed oil while settling tanks are used for the removal of solids. They are the
simplest treatment equipment vessels and they provide large residence times to aid the
coalescence and gravity separation and they can be either pressure vessels or
atmospheric tanks with vertical or horizontal configuration (Juniel and Rawlins 2007).

Another category, the "wash tanks" are used as FWKO vessels for incoming streams
of 10%-90% oil fractions. After the separation of oil and water in those vessels, water
is guided to the skim vessels. Skim tanks are the most common and simple treating
equipment. Long residence times are provide for the promotion of gravity separation
and coalescence. Atmospheric pressure regime prevails in those vessels and they are
placed upstream of the rest water treatment equipment. If the oil outlet concentration
can be accurate predicted, the vessel's dimensions can be theoretically determined.
Vibration, short-circuiting and turbulence effects cannot be neglected. Their



configuration can be either horizontal or vertical while several types of those devices
are in use such as the rotatable stlotted pipe skimmer which is the most common, the
rotary drum skimmer and the floating skimmer. (Stewart and Arnold 2009)

The rotatable slotted pipe skimmer which is shown in Figure 31. The proper
skimming level can be adjusted by rotation of the pipe and it should have the ability to
be rotated backwards and forwards over a range of 180 degrees so that the separated
oil that is collects between the skimmer and the oil retention baffle can be recovered.
This is a simple device and is usually manually adjusted, but it can have the
disadvantage of picking up a relatively large volume of water along with the skimmed
oil unless the slot elevation is properly set. It can be made to operate automatically by
providing the proper control and actuating equipment. The amount of water included
with the skimmed oil depends on the care exercised in submerging the slot and on
adjusting it during the skimming operation. When used in a multiple, parallel-
chamber separator installation, rotatable slotted-pipe skimmers are connected end to
end in a line that drains to a sump located at one side of the installation. The oil
skimmed from the channel farthest from the sump must flow to it through each of the
succeeding skimming pipes. As a result, each succeeding downstream skimmer pipe
should be large enough to allow collected oil from other channels to flow by gravity
to the sump.
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Figure 31 - General arrangement of Rotatable Slotted Pipe skimmer (APl 1990)

The rotary-drum skimmer (Figure 32) is available in both floating- and fixed-level
modes. The principle of operation is the same for both types. Skimming is
accomplished by a drum that rotates with the flow and picks up a thin film of oil,
which is scraped off and drained into a collecting sump. The drum can be made of
carbon steel, stainless steel, aluminum, or plastic. The optimal tangential velocity of
the drum is on the order of 0.5-1.5 feet per second, with a submergence of 0.5 inch or
more. The optimal rotational speed depends on the amount of oil to be removed and
its viscosity. Submergence is not critical as long as the drum is in contact with the oil
layer. The advantages of this unit are that the recovered oil contains relatively little
water and its operation can be made automatic.
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