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ABSTRACT

Produced water originates from crude oil production, during which it is extracted to the
surface together with hydrocarbons. It consists of various dissolved and dispersed
components, such as dissolved organic and inorganic compounds, suspended solids,
production chemicals, and oil dispersed in the form of droplets. The latter is typically targeted
by the treatment processes before the water can be discharged to sea or re-injected to an
underground formation.

Most of the produced water treatment processes are gravity-based separation. For example,
gravity separators or hydrocyclones strongly rely on the rising velocity of the dispersed
droplets, whereas gas flotation process aims at enhancing the density difference between the
continuous and the dispersed phases through attachment of gas bubbles. This means that the
fundamental phenomena occurring on a microscale, like droplet growth through coalescence
or bubble-droplet interactions will play a key role during these separation processes. That is
why the development of new, microfluidic research tools and their application for studying
these interactions in various conditions was one of the main goals of this project.

First, the produced water quality and its connection to both crude oil and water compositions
was investigated. The water was mixed with crude oil and later analysed with respect to the
total oil concentration, droplet size, total organic carbon and pH change. Next, a microfluidic
method was developed to study the coalescence of model oils in the presence and absence
of dissolved atmospheric gases, also at elevated pressures. This was followed by a report on
the application of microfluidics for probing coalescence between crude oil droplets in
produced water. Various aspects, like the oil and water composition, the presence of
dissolved components or pressure levels were studied. Finally, a novel methodology for
investigating the removal of dispersed hydrocarbons through spreading on gas bubbles was
presented. It also involved changing relevant parameters and testing their effect on the

spreading process.
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1. Crude oil

Crude oil is a mixture of hydrocarbons and other organic components. It can be found in
underground geological formations around the world. Together with natural gas and coal, it
is considered a fossil fuel and a non-renewable energy resource. Regardless of today’s heated
debate about the role of oil in climate change, petroleum-derived products are still an

irreplaceable source of energy and precursors for a variety of manufacturing industries.
1.1. Composition

The composition of crude oil is highly dependent on the geographical location of the reservoir
itis produced from. In general, it is composed of saturated, non-saturated, cyclic and aromatic
hydrocarbons with the addition of certain fractions containing heteroatoms, such as nitrogen,
oxygen and sulphur, and to smaller extent also metals, for instance nickel, vanadium or
copper®. To simplify, a division of crude oil components into saturates, aromatics, resins and
asphaltenes (SARA) was introduced. It classifies different fractions of petroleum based on
their polarity and solubility?. The least polar group, saturates, is mostly composed of
saturated hydrocarbons with straight-, branched- or cyclic configuration. Aromatics have
more polar nature due to one or more aromatic rings, as well as some heteroatoms in their
structure. Resins and asphaltenes are usually highly aromatic and have polar moieties that
can be of acidic or basic nature. They also contain a significant percentage of oxygen, nitrogen
and sulphur. Asphaltenes and resins are distinguished by their solubility in light alkanes
(C5-C7): resins dissolve readily in such solvents, whereas asphaltenes precipitate out. Both
groups consist of amphiphilic molecules that can diffuse and adsorb on various interfaces.
This may result in flow assurance issues, i.e. asphaltene aggregation, corrosion or emulsion
formation. In addition, crude oils can be described by the total acid and base numbers (TAN
and TBN, respectively). They indicate the acidic or basic nature of the oil. It is worth noting
that the chemical composition of a crude oil largely determines its physical (density, viscosity)

and interfacial (interfacial tension, viscoelastic behaviour) properties.



1.2. Recovery

After successful exploration and appraisal phases, the reservoir is ready to start producing
hydrocarbons. Figure 1-1 illustrates a typical hydrocarbon formation, composed of three

phases: gas, oil and water.

Gas-oil
interface

Qil-water
interface

Figure 1-1 Simplified illustration of an underground hydrocarbon reservoir.

The reservoir fluids are initially under high pressure, which allows to maintain a steady flow
of hydrocarbons in the beginning of the production without any additional energy. Later, this
process may be supported with pumping. This stage of production is called primary recovery
and only a small percentage of the hydrocarbons is retrieved, usually not more than 15%.
After expansion of gas in the reservoir and subsequent reduction of its pressure, the
formation requires an external pressure support in order to sustain production. This marks
the beginning of the secondary recovery stage, where injection of water or gas is needed for
a pressure boost in the formation, and maintaining the required flow of the produced
hydrocarbons. The water injected into the reservoir can be either treated formation water or
purified seawater. Approximately 50-60% of the original oil in place can be extracted from the
reservoir thanks to the two combined recovery stages. Still, little less than half of the oil
remains in the formation, predominantly trapped by capillary forces in small, micron-sized
pores. This is when the enhanced oil recovery techniques (tertiary recovery) are employed.
Most commonly, tertiary recovery methods can be categorized into gas (foam) injection,

chemical injection or thermal displacement.



1.3. Transport and processing

Produced hydrocarbons leave the geological formation through an oil well. In an offshore
facility several oil wells are usually connected to a production manifold, which collects the

produced fluids. From there they are pumped topside for further processing (Figure 1-2).

_— Export natural gas
o

Solvents with
H,0, H,S, CO,

GAS TREATMENT

Fluids from the well

CRUDE OIL TREATMENT

Emulsion

Water

FURTHER

SAND CYCLONE
HYDROCYCLONE l

TREATMENT

GAS FLOTATION

Figure 1-2 Schematic of an offshore crude oil, natural gas and water processing.

First, all fluids enter a gravity separator, where bulk three-phased separation takes place. Gas
phase proceeds to natural gas treatment units, where it is dehydrated, sweetened (H,S and
CO; removal) and compressed. Crude oil flows to a second stage gravity separator, often
equipped with an electrocoalescer. It enhances the water removal by forcing the growth of
water droplets with an electric field. In order to reach the export quality, the water content
in the crude oil has to be lowered to 0.5%. Frequently, oil and gas after treatment are
recombined and pumped in one pipeline to shore or a floating production, storage and
offloading (FPSO) unit. Lastly, produced water is treated through a series of processes. This,
together with a comprehensive description of the produced water and its fate, will be

described in detail in the next section.



2. Produced water

Produced water (PW) is largely composed of trapped formation water, extracted to the
surface together with hydrocarbons. In the later stages of production, it can be a mix of
formation and seawater. It is by far the largest by-product of petroleum production. Shortly
after initializing production, relatively small volumes of water are produced. However, with
the progressing age of an oilfield, water is steadily replacing hydrocarbons in the production
stream. In the end, the water cut (ratio of water to total volume of produced fluids) can reach
as high as 95%3. Typical production profile for an oilfield, located on the Norwegian

Continental Shelf (NCS), is illustrated in Figure 2-1.
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Figure 2-1 Crude oil and water production profiles in Heidrun oilfield. Based on*.

Crude oil production, initially much higher than water production, starts to decline rapidly
within 10 years or so. Inversely, volume of produced water steadily increases over the first
20 years of the field life time. It is also worth noting that even though the water production

eventually starts to decrease, the water-to-oil ratio keeps growing, as indicated by the black



line in Figure 2-1. Global estimates say that for every barrel of crude oil (=159L), three barrels

of water are produced®.
2.1. Composition

Water produced from a geological formation has been trapped there for millions of years.
The composition of the produced water is further changed during various production steps.
As a consequence, it is extremely complex and varies from field to field. Major constituents
of the produced water are®: dispersed hydrocarbons, dissolved inorganic and organic
compounds, solid particles, production chemicals, dissolved gases and heavy metals.

General properties of PW are listed in Table 2-1.

Table 2-1 Basic properties of produced water and seawater. Based on> 7

Produced water
Parameter Seawater
North Sea World
Density [kg/m?3] 1014-1 085 1014-1 140 1020-1 029
Temperature [°C] 3-80 N/D 3-17
pH 6-7.7 4.3-10 7.6-8.3
Surface tension [mN/m] N/D 43-78 72-73
Total Organic Carbon
0-1500 100-1 000 0-1
[mg/dm?]
Chloride [g/dm3] 12.4-100 0.08-200 18.8-20.8

2.1.1. Dissolved minerals

Water trapped in a geological formation continuously dissolves the mineral material of the
reservoir. The type of the formation determines the composition of the brine. Produced water
contains various anions and cations, as well as heavy metals and even naturally occurring
radioactive materials®. Table 2-2 provides an overview of different ions that are usually found

in the North Sea produced water, together with a comparison to seawater.



Table 2-2 Concentrations of inorganic ions in produced water and seawater. Based on”.

lon Concentration [mg/dm3]
Produced water Seawater
(ol 12 400-81 000 18 800-20 800
HCOs 420-1430 134-155
S04%* 18-1 650 2 810-2 960
Na* 5 000-43 600 10 700-11 500
K* 160-744 472-564
Mg?* 25-791 1180-1322
Ca%* 151-5 700 393-427
Fe2/3+ 1-33 0-0.5
BaZ* 1-218 0-0.1

These anions and cations can affect production processes in terms of scaling’®,

separation!?®3 and environmental issues!®.
2.1.2. Solid particles

A variety of solid state materials can be present in the produced water, including formation
solids, inorganic scale, wax and asphaltene precipitates, gas hydrates and dead
microorganisms®. All of these can contribute to the stabilization of emulsions® or flow
assurance problems'®. The extent of precipitation can be managed with an injection of
inhibitors (wax, scale, hydrates, corrosion) or adequate treatment of the injection water

(bacteria, scale).
2.1.3. Dispersed oil

In the produced water crude oil is dispersed in the form of micron-sized droplets. They appear
in the water phase as a result of turbulent flow and pressure drops, which can induce mixing
between oil and water, and facilitate dispersion of drops. Their removal is the primary
objective during most of the produced water treatment (PWT) processes. The approximate

drop size and oil concentration after each water treatment stage is presented in Figure 2-2.



Produced wa_lter After primary After After tertiary
from a gravity secondary
treatment treatment
separator treatment
Size range [pm] >100-150 0-15 0-5
Dispersed oil concentration [mg/I] 500-1000 10-300 10-40

Figure 2-2 Drop size and oil concentration from different water treatment processes.
(based on'%). Below typical appearance of produced water with the oil-in-water concentration from

appropriate concentration ranges.

Except of the last stage, all PWT processes rely, to a lesser or greater extent, on the droplet
size distribution. In produced water, droplets below 100 um are considered metastable. Their
rising velocity is too low for them to separate from water during standard gravity separation.
The majority of environmental regulations specifies only limitation of the dispersed (or total)
oil-in-water®. On the Norwegian Continental Shelf this limit is set to 30 ppm?4, however an
implementation of the Zero Harmful Discharge Policy by the Norwegian government is
ongoing. This regulation greatly reduces the dispersed oil limit for the discharge water and

additionally aims at decreasing the concentration of the dissolved organics.
2.1.4. Dissolved organics

Certain components of crude oil can be water-soluble. Formation water spends millions of
years in contact with hydrocarbons, during which some partitioning from the oil to the water
phase may occur. Further transfer of water-soluble crude oil components can take place
during the production and processing of fluids due to changes in fluid properties and solubility
conditions. Several papers reported the complexity of the dissolved organics found in the
produced water® 226, Figure 2-3 illustrates the averaged concentration of different organic

species in the PW samples from the Norwegian Continental Shelf?’.



Dissolved components in PW Distribution of organic acids
== Formic acid
=== BTEX === Acetic acid

== PAH === Propanoic acid
=== Organic acids Butanoic acid

[
==== Phenols === Propanoic acid
==== Naphthenic acids (>C5)

Figure 2-3 Distribution of organic species and detailed distribution of organic acids in PW samples,

based on . BTEX — Benzene, Toluene, Ethylbenzene, Xylene; PAH — Polycyclic aromatic hydrocarbon.

The majority of the dissolved components is of acidic nature, mostly short-chained, such as
C1-C5 acids. Certain production chemicals, such as scale inhibitors or degreasers can also
contribute to the presence of organic acids®. Nevertheless, the predominant share of the
acidic species in the dissolved components in produced water was confirmed by other
reports®®. The acids are much more water-soluble than other non-polar species. This is
further enhanced by their low pKs and the salting-out effect, which can decrease the solubility
of pure hydrocarbons, compared to the polar ones?®. These dissolved components had

already been proven to influence the air-water surfaces?*-3! and oil-water interfaces®?.
2.1.5. Production chemicals

Various chemicals are added during the production of crude oil in order to keep control over
the process and mitigate issues affiliated with undesired phenomena, such as pipeline
blockage or corrosion of metal surfaces. These chemicals include®: (1) inhibitors against
bacterial growth, corrosion, foam, hydrate formation, asphaltene, scale and wax deposition;
(2) de-emulsifiers or flocculants and (3) chemicals for natural dehydration. The type and
concentration of the additives varies from field to field. Some of them are water-soluble and
can appear in the discharged PW composition. At the Norwegian Continental Shelf,
most of the production chemicals are from the “green chemicals” category. It is classified as

having no or very minor effect on the natural environment33,



2.1.6. Dissolved gases

Produced water can also contain dissolved gases, especially COz, Oz and H3S. Their presence
is the effect of bacterial activity or chemical reactions in the PW®. The concentration of the
dissolved gases is highly dependent on the process conditions (pressure, temperature) and is
rather insignificant during the topside PW treatments. However, this may be different if the
separation is to be performed in a subsea produced water treatment facility, where the

dissolved gas can cause flow assurance problems3*.
2.2. Fate of produced water

Current trends indicate that the production of produced water will keep increasing. Oil
producers are required to deal with the gigantic volume of what is now considered a
production waste. Presently, the universally accepted practice is to treat PW to a specified
level and discharge it to sea or dispose of it in another way, for instance through re-injection
into a geological formation. However, in the past years, thanks to the advancement of
separation technologies, oil companies found other, more eco-friendly ways of dealing with

produced water that can turn this problematic by-product into a useful commodity.
2.2.1. Discharge

As discussed above, the most common way of managing produced water is to discharge it to
sea. More than 40% of the total PW volume is disposed into the environment®. According to
the newest data?’, approximately 75% of the produced waste water at the Norwegian

Continental Shelf is dealt with in that way (Figure 2-4).
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Figure 2-4 Volumes of discharged and reinjected produced water at the NCS. Data based on?’.

Local and international regulations ensure that the amount of harmful products present in
the waste stream is minimal, which decreases the potential damage to the marine

environment.
2.2.2. Re-injection

An increasingly more popular way of dealing with produced water is to re-inject it to an
underground formation, either for disposal or production boosting®. In the past, only
seawater was used as a pressure support during the secondary recovery stage, however more
oil producers switch to re-injection of PW instead, both for environmental and economical
reasons3®. Figure 2-4 also illustrates the slow, but steady increase of the produced water re-
injection (PWRI) percentage in the total volume of water produced. Re-injected PW is more

compatible with formation water, compared to seawater. This means less risk of scale

10



formation, H,S and bacteria growth34. In addition, all production chemicals, and dispersed and
dissolved oil components are being trapped in the underground geological formation, instead
of being discharged into the marine environment. Nevertheless, the injection of produced
water has to be carefully managed to avoid production issues including injectivity decline or
formation damage. Additionally, PWRI carries an increased risk of reservoir souring due to the
abundant presence of carbon sources (dissolved components) and increased concentration
of sulphate-reducing bacteria®’. These microorganisms were identified as a primary source of

H.S production, and therefore are the main cause of reservoir souring.
2.2.3. Reuse

Produced water can also be reused for other purposes, such as irrigation, livestock farming or
even drinking water> '8, This, however, is limited to only a few examples, and occurs mostly

in onshore operations in countries with water shortage.
2.3. Produced water treatment

The previous sections stressed the need for treating the produced water to certain quality in
order to minimize the harm it causes to the natural environment. The processes that aid in

meeting these requirements are typically divided into three categories:

e Primary produced water treatment, predominantly gravity-based separation,
targeting the dispersed oil and suspended solids;

e Secondary produced water treatment, such as gas flotation or filtration, focusing on
further reduction of the dispersed oil-in-water concentration;

e Tertiary produced water treatment, or water polishing step, targeting the smallest oil

drops and dissolved components, both organic and inorganic.

The overview of each PWT step is illustrated in Figure 2-5.

. w . . N

@ # Solid particles e - Smaller oil droplets + Remaining oil droplets
@@ Bigger oil droplets “= Dissolved components

Figure 2-5 Produced water treatment steps and targeted contaminants.
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2.3.1. Primary produced water treatment

After a bulk three-phase separation, produced water can contain up to 1000 ppm of
oil-in-water and up to 350 ppm of suspended solid particles®®. The majority of oil droplets are
below 150 pm in size3®, while the solid particle size distribution may reach as high as
millimetre size*°. The goal of the primary water treatment process is to reduce the oil-in-
water concentration well below 500 ppm and significantly decrease or completely remove
solid particles in certain size ranges to avoid settling in process facilities or during re-injection
to the formation3®. Two types of separators are typically used in the primary PWT: gravity

settlers and hydrocyclones.
e Gravity separator (skimmer)

Like the three-phase separator, the gravity separator for the produced water treatment

utilizes the density difference between the two separated phases (Figure 2-6).

Gas

Water Oil

Figure 2-6 Gravity separator for primary PWT.

The contaminated produced water enters the skimmer from one side. As a consequence of
the lower oil density, the dispersed droplets start to move upwards and form an oil layer on
the top of the water surface. The skimmed oil is collected, typically after passing over a baffle
shown in Figure 2-6. The baffle also blocks the flow of the purified water and directs it towards
the water outlet. The droplet velocity can be calculated with the Stokes law (Equation 1):

_Apxgxd®
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where Ap is the density difference, g is the standard gravity, d is the droplet diameter and u
is the viscosity of the continuous phase. It can be concluded that the drop size has the biggest
impact on the separation rate, as both density and the viscosity of water are affected only
marginally by the process conditions (pressure, temperature). The gravity separator is
relatively insensitive to the inlet oil-in-water concentration, but it requires high retention
times for sufficient separation. Its footprint can be reduced with certain modifications, for
instance by introducing plate coalescers that stimulate the growth of the droplet size. These
internal plates improve the coalescence process by decreasing the rising distance and
capturing droplets on the horizontally inclined plates. As a result, droplets can get in contact
with each other and, given enough time, merge into bigger particles which rise much faster.
With the addition of plate coalescers, the minimum drop size removed is reduced from

approximately 150 um for the standard gravity separators to 20-40 um in the modified units*!.
e Hydrocyclone

Hydrocyclones, or enhanced gravity separators, utilize the centrifugal force to remove the

dispersed oil droplets from water (Figure 2-7).

Qil

Water
Figure 2-7 Hydrocyclonic produced water treatment.
The produced water enters the separator through a tangential inlet. It creates a vortex that

swirls downwards the reducing section with an increasing velocity. The lighter phase is pushed

towards the central core of the unit, where the upward reject flow removes the separated
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oil. At the same time, the purified aqueous phase is pushed towards the walls of the separator
and exits the hydrocyclone from the bottom. Larger droplets are removed in the upper part
of the separator, whereas higher centrifugal forces and lower rising distance facilitates
separation of smaller particles in the lower part. Unlike gravity separators, hydrocyclones
require a minimum pressure of 7 bar in order to obtain high separation efficiencies and
effectively remove droplets down to 10-20 pum in size3. Their compact size and robustness
makes them good candidates for offshore produced water treatment. Cyclonic separation is

also often utilized for sand management processes®.
2.3.2. Secondary produced water treatment

The initial PW treatment usually reduces the oil-in-water concentration to 100-500 ppm and
removes the droplets as small as 20 um in diameter. The level of pollution in the water phase
is still too high to be safely discharged and the water quality is insufficient to reach most of
the re-injection specifications. The most common technique in secondary PWT is gas
flotation, however recently membrane processes are also being considered as a viable option
for further treatment of produced water. Both these methods can provide high separation
efficiency. However, their performance decreases considerably when the initial oil-in-water

concentration exceeds 500 ppm.
e Gas flotation

Gas flotation is a technique that relies on the generation and dispersion of very fine gas
bubbles in water. These bubbles attach to the dispersed contaminant and, with increased size
and enhanced density difference, rise to the surface, where the pollutant can be removed.
Two types of flotation, distinguished by the bubble generation method, are used in the oilfield

water treatment: induced and dissolved gas flotation (IGF and DGF, respectively).

In IGF, the gas bubbles are dispersed with either an eductor or by mechanical rotors. In the
first type, the flow of the recycled water sucks the gas in the stream and is ejected through a
nozzle, creating a jet of gas bubbles. Figure 2-8 shows the induced gas flotation with a

hydraulic eductor.
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Gas

Qil

Oily water

Clean water

Figure 2-8 Induced gas flotation unit.

In the other type, motor-driven rotors are drawing gas from above the liquid and dispersing

it into the water. The bubble size range in IGF is usually between 100 and 1000 um*2.

The dissolved gas flotation relies on nucleation of bubbles in an oversaturated water or oil
phase. For example, part of the clean water is pressurized in the presence of gas in
a saturation vessel and re-introduced to the flotation unit, where the decreased pressure

forces the gas to break out of the solution in the form of small bubbles (Figure 2-9).

Gas

I

Clean water
Qil
é?Gas
Saturation
Oily water vessel

Figure 2-9 Dissolved gas flotation.

The amount of dissolved gas can be boosted by increasing the pressure in the saturation
vessel to improve the separation performance. The typical size range of gas bubbles in DGF is

below 100 um*2.
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IGF is more frequently used in the produced water treatment. Still, the dissolved gas flotation
occurs to some extent in the degasser drums, where the remaining dissolved gas is removed
from the water phase by pressure reduction. In both types of flotation, natural gas is
commonly used to avoid the presence of oxygen in the process*2. Flotation can be aided by
the addition of flocculants, which increases the size of the dispersed particles and
consequently improves the performance of the process. This treatment method can remove
up to 95% of the dispersed oil in water and particles down to 5 um#!. At this point, the

produced water can be discharged to the environment.
e Membrane filtration

Recently, membrane technology (micro- and ultrafiltration) is considered a promising
alternative for secondary produced water treatment. This process can reduce the oil
concentration in treated water below 5 mg/L and also remove droplets with few micrometres
in diameter®3, In contrast to gas flotation units, membrane treatment is reported to also lower
the concentration of the dissolved components®. Typically, ceramic membranes are
preferred over the polymer type, due to higher chemical, mechanical and thermal resistance.
One of the biggest obstacles in the application of this treatment in the PWT is the fouling
process. Over time, the membrane pores will clog with residual oil and particles. This will
gradually decrease the permeability of the membrane and reduce its performance. Therefore,

cleaning and proper maintenance are critical to ensure robustness and efficient separation.
2.3.3. Tertiary produced water treatment

Tertiary PWT, or water polishing step, usually aims at almost complete removal of the
dispersed oil and considerable reduction of the dissolved organic and/or inorganic

components from the water phase. Various treatments can be applied to obtain this goal>2:

e lon exchange (replacement of metal ions);

e Adsorption on activated carbon or synthetic zeolites (removal of dissolved organics);

e Membrane filtration — nanofiltration and reverse osmosis (reduction of salinity and
dissolved organics concentration);

e Gas stripping (elimination of volatile components);

e Biological treatment (removal of dissolved organics);

e Extraction with liquid condensate (elimination of dissolved organics).
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3. Subsea production and processing

Qil producers are slowly running out of hydrocarbon reservoirs, which are easily accessible
with relatively simple technological solutions. The remaining crude oil and gas is typically
located offshore, in more remote places (>200 km from the nearest shore) and deeper waters
(>2000 m). In addition, the climate conditions of those places are usually more uncertain and
extreme. Examples include oil- and gas fields in the Barents Sea or deep-water oil supplies in

the Gulf of Mexico and off the Brazilian coast.

Subsea technology is of growing interest in the production and processing of crude oil and
gas. Subsea wells, multiphase pumps and seabed separation are currently considered as
feasible options for many green and brown oilfields*. The application of subsea systems can
extend the lifetime of existing fields and increase the overall recovery. Furthermore, partial
or complete separation on the seabed can de-bottleneck processing facilities through
removal of water. Subsea production also opens the possibility of gaining access to more
remote hydrocarbon reservoirs in harsher environments through eliminating the need for

manned production platforms. A futuristic vision of a subsea factory is depicted in Figure 3-1.

The Statoil Subsea Factory™

Oil export

Sea water injection Oil storage Oil pump
template with pumping Gas export

Gas compression
_Produced water Power distribution
injection template

and control

\

Gas, oil, produced
‘water separation
Manifold
Production
template

% Production
<& template =

injection pump

ROV
intervention

Figure 3-1 The Statoil Subsea Factory™ illustration.
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In this system, produced fluids from different templates are combined in a manifold and
pumped to a separation module. The gas, after reaching export quality, is compressed and
exported. Dewatered crude oil can be stored in seabed tanks or pumped to an oil tanker. The
separated produced water finds its way back to the reservoir for production support. The
subsea technology differs from the conventional equipment as the process takes place much
closer to the well, where the operating pressure and temperature are significantly higher than
what is expected topside. Even the most proven solutions need to be requalified for subsea

use. Figure 3-2 illustrates the status of maturity for subsea processing technologies.

Technology maturity and qualification status

>

Figure 3-2 Status of maturity for the subsea production and processing technology. Based on®.

Most of the major separation and transportation technologies are qualified for the subsea
applications. Still, several processes, that are crucial during the production of hydrocarbons,
require additional development. Further treatment of the produced fluids and processes
related to flow assurance are among the most pressing issues to address within the subsea
production and processing of petroleum products. Subsea systems are required to be
mechanically and operationally robust to avoid frequent maintenance and failure. Major part
of the instrumentation is divided into modules for easier installation, replacement and
decommissioning. Also for this reason, the subsea processing units are usually much more
compact compared to the topside facilities. They must sustain high external and internal
pressure, and high temperature gradient between the produced fluids and the surrounding

water. The fluid behaviour in the high pressure/temperature conditions will also be different.

Nevertheless, the advantages of subsea treatment may outweigh strict requirements for the
processing units. Closer proximity to the well can reduce the wellhead pressure and help

stabilize the flow of the produced fluids. In addition, higher pressure and temperature should
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facilitate a more effective bulk separation process resulting from the decreased viscosities,
increased density difference and avoided issues with asphaltene or wax precipitation.
Regarding water treatment, partial or complete removal of water at the seabed offers more
compact topside facilities, reduced use of chemicals and decreased backpressure on the
reservoir3*, Subsea-treated produced water will still be pressurized, which lowers the
required pumping energy to re-inject it. All in all, the idea of a complete subsea factory,

envisioned by several oil producers, should lead to reduced CAPEX, increased hydrocarbon

recovery and lower environmental footprint.
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4. Fundamental phenomena involved in separation processes

Like many industrial processes, the produced water treatment is quite complicated, and is
influenced by various parameters. Emulsions, such as produced water, are inherently
unstable and given enough time they will phase-separate. During the production process,
however, the residence time of fluids in separators is limited, therefore fast and efficient
separation is critical. The efficiency of separation processes can be broken down to several
crucial factors. On the one hand, the design of the separator, fluid dynamics or physical
properties of the phases are extremely important when considering the performance of the
process. On the other hand, fundamental phenomena occurring in gravity separators,
hydrocyclones and gas flotation units will also have great influence on the efficiency of the
produced water treatment. While many researchers focus on the process parameters, such
as liquid recycle percentage or gas-to-liquid ratio, the fundamental part of separation is often
overlooked. Understanding the interactions between droplets, and droplets and bubbles in
crude oil systems is usually more elusive due to the extreme complexity of the fluids involved.
Nevertheless, these interactions are important and can determine the performance of the

entire produced water system.

The following sections will describe mechanisms and important aspects of the dispersion
stability, oil droplet coalescence and bubble-drop interactions. These phenomena were
identified as crucial during the most common produced water treatments, like gravity or

enhanced gravity separation, and gas flotation.
4.1. Dispersion stability

Dispersions consist of at least one phase dispersed in another continuous phase. Dispersions
are thermodynamically unstable. Therefore, in the absence of any stabilizing mechanisms, the
involved phases will separate. Basically, their stability depends on the attractive and repulsive
forces, and their relative magnitude, and other important factors, including the dispersed
particle size and the physicochemical properties of the phases. Especially the presence of
surface-active molecules contributes to the stability of dispersions through increased
repulsion between the dispersed particles?®. The presence of ionic surfactants will give rise to
electrostatic repulsions, whereas steric repulsion will often be the effect of polymers or non-

ionic surfactants at the interface. These effects, together with other molecular interaction
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forces, are described further in the next section. Dispersions can be destabilized through

gravity forces (creaming or sedimentation), flocculation, coalescence or Ostwald ripening.
4.2. Droplet coalescence

Merging of two fluid particles, or coalescence, is one of the main mechanisms of droplet
growth in dispersed systems. Together with particle break-up, it is relevant to many industrial
processes involving multiphase flow. The equilibrium between the two phenomena will
govern the size distribution and the stability of the dispersed phase, which in turn will

determine the properties of the dispersion and can influence the characteristics of the flow.

There are several theories proposed for the coalescence process. The most popular and
generally accepted is the film drainage model, developed by Shinnar and Church?’. It states
that the coalescence of two fluid particles is limited by the drainage of the thin film of the
continuous phase, formed between the interfaces. Thus, coalescence is usually divided into
three subprocesses: collision of particles, drainage of the thin film and film rupture®®. These

stages are depicted in Figure 4-1.

88 &0

Figure 4-1 Coalescing oil droplets. From left to right: Pending collision between drops, film drainage,

film rupture and newly formed drop.

The collisions between fluid particles are frequently a function of the flow, however they can
occur through different mechanisms. Bubbles or droplets can collide with each other via
fluctuating turbulent velocity of the continuous phase, for example induced by mixing.
Another mechanism involves local velocity gradients, where the colliding fluid particles are in
two different, high- and low-velocity fields. Two droplets can also encounter each other when
captured by a single turbulent eddy. Lastly, fluid particles of dissimilar sizes will experience
various buoyancy forces. Therefore, they will have different creaming (or sedimenting)

velocities that can lead to a collision. If dispersed bubbles or droplets are small enough, their
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thermal motion (Brownian motion) should also be considered as a process leading to

collisions.

The force upon collision is determined by the hydrodynamic characteristics of the flow, in
which the droplets are moving. If this force is too large, the droplets may simply bounce off
each other. However, if the fluid particles stay in contact after the collision, a thin film of the
continuous phase is formed. Due to the thickness of this film, certain molecular forces acting
on it are no longer negligible and become of similar magnitude as the hydrodynamic forces.
These surface forces are usually a combination of van der Waals forces, electrostatic

repulsion, steric and hydrophobic interactions.

The van der Waals forces are averaged intermolecular dipole-dipole interactions, consisting
of three major contributions: (1) Keesom force, between two permanent dipoles; (2) Debye
force, between a permanent and an induced dipole; (3) London dispersion force, between
two induced dipoles. These forces are in most cases attractive and relatively short-range.
Electrostatic repulsion is effective when the electrical double layers from two surfaces start
to overlap each other. It arises from the presence of negatively or positively charged ions at
the vicinity of interfaces. Both air-water and oil-water interfaces typically exhibit negative
charge due to preferential adsorption of hydroxyl ions*-, Electrostatic repulsion can occur
through the presence of ionic surfactants. The extent of the electrical double layer is reduced
by the addition of an electrolyte. Steric interactions are typically observed in systems with
non-ionic surfactants or polymers. The repulsive effect takes place through the decrease of
entropy and excluded volume effect during confinement of polymeric chains. Attraction may
occur when the polymers are in poor solvent or when the two opposite ends of molecules
adsorb to another approaching surface. Besides, the presence of either type of surfactants
may invoke additional interfacial effects. First, upon collision and onset of film drainage, the
motion of the liquid disturbs the interfacial distribution of surfactants, creating a
concentration gradient. As a result, molecules in the higher concentration region will transfer
towards the regions of lower concentration, creating a flux in the opposite direction of the
film drainage process. This so-called Marangoni effect can retard the film thinning rate®.
Secondly, the interfacial concentration gradient also causes a flux of solvent into the region
with high concentration through the osmotic effect. This is caused by the differences in the

chemical potential and can occur in systems with both ionic and non-ionic surfactants. In
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addition, the surface-active components can influence the rheological properties of the
interface, causing further changes in the film drainage process®?. The origin of the
hydrophobic surface forces is still elusive. In general, the literature sources agree that they
can be divided into at least two categories®': attraction caused by the presence of the
dissolved gas, and the ordering of water molecules at the vicinity of hydrophobic surfaces.
The dissolved gas molecules in the water phase will preferentially adsorb at hydrophobic
surfaces, which can lead to the formation of nanobubbles®®. Upon approach, these
nanobubbles can form gaseous bridges, giving rise to an attractive force that can facilitate
coalescence. The removal of the dissolved gases from the water phase was reported to
significantly reduce the attraction between hydrophobic oil drops and result in the formation

of very stable surfactant-free oil-in-water emulsions®>>,

Finally, the droplets have to stay in contact sufficiently long for the film to be drained to a
critical thickness and rupture. At this critical thickness, the attractive forces start to dominate
and destabilize the film, causing it to break. The critical thickness depends on the fluid
parameters and the drop size; nevertheless it should be in the range of tens to hundreds of

angstréms>®. The drainage time is usually orders of magnitude higher than the rupture time>’.

It has been shown that only a fraction of collisions results in merging. The remaining drops
have too high approach velocity that results in bouncing-off, not sufficient energy to
overcome the energy barrier or shorter contact time than drainage time. Therefore, the film
drainage and contact times can be considered as one of the rate determining steps of the
coalescence process. There are many mathematical models for calculating contact and
drainage times®®. Their applicability depends greatly on the dispersion properties (fluids, drop

sizes, deformability of particles and mobility of interfaces) and flow characteristics.
4.3. Bubble-droplet interactions

Interactions between gas bubbles and liquid droplets requires the presence of at least three
phases — two immiscible liquids and a gas. In flotation units, the gas is dispersed in order to
remove the droplets or particles suspended in water. Like the coalescence process, the
interactions of gas bubbles and droplets can also be divided into three separate parts:

encounter (collision), film drainage and rupture or detachment (Figure 4-2).
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Figure 4-2 Snapshots of a droplet spreading around a bubble. From left to right: approach (first two

pictures), contact, thin film breakage, spreading and an oil-coated bubble.

A collision between a droplet and a bubble can occur through couple of different
mechanisms>8. The first is due to gravity action and the density difference between the bubble
and the droplet. The less dense bubble will rise faster than the oil drop with higher density.
The latter will appear to fall on the surface of the bubble and follow the water streams around
it, resulting in quite low encounter efficiency. In the interception mechanism, the movement
of fluid particles is due to an external flow, thus the densities do not play a significant role.
However, during gas flotation both mechanisms frequently occur simultaneously. In general,
a bubble rises 10 to 100 times faster than an oil droplet. Inertial impact happens when the
droplet’s inertia is high enough for it to deviate from the water streamlines, created by a
bubble. This can take place, for instance, during centrifugal flotation. The last mechanism
describes the behaviour of bubbles and droplets in turbulent eddies. Both gas and oil (in most
cases) have lower density than the continuous water phase, so the bubbles and drops tend
to locate themselves in the centre of a turbulent eddy. Consequently, this mechanism has a

very high encounter efficiency.

Once encountered, a thin liquid film is created between the drop and the gas bubble, and
needs to be drained before the oil droplet can attach to the gas bubble. The rate of drainage
is determined by the same surface forces as described in the section above. The resulting

attachment is governed by the spreading (Sow) and entry coefficients (Eow) defined as®:

Sow = Ywg ~ Yow ~ Yog (2)

Eow = Ywg + Yow — Yog 3)
where yug is the surface tension of water against gas phase, yow is the interfacial tension
between oil and water, and yoq is the surface tension of oil against gas. If the value of the
spreading coefficient is positive, the spreading of oil on gas (i.e. removing water-gas interface)
will be favourable from a thermodynamic point of view. A negative entry coefficient means

that the oil droplet will not be able to enter the bubble surface, which can occur in systems
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with high surfactant concentrations. In gas flotation the spreading coefficient should always

be above zero.

The possible outcome of droplet-bubble encounter also greatly depends on their size ratio.

Some possible configurations of droplet-bubble attachment are depicted in Figure 4-3.

Oil film Oil lens Point attachment Gas bubble cluster

O .o, e

T . Oil droplet

A

Gas bubble

Figure 4-3 Mechanisms of oil droplet encounter and capture by gas bubbles.

Full encapsulation occurs when a droplet, upon contact with a gas bubble, spreads around it
and forms an oil film on the surface of the bubble. This provides the most stable bond
between the oil and gas, and minimizes the detachment probability. In addition, other
droplets are likely to coalesce with an oil-coated bubble. If the droplet is too small for full
encapsulation, the oil can form a lens inside the bubble, however this aggregate is less
resistant against turbulence, often present in a flotation unit. When the spreading coefficient
is negative, or the drop is significantly smaller than the gas bubble, the drop can attach to the
surface of the bubble or become entrapped in the hydrodynamic wake of a rising bubble. This,
however, provides a very weak bond between the bubble and the drop, and can very likely
result in detachment. Another mechanism occurs when bubble clusters, stable against
coalescence, form a “pillow” that physically lifts dispersed droplets. In the dissolved gas

flotation, gas bubbles can also nucleate on the surface or within the droplets. This, however,
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requires a significant pressure drop, and at the same time much finer gas bubbles are

produced, which can aid in the separation process®°.

Like the coalescence process, the efficiency of the bubble-droplet aggregation is determined
by the contact and drainage (induction) times. If the average contact time is shorter than the
time needed for the film to drain, the oil drop will not attach itself to the gas bubble. This will
reduce the performance of gas flotation. The rupture time, or in this case coverage time, is

expected to be more significant, compared to the coalescence process®e.
4.4. Fundamental aspects of produced water treatment

In general, the coalescence of crude oil drops proceeds in a similar fashion as described above.
When the droplets collide, a thin film is formed. It must be drained in order for the droplets
to merge together. As the process often occurs in high-salinity water, the electrostatic
repulsion is rather insignificant. However, certain components of crude oil are surface-active
and can diffuse to the oil-water interface. These molecules can affect the coalescence process
in various ways, for instance by slowing down the drainage through the Marangoni effect or
changing the viscoelastic properties of the interface. The changes in the water pH and
temperature may result in diffusion of different components to the oil-water interface or
even their partitioning to the water phase®'. The type of the water-soluble components
strongly depends on the crude 0il*°. Besides, the stability of drops against coalescence may
be further affected by the presence of other dissolved and dispersed components in the
produced water®?, such as small particles, low-molecular organic species, multivalent
inorganic ions or production chemicals®. It should also be noted that the crude oil droplets
in the produced water stream are exposed to some level of turbulence, which may induce

their break-up.

The interactions between gas bubbles and oil droplets may be affected in the same way. The
crude oil composition plays an important role in the film thinning rate®®. Moreover, the
adsorption of the surface-active compounds at the oil-water interface influences the film
drainage and oil attachment to bubbles. The high salinity does not only reduce the
electrostatic repulsion, but also decreases the coalescence between bubbles®®. At the same
time, the dissolved components present in the water phase will adsorb at the air-water

interface, causing additional changes to the system. The adsorption at the bubble surface will
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be affected by the water composition and the type of the adsorbed molecules?. As a result,
bubbles may be more or less prone to coalesce with each other. A different size distribution
of bubbles can greatly impact the bubble-droplet interactions. Overall, the underlying
mechanisms of the gas flotation process were shown to have an effect on the oil removal

efficiency®®, however still require more fundamental understanding.
4.5. Methodology for studying fundamental interactions

Several techniques can be utilized to study the interfacial behaviour of droplets and bubbles.
Many of them are well established and have been used for decades, while some are relatively
new and not yet very widespread. Their applicability and usefulness often depend on the

studied system and the expected information from the experiments.

One of the most common method of assessing dispersion stability is microscopy. A sample of
a previously prepared dispersion is put on a glass slide or in a cuvette, and analysed with a
microscope. A camera connected to the microscope is used to capture the images of the
dispersed particles. Later, these pictures can be processed with an image analysis software to
obtain average drop sizes or drop size distributions. Due to its simplicity and versatility, this
method is used quite often to analyse drop size distributions of both oil-in-water®” and water-
in-0il®® emulsions in petroleum-related research. This, however, provides only the
information after the process, for example after the addition of a de-emulsifier, and gives no
insight about the in-situ de-emulsification process. Optical analysis can also be used to study
the behaviour of dispersed phases in bubble columns®-7°, Since the volumes and bubble sizes
are usually much larger, a microscope is not necessary, and the pictures can be taken with a

simple camera.

The measurements of drop size distributions were improved with the introduction of light
scattering techniques. They work on the principle that particles of different sizes scatter light
at specific angles. The intensity of the scattered light can later be transformed into a size
distribution by using the Fraunhofer Approximation or Mie Theory. Contrary to microscopy
systems, light scattering instruments can be coupled to a flow system (for example, a stirred
tank) and allow to directly follow the dynamic changes of drop sizes during the experiment.
As a result, the system can be characterized not only by the size distributions, but also the

kinetics of the coalescence and breakage phenomena. Recently, light scattering methods are
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used for studying the effect of various parameters on the oil droplet size distribution in water,
such as mixing time and speed’*7?, volume fraction of the dispersed phase’3, presence of EOR
chemicals®” and water composition’®. Nevertheless, that type of instrumentation describes
the bulk behaviour of dispersions and gives little information about the individual drop

behaviour.

Surface force apparatus (SFA) is a group of extremely sensitive instruments, designed to
measure interaction forces at very small distances (sub-nanometre). They can be used to
measure all kinds of fundamental interactions between surfaces, such as van der Waals
attraction, electrostatic and steric repulsion, capillary and adhesion forces or hydrophobic
interactions’>. One example from the SFA group of instruments is atomic force microscope
(AFM). It scans a surface with a sharp, flexible cantilever, which movement is detected and
converted into the force of interaction. It allows measurements of not only the mechanical
properties of a surface, but also the interaction forces between a surface and the cantilever
tip. The precision of the instrument is high enough to measure the forces in the Angstrom
range. Among other things, it was used for the measurement of the van der Waals forces’®

and hydrophobic interactions between surfaces in water phase’’-78.

Interfacial properties of single drops or bubbles can be studied with drop tensiometers, like
pendant drop or spinning drop tensiometer. Both techniques rely on the video analysis of the
drop shape. In the pendant drop method, a drop is suspended from a capillary, immersed in
a bulk phase. The deformation of the drop depends on its weight and interfacial tension (IFT).
With the known volume and densities of both phases, the dedicated software can convert the
drop shape into a value of interfacial tension through Young-Laplace equation. In addition,
one can introduce oscillations to the drop volume, which allows measurement of the
viscoelastic properties of the interface. In spinning drop tensiometry, a drop is suspended in
the centre of a rotating capillary as a result of the centrifugal force. The elongation of the drop
is determined by the interfacial tension, rotation speed and physical properties of the phases.
By knowing the last two, the IFT can be calculated with Vonnegut or Young-Laplace approach.
The spinning drop tensiometers are used for measuring extremely low values of the interfacial
tension (below 1 mN/m), whereas pendant drop tensiometers are more precise in the higher

ranges of the IFT. Both methods are often employed in petroleum research’®®2, however they

28



can only be used to study the interfacial behaviour of single drops and not interactions

between them.

A setup similar to the pendant drop apparatus may be used to follow the interactions
between a droplet and an interface, both in liquid-liquid®-%* and gas-liquid systems®. The
droplet is generated through a capillary and once released, rises (or falls) to an interface. After
sufficient time (i.e. drainage time), the thin film breaks and the droplet merges with an
interface. The entire experiment can be recorded with a camera, which allows to determine
the drainage time. Further modification of this setup included adding another capillary to
generate two similar drops simultaneously, and following their coalescence®®. Such a setup
can be utilized for conducting coalescence experiments between two droplets?’, bubbles®® or
a droplet and a bubble®®. While the aforementioned techniques allow investigating
interactions between single drops in a highly controlled way, the experimental environment
is quite static. As a consequence, the time scale of the results may differ significantly from a

process occurring in dynamic flow conditions.

Recently, a new microfluidic methodology has been proposed as an alternative tool to study

the emulsion stability. This will be described in detail in the following chapter.

29



5. Microfluidics
In the past several years, miniaturization of processes related to the biological and chemical
research fields has become increasingly popular. The obvious advantages of smaller footprint
and cost of instrumentation, together with the ability to study the fundamental, but equally
important aspects of certain processes, are just some qualities sought after by researchers
both in the academic and industrial circles. For more than 20 years now microfluidics has

played a key role in the popularization of microstructured devices.

Microfluidics deals with the control of fluids in channels with at least one dimension in the
micrometre size range. The flow in the channels can be manipulated and monitored with
internal sensors and valves or by external auxiliary equipment. Additionally, microfluidics is
also concerned with the development of microsystems, composed of small channels and
miniaturized, integrated devices. The possibility of incorporating various tools in one device
gave rise to the name ‘Lab-on-a-Chip’ (LOC). At the same time, it is possible to couple
microfluidic devices with more conventional techniques, for instance spectroscopy or
chromatography instrumentation. Depending on the application, microfluidic devices can be
made out of glass, silicon, polymers, paper or even metals with the use of various
manufacturing techniques, e.g. etching, deposition, injection moulding or lately also

3D printing®.

Microfluidic devices introduced several improvements, compared to the conventional bench

instruments, such as:

e High heat and mass transfer rates, thanks to the increased area-to-volume ratio;

e Significantly reduced sample and waste volumes;

e Decreased analysis time and cost per sample; increased reproducibility;

e Possibility of visualization of the desired phenomena;

e Less troublesome at demanding experimental conditions (high pressure, high

temperature).

At first, the application of microfluidics was limited to the chemistry field, where the low
volumes of the required reagents, shorter reaction time and high sensitivity were seen as
great improvements over the conventional methods®®. However, lately researchers in other

disciplines, such as biomedicine, cytology, nanotechnology and surface science, discovered
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that the microfluidic technology can be utilized in their respective fields as well. Both the
benefits of using microfluidics and the recent progress in the device manufacturing process

were crucial in the process of popularizing the technique.

One of the subcategories of microfluidics is droplet-based microfluidics. It is concerned with
creating discrete volumes of one or more phases in another, granted their mutual

immiscibility (Figure 5-1).
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Figure 5-1 Illustration of oil droplets in a continuous water phase.

Droplet microfluidics offers certain advantages that are beneficial to several research fields.
The flowing dispersed drops can easily be manipulated inside the microchannels, for instance
through sorting, merging, splitting, mixing or trapping®’. Small volumes of drops, together
with the characteristic for microfluidics enhanced mass and heat transfer, and mixing within
the drop, make it attractive for chemical analysis and reactions®2. These features are also
utilized in applications related to emulsion science®?, where quick diffusion of surface-active
molecules to the interface allows working in quasi-equilibrium conditions within very short
timescales. In addition, the continuous generation of monodisperse droplets allows

parallelization and high-throughput analyses.
5.1. Microfluidics in emulsion science

The application of droplet-based microfluidics for investigation of dispersions is quite recent.
However, being a very versatile method and offering high degree of control over dispersions
at a high rate, it became an important tool for conducting systematic studies on emulsions.
Due to the miniaturization aspects and the development of high-speed imaging, it is possible
to probe the behaviour of micron-sized droplets and on a very short timescale, which is often
the case in many industrial applications. In addition, the number of generated droplets per

unit time allows obtaining statistically relevant results faster than the standard methodology.
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The microfluidic studies on emulsions can be generally divided into three separate categories:

emulsification, destabilization and probing interfacial properties®.

In conventional methods, a dispersion is created through adding energy (e.g. mechanical
mixing or turbulence during flow) to the system, composed of at least two immiscible fluids.
In microfluidics, the droplets are most commonly created as a result of shear stress exerted
by the flow of the carrier fluid. The flow characteristics and fluid properties are often

described with a dimensionless capillary number (Equation 4):
Ca=%
a== (4)

where W is the viscosity of the continuous phase, v is the linear velocity and y is the interfacial
tension between both phases. In microfluidics, the value of capillary number ranges between
1073 and 10 %*. There are three main channel geometries that are used to generate droplets®:

cross-flow, flow focusing and co-flow (Figure 5-2).

F. Fe
Fe
rem s o=
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Fe
Cross-flow Flow focusing Co-flow

Figure 5-2 Main methods of droplet generation in microfluidic channels. F. and Fq are the flow rates

of the continuous and dispersed phases, respectively. In most cases F is higher than F.

In the cross-flow regime, droplets are created in a perpendicular T-junction, where the two
phases meet. The flow-focusing method for droplet generation relies on squeezing the
dispersed phase by two counter-flowing streams of the continuous phase. In the co-flow
design, all phases flow in the same direction and droplets are formed through either dripping
or jetting regimes. All of the mentioned geometries ensure high monodispersity of the

produced droplets. The size and droplet production rate is mostly controlled by the flow rates
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of the phases, however other parameters, such as physicochemical and interfacial properties
of the phases or channel dimensions also play a role®>. Consequently, the number of produced

droplets may vary between a few to tens of thousands per second.

As discussed before, one of the main destabilization mechanisms of emulsions is coalescence.
This phenomenon has been the topic of many microfluidic-based studies, which underlines
the progress of microfluidics in this field. Generally, droplets can be merged with passive or
active approaches. Passive fusion occurs through collisions, caused by the droplet velocity
differences. These can be the result of either drop size differences®, channel restrictions®” or
simply local velocity gradients in the channels, induced by collisions or other coalescing
drops®. Active merging is most commonly obtained by subjecting drops to an electric field.
The so-called electrocoalescence can provide precise and highly controllable fusion between
droplets and has been widely investigated with regard to many various aspects of the process,
such as strength®® and type®® of the electric field, electrode design® or drop sizell.
Interestingly, electric field in digital microfluidics is used for very precise control of the
movement of drops inside the channels in order to mix, separate or store them2, Other types
of active fusion include localized heating!®® or changing the quality of a solvent!%. The
coalescence in both water-in-0il'%1% gand oil-in-water'?-19% gsystems has been quite
extensively investigated with microfluidic systems. Moreover, microfluidics was used for
determining the stability of gas bubbles in the continuous water phase'®11° Merging of
drops was commonly described by parameters such as coalescence frequency, rate and
time®> 111112 However, due to the quasi two-dimensional nature of channels, the droplets
are often squeezed between the top and bottom part of the channel, and consequently the
timescale of the studied events may differ significantly from real processes!!3. Regardless of

that, the observed trends should remain similar.

The interfacial properties of dispersions are extremely important for understanding their
stability. Due to the high area-to-volume ratio in microfluidic systems, the interfacial
equilibrium is achieved much faster, compared to the conventional methods. This is of
importance for evaluating the interfacial tension and rheology, both of which depend on the

interfacial mass transfer kinetics. Microfluidic tools proved to be useful in that regard as

We||114—117
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Altogether, droplet microfluidics has recently emerged as a tool for systematic studies of
interfacial properties and behaviour of dispersions, both foams and emulsions. Many
researchers, however, focused on the work with model systems. They are often too simplified

to be related to real-life, industrial applications, for example in the petroleum industry.
5.2. Petroleum-related applications of microfluidics

As it was mentioned before, crude oil is an extremely complex fluid, frequently with an origin-
specific composition and complicated interfacial behaviour. For this reason, it may be difficult
to draw general conclusions from even very extensive research with many crude oil samples,
and it is often necessary to perform experiments on a specific sample. A simple and fast tool
with small footprint, such as microfluidics, can be of interest for many analytical and research
applications within the petroleum industry!®. In recent years, one could observe an
increasing number of research papers and technological solutions, reported in this field*1°-12,
The literature reported to this date was published mostly in the last ten years and focuses
around three main aspects of crude oil-related research: fluid analysis, oil recovery and

fundamental aspects of separation processes.

Based on the advantageous features of microfluidics, like low amounts of sample and waste,
quick measurement times and high repeatability, it is potentially a good candidate to become
an alternative or even replace some of the conventional methods for analysing petroleum
fluids. First, microfluidic systems were applied in connection to PVT (pressure-volume-
temperature) and VLE (vapour-liquid equilibrium) measurements??123, important for
knowing the phase behaviour of produced fluids. With these methods, it was possible to
reduce the long equilibration time from hours to minutes, due to the efficient mass transfer
rate. A similar solution was also used for measuring gas-oil ratio (GOR) of petroleum
samples!?*, where it ensured accurate measurements at quickly reached equilibria. Other
examples include measurements of pressure-temperature phase diagrams!?®, and dew!?® or
bubble points!?’. Other parameters that were studied with microfluidics were diffusivity and
miscibility, both being of importance to oil recovery processes. For instance, during heavy oil
recovery a solvent can be injected in order to reduce the viscosity of the oil thus improving
the recovery. This process will depend on the diffusion rate of the solvent to bitumen. This
can be studied with a microfluidic setup presented by Fadaei et al.!?8. Optionally,
carbon dioxide can be used for the viscosity-reducing effect. Its diffusion in bitumen'?® and
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minimum miscibility pressure®3° was also studied with miniaturized systems. Finally, one of
the most important aspects during crude oil production is precipitation. Most commonly, this
occurs due to changes in the pressure, temperature or fluid composition. The information
about the extent and conditions facilitating precipitation in the produced fluids is vital for flow
assurance. Compared to the time- and reagent-consuming conventional protocols, the
microfluidic precipitation of asphaltenes is fast, economic and repeatable!3132 The
deposition of asphaltenes in porous media can also be investigated through microfluidic
means!33. Moreover, changes in the temperature may cause precipitation and agglomeration
of wax in crude oils. For this reason, crude oils are often characterized, among other things,
by the wax appearance temperature (WAT). Molla et al.’3* presented a microfluidic, pressure-
based technique for measuring WAT and the results were comparable with the industry-
standard method of cross-polar microscopy. The new method had a smaller footprint and was
operator-independent, which are great improvements. Other petroleum-related examples
involved extraction of certain fractions of crude oil with hexane'3> or assessing the boron

concentration in the produced water samples'3®,

Due to the transparent fabrication materials and channel sizes, microfluidics became a useful
tool for visual investigation of oil recovery processes. The pore sizes inside the reservoirs are
often of similar scale to what can be fabricated in microfluidics. Moreover, as argued by
Lifton2°, the new fabrication methods, like 3D printing, can provide an inexpensive and quick
way to reproduce very complex real-life reservoirs. For these reasons, the microfluidic
technique is a promising new methodology for studying pore-scale phenomena that occurs
during recovery processes. In addition, easier cleaning and re-use possibilities makes it a
viable candidate for screening tests. The so-called Reservoir-on-a-chip is quite widely used to
study common oil recovery techniques, such as water/surfactant'37-138, polymer'3® or foam
flooding'®141, Furthermore, research on heavy oil extraction can be assisted with
microfluidics. Detailed and systematic studies on alkaline flooding or steam-assisted gravity
drainage (SAGD) were reported by several research groups!**!44. Microfluidic-based
investigations can also provide proof-of-concept for new, promising ideas to improve oil
extraction. Examples may include nanofluid flooding'#> or nanoparticle-stabilized foams for

enhanced oil recovery#.
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The fundamental aspects of petroleum-related separation are a significantly less explored
topic within microfluidic research. Only a couple of papers reported the use of actual crude
oil products in their separation-oriented studies. Mostowfi et al.?*” developed a microfluidic
technique for assessing the stability of thin films in emulsions, prepared with diluted bitumen.
Among other things, their system was used for systematic studies on the effect of the de-
emulsifier concentration on the thin film stability. Another example was the work of Morin et
al.*8, who introduced a method to study the viscoelastic properties of the crude oil-brine
interface. In addition to different crude oil and water compositions, they were also able to
vary aging times and flow conditions during the measurement. A recent paper from
Nowbahar et al.1*° focused on the coalescence of water droplets dispersed in diluted bitumen.
They followed the destabilization kinetics of the water-in-oil-emulsion upon addition of
different de-emulsifiers. Other authors presented solutions that could also be applied in the
petroleum research, however the reported work involved only model components. This
included studying phenomena such as gas-liquid separation®®°, CO; absorption>'152, liquid-
liquid extraction'®® and coalescence of oil drops in water® 11, The latter contribution

constituted the foundation for part of the work presented in this thesis.
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6. Experimental techniques
6.1.  Microfluidics

One of the deliverables of this project was to design and assemble a microfluidic platform in
the Ugelstad Laboratory. In addition to the experimental work, related to studying
fundamental aspects of separation, the setup should also allow working with other projects
that are in line with the research scope of the group. First, a thorough literature review was
performed in order to identify the required parts for the new setup. It was revealed that the
entire platform can be divided into four main components: an inverted microscope,
a high-speed camera with an appropriate light source, a flow setup and microfluidic chips
with all the necessary parts providing a fluidic interface between the flow setup and the chips.
Inverted microscopes are often used in microfluidics, as the space above the observed
element is occupied by the tubing, which can obscure the field of view. High-speed imaging
(>1000 frames per second) is frequently required to visualize the fast-occurring phenomena
inside the microfluidic chip. This is a consequence of very small channels. The flow of the
fluids in the channels has to be easily controlled and monitored by the flow setup with precise
syringe pumps and pressure or temperature sensors. In our case the equipment had other,
more strict requirements. In addition to supplying a pulseless flow in low flow rates and high
pressures (>20 bar), it also had to be chemically resistant against various organic solvents. The
smallest, but extremely important part of the microfluidic platform are the chips, where the
phenomena takes place. The main criteria for them was the pressure and chemical resistance,

which limited the possible fabrication material to glass.

The major parts of the setup were ordered and delivered within 8 months. After assembly,
the first tests with simple drop generation were performed. Figure 6-1 illustrates the initial
layout of the setup (A), the design of the chip for achieving droplet generation (B) and a

snapshot of from one of the experiments involving formation of xylene drops in water (C).
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Chapter 6 - Experimental techniques

Figure 6-1 Early design of the microfluidic platform (A), chip type and size, compared to a five kroner

coin (B), and 60 um xylene drops generated in MQ water (C).

In general, the platform and the method performed well under high pressure, however more
experience was necessary to address several issues, occurring during trial runs. A research
stay in a well-established microfluidic laboratory was organized in the end of the first year of
the PhD project to get acquainted with other relevant equipment and learn the required
procedures. This took place over a period of one month in the Food Process Engineering group
at Wageningen University and Research in the Netherlands. It resulted in much needed
development of laboratory practices related to microfluidics. After further adjustments and
expansions of the microfluidic platform, and subsequent delivery of the custom-designed
microfluidic chips, the first repeatable experiments were performed. This coincided with the

midpoint of the PhD project.

The current configuration of the setup makes it a universal tool for studying various

phenomena. Figure 6-2 depicts the recent layout of the setup. The inverted microscope

38



(Nikon Ti-U [1]) with the connected high-speed camera (Photron AX100 [2]) and a LED light
source allow observing the events inside the chip at extremely high frame rate speeds (up to
500 000 frames per second). The flow setup (Cetoni Qmix [3]) ensures a stable flow of fluids
to a chip, placed in a chip holder (Micronit Microtechnologies [4]) and on the microscopic
stage. The computer-controlled software [5] grants the possibility of both control and
observation of the experiment. Other equipment, not shown in Figure 6-2, allows measuring

the flow of the phases or the use gases during the experiment. At the time of finalizing this

thesis, the design and fabrication of a heated setup is under way.

Figure 6-2 The Universal Microfluidic Platform in the Ugelstad Laboratory.

As mentioned earlier, one of the main requirements was the flexibility of the platform, so that
by simply changing the chip, one could perform entirely different experiments. This feature
was used during the work for the present thesis, where several chip designs were used to

study various aspects of the produced water treatment.
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Figure 6-3 Overview of the chip designs used during tests and experiments for the present work.

The top two chips in Figure 6-3 (OW1 and OW1a) were used to determine the coalescence
frequency of oil drops. They consisted of a T-junction for droplet generation, a meandering
channel and a wider chamber, where the drops could collide and undergo coalescence. Unlike
OW1a, the OW1 design had an additional inlet for the continuous phase in the beginning of
the coalescence chamber. The chips in the middle (OW3 and OW4) were designed to measure
the coalescence time between drops. OW3 included two T-junctions on both sides of a larger
coalescence chamber. After passing the meandering channels, the droplet underwent head-
on collisions that enabled recording of the entire coalescence process (collision, drainage and
merging of drops). The OW4 design consisted of only one T-junction, but after certain length,
the droplets were split into two smaller channels and delivered into a square channel.
Slower and diagonal flow in the square channel assisted in successful recording of the entire
process of merging. The last two chips were utilized for simultaneous generation of oil drops
(upper T-junction) and gas bubbles (lower T-junction) in the continuous water phase. Both
met in a wider chamber, where the oil drops could spread over the surface of the gas bubbles.
It should be noted that the OW1, OW1a and OW3 designs were based on the work of Krebs
et al.111-112_ Al chips were used during the PhD project, but some work has not yet been
published or needs further development. Specific details on the dimensions of the channels,

experimental and cleaning procedures can be found in the respective papers.
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6.1.1. Microfluidic coalescence of model oils and crude oils

The coalescence between oil drops, as a function of various parameters, was studied in Papers
2 and 3. Most of the results presented in both papers relied on the use of the chips OW1 and
OW1a for obtaining coalescence frequencies. Hence, the setup and method were relatively
similar. Both methods were described in detail in the manuscripts. The configuration of the

setup is depicted in Figure 6-4.
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Figure 6-4 Microfluidic setup for coalescence studies.

The flow rates of the continuous and dispersed phases were controlled by the syringe pumps,
fitted with glass or stainless-steel syringes. In most cases, the drop sizes were around 50-60
pum. The system pressure was controlled by a back-pressure regulator (BPR) and monitored
by pressure sensors at the inlet (Pi) and outlet (Po) of the chip holder. The total flow was
measured with a flowmeter (F). By varying both the continuous and dispersed phase
compositions, different coalescence behaviour was discovered. To analyse it, two sets of
images were recorded over a period of 1-1.5 seconds at 8 500 frames per second (fps).
The inlet (A in Figure 6-4) was recorded in order to retrieve the initial size and number of
droplets. Afterwards, a recording was taken further down the chamber (B in Figure 6-4) for
the analysis of coalescence events. When the model oils (xylene, heptane) were used, the

location of the second point was moved towards the middle of the channel due to extensive

41



coalescence. Next, the recorded images were processed with the Imagel software, first to
convert to a binary mask and then to retrieve the areas and centre of mass coordinates of the

detected drops within part of an image (Figure 6-5).
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Figure 6-5 Selected recorded frames (top) and frames after processing with ImageJ software.

The drops were usually smaller than the detection box (yellow frames in Figure 6-5), therefore
a single drop was detected several times over a number of consecutive frames (bigger drop
in frames 2 to 12 in Figure 6-5). The areas of the drops were found to increase linearly with
the number of coalescence events and, based on this, were sorted into several size classes.
The changes of X,Y coordinates of the droplets between the frames were used to calculate
their velocity. This, together with the width of the detection box and the average drop
diameter in each of the size classes allowed estimating the actual number of observed drops
of different sizes. The ratio between the initial and final number of drops (N; and Nj,
respectively) gave the mean relative size of a droplet and the average number of coalescence

events ((Nin/Ny) -1). The coalescence frequency was obtained from Equation 5:

f=-=L

tTES

N.
in_q

(5)

’

where the tres is the residence time, calculated by dividing the coalescence channel length by
the average drop velocity. Statistical analysis (t-Student, a=0.05) was performed for all results
to determine whether the differences between the data sets were statistically significant or

not.
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6.1.2. Microfluidic method for studying spreading of crude oil on gas bubbles

Another protocol was developed to study the fundamental aspects of gas flotation.
The experimental method, used in Paper 4, was analogous to the coalescence determination,

with only few modifications (Figure 6-6).
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Figure 6-6 Setup used for studying the fundamental aspects of gas flotation.

In addition to the T-junction for droplet generation, another was added to simultaneously
generate gas bubbles. The flow of the water and oil phases was controlled by the syringe
pumps, while the flow of gas was regulated by a gas flow controller. After passing through the
entire channel, some drops spread on the surface of the gas bubbles. Notably, the

coalescence between drops was negligible.

Similarly to the coalescence method, two sets of approx. 16 000 images (at 8 500 fps) were
recorded in the beginning and end of the wide channel (points A and B in Figure 6-6,
respectively). The former was used to retrieve the initial number of generated drops, whereas
the latter provided the information on the remaining droplets that did not spread on the gas

bubbles. The gas bubbles at the end of the channel were significantly larger than the oil drops.
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Based on that, the parameters in the image analysis tool were set so that only the objects
below a certain size were detected and counted. This effectively excluded the detection of

gas bubbles, as shown in Figure 6-7.
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Figure 6-7 Raw and processed images from microfluidic flotation experiments. From left to right:
frame with both oil (smaller) droplets and (bigger) gas bubbles; the same frame converted to a

binary mask and lastly the objects detected by the image processing tool.

The ratio of drops detected at the end of the channel to those in the beginning (i.e. removal

efficiency) served as a comparison parameter between all experimental conditions.
6.2.  Crude oil characterization

Six crude oils, denoted A to F, were obtained from the industrial partners in the SUBPRO
project and characterized as received. The in-house characterization included measurements
of the density, viscosity, total acid and base numbers (TAN and TBN, respectively), water
content, SARA and wax content. The separated SARA fractions were sent to the Qil and Gas
Institute in Cracow (Poland) to analyse the elemental composition (C, H, N, O and S content).
The interfacial tension of crude oils was measured against different water phases and by using

different techniques (pendant drop, spinning drop and du Noly ring method).
6.3. Produced water preparation and characterization

The synthetic produced water in Paper 1 was prepared by mixing 50/50 (v/v) brines and crude
oils. The two brines contained pure NaCl or NaCl with the addition of CaCl; to study the effect
of calcium ions. The ionic strength was kept constant for both solutions. The brines were
adjusted to three different pH levels. After mixing and two hours of gravity separation, the
water was extracted and analysed for pH, total organic carbon, oil concentration and drop
size distribution. In Paper 2, the NaCl brine was either used as is or degassed by

ultrasonication to remove the dissolved atmospheric gases. In the remaining papers, the
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water phase generally consisted of two brines at three pH levels. During some measurements,
the brines contained certain dissolved components (4-heptylbenzoic acid, Fluka acids or
water-soluble crude oil components). The details on the respective experimental procedures

can be found in the papers.
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7. Main results
Paper 1: Influence of the Crude Oil and Water Compositions on the Quality of Synthetic
Produced Water
The first paper focused on the characteristics of crude oils and evaluating the quality of the
water phase after mixing it with crude oils. Overall, the report underlined the complexity of

the composition of produced water and its dependence on the oil properties.

Five crude oils were analysed with respect to the density, viscosity, total acid and base
numbers, SARA composition, water content and interfacial tension. In addition, crude oils and
their SARA fractions were analysed for the content of carbon, hydrogen, nitrogen, oxygen and
sulphur. Subsequently, the crude oils were mixed with two types of brine (with and without
divalent ions) and at three pH levels. After mixing and a period of gravity separation, the
volume of the free water phase was recorded. The water was sampled and analysed for the
dispersed oil concentration, droplet size distribution, total organic carbon (TOC) content and

pH value.

The crude oils were divided into two groups: light (APl 35-38°) and heavier oils (19-23°). Most
of the physical and chemical parameters reflected that division (Table 7-1). What is more, the
elemental analysis revealed that on average, the lighter oils were more saturated, whereas

heavier crude oils had higher content of nitrogen and sulphur in the most polar fractions.
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Table 7-1 Physicochemical properties and compositions of crude oils.

Crude oil A B C D E
API gravity [°] 19.2 35.8 23.0 36.3 37.9
Density at 20°C [g/cm?] 0.935 0.841 0.911 0.839 0.831
Viscosity at 20°C [mPa*s] 354.4 14.2 74.4 10.3 8.3
TAN [mg KOH/g oil] 2.2 <0.1 2.7 0.2 0.5
TBN [mg KOH/g oil] 2.8 1.0 1.1 1.1 0.4
Saturates [% (w/w)] 50.6 84.0 64.9 71.5 74.8
- Aromatics [% (w/w)] 31.2 13.4 26.3 23.1 23.2
g Resins [% (w/w)] 15.7 2.3 8.4 5.1 1.9
Asphaltenes [% (w/w)] 2.5 0.3 0.4 0.3 0.1
Water content [ppm] 590.9 85.4 535.8 202.4 3334
IFT Na-Brine (pH 6) 20.4+0.6 20.5%0.2 22.2+0.6 19.0+0.5 19.9%0.1
[MN/m] | Naca-Brine (pH6) | 18.6+0.8 19.940.2 18.9+0.7 16.2+0.4 17.4+0.4

The analysis of the synthetic produced water provided further observations. It was found that
the amount of the separated water increased with the initial pH of the aqueous phase in all
cases. Moreover, at the highest pH the presence of calcium stabilized emulsions and resulted
in less water breaking out. This was attributed to strengthening of the interfacial film by

complexes of calcium and naphthenic acids.

The total organic carbon content was highly dependent on the oil type, whereas the water pH
affected the amount of dissolved organics only slightly. The highest TOC values were found in
the water from oils with considerably higher presence of oxygen in the asphaltenes. This
suggested the improved water-solubility of the smallest compounds in that fraction. The
biggest changes in pH after mixing were observed for the initial pH 10, and that agreed with
the previously reported higher water-solubility of acidic species in crude oils. The total oil
concentration was the highest for the two heavier oils (between 100 and 500 ppm), while
remaining at a similar level for the light oils (typically below 100 ppm). The density difference

between the water and oil phases could have played a significant role here, as the water
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phases were sampled after a period of gravity separation. Droplet size distributions and
Sauter mean diameters were calculated from the image analysis of microscopic pictures.

Representative images of droplets made from heavier and light oil are shown in Figure 7-1.

Figure 7-1 Microscopic pictures of dispersed crude oil droplets in water from heavier (left) and light

(right) crude oils.

In general, larger drops were detected for the two heavier crude oils and smaller ones for the
light oils. This was also reflected in the size distributions. The increased viscosity most likely
contributed to the wider distributions of the heavier crude oil, with a substantial volume
contribution from droplets larger than 10 um. In the case of light oils, the distributions were

less polydisperse and hardly any drops above 10 um in diameter were detected.
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Paper 2: The Effect of Dissolved Gas on Coalescence of Oil Drops Studied with Microfluidics
This paper reported our first research, performed with microfluidic methodology and used
for evaluating emulsion stability. In it, we investigated the influence of the dissolved
atmospheric gases on the coalescence of oils with different hydrophobicity and at elevated

system pressures.

Previous reports uncovered that the removal of dissolved gas from liquids can lead to the
formation of kinetically stable surfactant-free oil-in-water emulsions. This was mostly
attributed to the decreased “hydrophobic interactions” between surfaces in water phase.
Later, it was suggested that these interactions are in fact a combination of long-ranged
attractive forces, caused by the preferential adsorption of nanobubbles at hydrophobic

surfaces, and truly hydrophobic interactions at short range.

The glass microfluidic chip consisted of a T-junction, where the water and oil phases met, and
where droplets were generated. Later, the droplets entered a wider chamber, where they
could collide with each other and possibly undergo coalescence. A recording was made at the
end of the coalescence chamber to quantify the extent of droplet growth with image analysis
tools. The results were reported as coalescence frequencies, which described how often did

the droplet coalesce.

With the use of microfluidics, we were able to probe the coalescence behaviour of heptane
(most hydrophobic) and xylene (less hydrophobic) droplets in standard and degassed brine.
It was found that the coalescence frequency decreased by ca. 25-30% upon removal of
dissolved gas from the water phase and led to smaller droplets at the end of the channel

(Figure 7-2).
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Figure 7-2 Snapshots of the beginning (left) and the end of the channel with the dissolved gas present

(upper right) and absent (lower right) in the system.

What is more, when the pressure was increased, the coalescence frequencies in both brines
were the same for xylene, whereas slightly lower values were obtained in the degassed brine
for heptane. Increased system pressure probably resulted in the enhanced solubility in both
liquids, and this most likely led to less nucleation of dissolved gas at the surfaces, which
reduced the attractive forces. In addition, the gas molecules had probably higher affinity to
the more hydrophobic heptane, which could explain the difference in coalescence behaviour

observed in the standard brine at higher system pressure.

Finally, the coalescence of a diluted crude oil with dynamic interfacial behaviour was also

studied (Figure 7-3).
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Figure 7-3 Coalescence frequencies of a model and diluted crude oils in stanard and degassed

conditions.

First, the coalescence frequency was reduced by a factor of 100 when compared to a model
oil. Unlike the model oil, the removal of dissolved gas and the increased system pressure had
no effect on the coalescence of the diluted crude oil. The merging between crude oil drops
was inhibited by the crude oil-indigenous surfactants, namely resins, asphaltenes and
naphthenic acids that influence the interfacial properties of crude oils. The lack of response
to the presence or absence of the dissolved gas molecules was probably also a result of the
presence of the surface-active components. It probably decreased the hydrophobicity of

drops and most likely limited the adsorption of dissolved gas at their vicinity.
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Paper 3: Microfluidic Tools for Studying Coalescence of Crude Oil Droplets in Produced
Water

Following the work with model fluids, this paper focused on applying the developed
microfluidic method to study the coalescence of crude oil droplets in various conditions.
Coalescence between oil drops is one of the main mechanisms of droplet growth and is

important during the gravity-based methods of the produced water treatment.

The experimental setup was essentially the same as in the previous report: glass microfluidic
chip with a T-junction for droplet generation, which led to a wider channel, where the
coalescence took place. Six crude oils, diluted with xylene, were used as the dispersed phases
in the first part of the paper, whereas the second part was conducted with three non-diluted
crude oils with addition of an oil-soluble surfactant. All values were reported as coalescence

frequencies.

The coalescence of diluted crude oils was highly oil and water type-dependent. Less stable
emulsions were generally observed for the lighter crude oils and when the water pH was
lower, whereas not a lot of coalescence took place at high pH. This was attributed to the
higher interfacial activity of the acidic species compared to the basic ones. In addition, at the
highest pH the presence of calcium increased coalescence, most likely due to complexing and
removal from the interface of some of the dissociated naphthenic acids. Interestingly, the
coalescence frequencies highly depended on the weight fractions of the most polar crude oil
components: resins and asphaltenes (Figure 7-4). This agreed with their previously reported

role in the interfacial behaviour of crude oils.
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Figure 7-4 Coalescence frequencies of diluted crude oils plotted against the sum of resins and

asphaltenes of respective crude oils.

The coalescence frequencies of the non-diluted crude oils were significantly lower than for
the diluted ones. However, the effect of the water composition remained similar.
Furthermore, the influence of the dissolved components in the water phase was also studied.
Crude oils reacted uniquely to their presence and these effects had a reflection in the oil
compositions. What is more, there was hardly any difference in the coalescence behaviour
between systems with model naphthenic acids and dissolved water-soluble crude oil
components (Figure 7-5). This implied that the role of other than

acidic species in the

coalescence between crude oil drops was rather insignificant.
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Figure 7-5 Coalescence frequencies of different crude oil in brine with dissolved crude oil components

(darker bars) and naphthenic acids (white bars).

Finally, we investigated the effect of the system pressure on the coalescence. It was revealed
that in the range of 0 to 40 bar(g), the coalescence frequencies remained unchanged. The
most probable cause behind that was the lack of the lightest components in the system, as

the oils were stored in ambient conditions.

53



Paper 4: Removal of Crude Oil Droplets through Spreading on Gas Bubbles Studied with
Microfluidics

In Paper 4, a novel microfluidic method was developed to study the removal of crude oil
through spreading on the surfaces of gas bubbles. This process is relevant to the gas flotation

treatment of the produced water.

The newly developed technique relies on the simultaneous generation of gas bubbles and oil
droplets at two T-junctions. Later, the fluid particles meet in a wide channel, where they can
get in contact. Droplets were removed through spreading over the surface of gas bubbles
(Figure 7-6). The initial number of droplets was recovered through a recording of the inlet of
the channel, whereas the remaining drop number was counted at the outlet. Therefore, the
results were presented as the removal efficiencies of crude oil drops after passing through

the channel.

Figure 7-6 Images of bubbles and droplets entering the channel (left) and oil-coated bubbles at the

end of the channel (right). Frames of the spreading of oil on a gas bubble are shown in the middle.

The developed method allowed us to systematically study the effect of the oil, water and gas
phases. The highest removal efficiencies were observed at low or neutral pH. This was most
likely due to the reduced interfacial activity of acidic species in that pH range. Notably, the
lowest removal efficiency was obtained for the most viscous oil, which agreed with the
previously reported effect of the viscosity on the coverage time. By reducing the salinity, the
electrostatic repulsion increased. This had a negative effect on the removal efficiency. The
increase of the droplet number caused a reduction of the removal efficiency. At the same
time, the smallest droplets were removed more efficiently. The latter effect was attributed to
the reduced drainage time of the thin film between drops and bubbles. Its thickness was

probably lower for the smaller droplets.
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Addition of the naphthenic acids to the water phase greatly reduced the spreading of oil on
bubbles (light blue and light purple bars in Figure 7-7). While the acidic species might have
had a mixed effect on the coalescence between oil drops (as shown in Paper 3), they
significantly improved the stability of gas bubbles, which altogether led to increased repulsive
interactions between bubbles and drops. Using methane instead of nitrogen improved the
bubble-droplet interactions, leading to more oil being removed (bright and dark blue bars in
Figure 7-7). Crude oil droplets most likely had a higher affinity to the hydrocarbon gas, which
could have decreased the induction time and increased the attraction between the two fluid

particles.
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Concluding remarks and future work

This thesis revolves around the fundamental aspects of produced water generated during the
production of crude oil. Produced water quality is an important issue for both technical and
environmental reasons. Nowadays, treatment of the produced water is a vital process, as its
global production is three times higher than the volume of the extracted crude oil. The
treatment processes of produced fluids have to be thoroughly designed and investigated to
ensure high separation efficiency. This includes not only process parameters, such as recycle
ratio or residence time, but also fundamental phenomena, like droplet coalescence or the
interactions between oil drops and gas bubbles. Systematic studies on the effect of different
parameters on these processes will improve the fundamental understanding of the produced
water treatment and should also contribute to the enhanced separation performance.

Remarkably, only a handful of research tools is available for that sort of experiments.

The microfluidic methodology developed during this PhD will be improved and used by a
Postdoc following this project. The coalescence method, used in Paper 2 and Paper 3, can be
applied for further studies on the effect of various parameters on the merging process. This
can include production chemicals (both oil- and water-soluble) or more complex water
composition. The method for the assessment of coalescence time, presented in Paper 2,
could also be improved. When ready, this approach can also be used for the measurement of
the induction time between bubbles and droplets, which interactions were studied in
Paper 4. The microfluidic platform should also have better screening capabilities, allowing for
instantaneous control over, for instance, the water pH or the concentration of certain
component by simply adjusting the flow rate of the pumps. The design and construction
process of a setup with temperature control is currently under way. This will expand the
application range of the platform. Finally, other separation processes, like extraction or

filtration, can also be miniaturized and simulated inside microfluidics chips.

My project has initiated the work with microfluidics in our laboratory group. Since then,
couple of other projects have either started or plan to include some microfluidic experiments
in their research. It is my personal belief that microfluidics, with its many interesting features,
can play an important role in the field of the produced water research. At the same time,
| also hope that it will be a valuable addition to the broad range of experimental methods,
available at the Ugelstad Laboratory.
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ABSTRACT: Produced water originates from crude oil production. It is a mixture of organic and inorganic compounds, and its
composition is highly oilfield-dependent. The present study was carried out to increase the understanding of the effects of the
relationships between the crude oil properties and the composition of the aqueous phase on the quality of the produced water.
Brines with different compositions and pH levels were mixed with five crude oils. Initially, the physicochemical properties and
compositions of the crude oils were determined, and the qualities of samples of synthetic produced water were described by
parameters such as the total oil concentration, total organic carbon content, pH, drop size distribution, and Sauter mean
diameter. Analysis of the characterization data revealed that the crude oils fell into two categories: light and heavier oils. Most
parameters such as density, viscosity, total acid number (TAN), and composition reflected this division. A similar pattern was
sustained for the water-quality analyses. Water produced with heavier crude oils generally contained higher concentrations of
emulsified oil with the largest and most polydisperse droplets. Light oils had a tendency to create water-in-oil emulsions between
the oil and water phases, which impeded the phase separation, resulting in less free water. The Sauter mean drop diameters were
found to increase with the pH of the water phase. However, the presence of calcium at the highest pH decreased the droplet size
and the amount of free water, compared to the results obtained using brine without divalent ions, in agreement with the
interfacial role of naphthenic acids in crude oil emulsions. The results showed the significance of both the water and oil
compositions on the quality of the produced water, which can lead to an improved fundamental understanding of the process for

treating produced water.

B INTRODUCTION

During the production of crude oil and gas, the largest
byproduct of the extraction process is produced water. The
water cut depends on the location of the reservoir and the age
of the production wells and can vary from a few percent in the
beginning of the exploitation of a reservoir to more than 95% in
the last phases of production. Global estimates state that, for
every barrel of crude oil, three barrels of water are produced.’

There are two main pathways for the disposal of produced
water. One is discharge of the water into the sea. Before the
water can be discharged, however, it needs to undergo
treatment processes to reach a certain quality level, specified
by local environmental regulations. Depending on the location,
the maximum average oil-in-water (OIW) content for disposal
is between 30 and 40 ppm.” The second disposal option,
reinjection, can be carried out by pumping the water into a
disposal or production reservoir. The latter is more desirable
from technological and economic points of view, as it can
sustain the production pressure of the reservoir.” The
reinjection of produced water is also likely to be the preferred
method of handling the water in subsea production and
processing facilities. However, the process also carries several
risks, for instance, reservoir souring or formation damage due
to reduced injectivity. Furthermore, emulsified oil droplets and
suspended solid particles in the produced water can block the
pores in the reservoir and decrease the permeability of the
formation. This means that the requirements for the quality of

v ACS Publications © 2017 American Chemical Society

the produced water are strict for both the discharge and
reinjection options.4

Methods for the treatment of produced water can be divided
into three types. The primary separation relies on the bulk
phase separation of gas, crude oil, and water, using a
conventional or modified gravity separator. In this step, the
OIW concentration in the outlet water can range from 100 to
1000 ppm.’ The secondary treatment usually consists of
hydrocyclones or gas flotation units. Both of these technologies
are capable of lowering the oil-in-water concentration below the
discharge limit.°® A tertiary treatment (or water-polishing
step) can be performed to reduce the concentration of
dissolved components through media filtration or adsorption
processeslﬁ'g’10 Novel techniques such as ultrafiltration,"
nanofiltration and reverse osmosis,”'*> and biological treat-
ment"”'* are also considered to be promising water-polishing
methods.

Produced water contains dissolved salts, dispersed solids, and
dissolved and dispersed crude oil components, as well as traces
of heavy metals and radioactive materials.” Additionally,
chemicals added during different stages of production affect
the quality and properties of the produced water.''® The
composition of the produced water is field-dependent, as the
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location of the reservoir determines its conditions (pressure,
temperature), reservoir rock, and type of the produced oil. The
conditions of the reservoir mostly affect the water solubilities of
salts dissolved from the rock formation, gases, and indigenous
crude oil compounds. In addition, the conditions of the
reservoir also change as oil production proceeds, especially
when seawater is injected or enhanced oil recovery techniques
are employed.

The chemical composition of the crude oil has an effect on
the quality of the produced water, with respect to both
dispersed and dissolved components. Typically, crude oil is
characterized by physical properties, such as density and
viscosity, and chemical properties, such as total acid and base
numbers and SARA (saturates, aromatics, resins, asphaltenes)
composition. The interfacial activities of the components in
crude oils are affected by these parameters and can lead to
increased emulsion stability and problems with separation.'”'®
It has been shown that the interfacial properties can influence
the coalescence of oil droplets'® and the stability of oil-in-water
emulsions.”””" Once in contact with an aqueous phase, water-
soluble hydrocarbons in the crude oil partition into the water
pha\se,zz_24 adsorb at gas—water interfaces, and influence the
efficiency of oil removal by gas flotation.”>*® The characteristics
of the produced water also depend on properties such as
pH,””** ionic strength,” and the presence of divalent ions.*

The aim of this work was to investigate the effect of the water
and crude oil properties on the quality of produced water. First,
the physicochemical and interfacial properties of five crude oils
were studied. Then, the oils were mixed with water with
different pH values and ionic compositions. After separation of
the mixtures, the quality of the synthetic produced water (i.e.,
free water) was determined in terms of the total organic carbon,
pH, total oil concentration, and drop size distribution of the
dispersed oil. The preparation conditions were kept the same
for all of the samples to enhance the influence of the crude oil
properties and water composition on the quality of the
synthetic produced water.

B MATERIALS AND METHODS

Crude Oil Characterization. Crude Oils. Five dead (i.e., stored at
ambient pressure and temperature) crude oils from the Norwegian
Continental Shelf were analyzed and used as received.

Density Measurements. The densities of the crude oils were
measured at 20 °C, using a DMA 5000 laboratory density meter
(Anton Paar, Graz, Austria).

Viscosity Measurements. The viscosities of the crude oils were
measured at 20 °C, using an MCR 301 laboratory rheometer (Anton
Paar, Graz, Austria) with a cylindrical geometry (CC-27).

Measurements of Total Acid and Base Numbers. Analysis of the
total acidic number (TAN) was performed according to the ASTM
method D664-95.>" The total base number (TBN) was evaluated by a
method similar to that presented by Dubey and Doe.*” Both methods
were described in detail previously.” In short, TAN was determined
by titrating a solution of crude oil in a 100:99:1 (v/v) toluene/
isopropanol/water mixture with a 0.1 M solution of tetrabutylammo-
nium hydroxide in a 10:1 mixture of isopropanol and methanol
(Sigma-Aldrich). To measure the TBN, a solution of crude oil
dissolved in methylisobutyl ketone was titrated with a 0.025 M
solution of perchloric acid in acetic acid. In both cases, the titration
was controlled with a Titrando unit (Metrohm, Herisau, Switzerland),
connected to a 6.0229.100 LL solvotrode.

High-Performance Liquid Chromatography (HPLC) Fractiona-
tion. The procedure for the fractionation of the crude oils into
saturates, aromatics, resins, and asphaltenes (SARA) was previously
reported by Hannisdal et al** Specifically, 4 g of crude oil was
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dissolved in 160 mL of n-hexane (CHROMANORM for HPLC,
VWR). The solutions were mixed overnight and then filtered with a
0.45-um membrane filter (Millipore HVLP) to isolate the asphaltene
fraction. An HPLC system with two columns (unbonded silica and
amino) was used to fractionate the filtered maltenes into saturate,
aromatic, and resin fractions. After controlled evaporation of the
solvent in a N, atmosphere, the weight percentages of the fractions
were determined gravimetrically.

Interfacial Tension Measurements. Measurements of the inter-
facial tension (IFT) were performed using a pendant drop tensiometer
(PAT-1M, Sinterface Technologies, Berlin, Germany). Images of a
crude oil drop immersed in a brine solution were recorded over time.
The measurements lasted until near-equilibrium values were reached.
This usually took less than 7 h for the light oils, whereas it often
exceeded 16 h for the heavier crude oils (an example of the evolution
of the dynamic interfacial tension is shown in Figure S1 of the
Supporting Information). Values for the interfacial tension were
calculated by fitting the drop profiles to the Young—Laplace equation.
The reported IFT values are averages of at least two measurements. All
measurements were performed at room temperature (22 °C).

Elemental Composition Analysis. The contents of carbon,
hydrogen, nitrogen, oxygen, and sulfur were determined for the
crude oils and each of their SARA fractions. The analyses were
performed using an EA 1108 elemental analyzer (Fisons Instruments)
at the Oil and Gas Institute—National Research Institute in Krakow,
Poland.

Water Content. The amounts of water in the as-received crude oils
were analyzed by Karl Fischer titration, using a KF Coulometer 831
(Metrohm, Herisau, Switzerland).

Preparation and Characterization of Synthetic Produced
Water. Brine Solutions. Two types of brines were used during this
study to simulate high-salinity conditions and to study the influence of
divalent ions on the quality of the produced water. The first contained
only NaCl (Emsure, Merck Millipore) and is referred to as Na-Brine.
The other was a mixture of NaCl and CaCl,-2H,O (p.a, Sigma-
Aldrich) with a molar ratio of sodium to calcium equal to 35:1 and is
referred to as NaCa-Brine. The ionic strength was kept the same in
both brines (I = 0.59 M). The salt concentrations were similar to
seawater conditions, but the produced waters from the Norwegian
Continental Shelf were reported to be of comparable salinity.>> The
solutions were adjusted to pH 3 and 10, using solutions of dilute HCI
(AnalaR, VWR) and dissolved NaOH (AnalaR, VWR). The natural
pH of the brines ranged from 5.9 to 6.4 and is later referred to as pH 6.
Deionized water (Millipore Simplicity Systems, Darmstadt, Germany)
was used to prepare all solutions.

Preparation of Produced Water. To prepare each sample of
produced water, 100 mL of brine and 100 mL of crudeoil were poured
into a 250 mL aspirator bottle and mixed for 8 min at 20000 rpm,
using an Ultra-Turrax S2SN-10G homogenizer (IKA, Konigswinter,
Germany). The samples were left to phase separate for 2 h, before the
water phase was collected through the bottom outlet of the aspirator
bottle. The amount of free water obtained after 2 h was recorded.
From the collected water phase (later referred to as the synthetic
produced water), the drop size distribution, total oil concentration,
and pH of this synthetic produced water were determined. Each
sample was prepared and analyzed at least three times. All of the steps
were performed at room temperature (22 °C).

Drop Size Measurements. The drop sizes in the water phase were
analyzed within S min after sampling using a Nikon LV 100D
microscope. Between 10 and 12 pictures were captured per sample,
and Image-Pro Plus 5.0 software was used to determine drop size
distributions and Sauter mean diameters, which were calculated as

X’
X’ 6))
where dj, is the Sauter mean diameter and d is the diameter of drop i,

detected by the software. Only drops with diameters of less than 30
pum were considered.

dy, =

DOI: 10.1021/acs.energyfuels.6b03297
Energy Fuels 2017, 31, 3708-3716


http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.6b03297/suppl_file/ef6b03297_si_001.pdf
http://dx.doi.org/10.1021/acs.energyfuels.6b03297

Energy & Fuels

Table 1. Physicochemical Properties and Compositions of Crude Oils

crude oils
A B C D E
API gravity (deg) 192 35.8 23.0 36.3 379
density at 20 °C (g/cm?) 0.935 0.841 0911 0.839 0.831
viscosity at 20 °C (mPa s) 354.4 14.2 744 10.3 83
TAN (mg of KOH/g of oil) 22 <0.1 2.7 0.2 0.5
TBN (mg of KOH/g of oil) 2.8 1.0 1.1 1.1 0.4
SARA composition [% (w/w)]
saturates 50.6 84.0 64.9 715 74.8
aromatics 312 134 263 23.1 232
resins 18.7 2.3 8.4 S.1 1.9
asphaltenes 2.5 0.3 0.4 0.3 0.1
water content (ppm) 590.9 854 535.8 202.4 333.4
IFT at pH 6 (mN/m)
Na-Brine 204 + 0.6 20.5 £ 02 222 + 0.6 19.0 +£ 0.5 199 £ 0.1
NaCa-Brine 18.6 + 0.8 199 + 0.2 189 + 0.7 162 + 0.4 174 + 04
To'tal Oi{ Concentration. An appropriate amount of methylene 1.0 p—pe——
chloride (HiPerSolv CHROMANORM for HPLC, VWR) was added 1 Saturates
to the water phase, and the mixture was shaken to extract the dispersed % Recpa
and dissolved crude oil components into the organic phase. The two 08 I Asphatienes
phases were then separated in a separation funnel. The organic phase I -
was collected, and UV analysis was performed to determine the ke _
amount of oil using a UV—vis spectrophotometer (UV-2401PC, T 06
Shimadzu, Kyoto, Japan). Calibration curves, prepared individually for E
each crude oil, were used to calculate the oil concentration from the e
absorbance at 259 nm. T 04
pH Measurements. The pH values of the water phases were o
measured using a pH meter (SevenEasy pH, Mettler-Toledo,
Greifensee, Switzerland). Prior to the measurements, the oil drops 0.2
were removed by centrifugation (Heraeus Multifuge X3R, Thermo
Scientific, Waltham, MA).
Total Organic Carbon (TOC) Analysis. Approximately SO mL of 0.0 - L L
brine and 50 mL of crude oil were poured into Schott bottles and put A B c D
on a vertical shaker (200 rpm) for 24 h to saturate the water phase Crude oil

with the water-soluble oil components. Subsequently, the aqueous
phase was sampled, centrifuged (Heraeus Multifuge X3R, Thermo
Scientific, Waltham, MA), and acidified to pH < 2 with sulfuric acid
(95—97% p.a., Sigma-Aldrich). TOC analyses were then performed
using a TOC-Lcpy Analyzer (Shimadzu, Kyoto, Japan). These analyses
were performed at GIG Research Institute in Katowice, Poland.

B RESULTS AND DISCUSSION

Crude Oil Characterization. The physicochemical proper-
ties and compositions of the crude oils are presented in Table 1.
Based on the API gravities, the crude oils were divided into
light oils, with API values of ca. 36—38 (B, D, and E), and
heavier oils, with API values of 19.2 and 23 (A and C). The
heavier oils were characterized by significantly lower contents
of the saturate fraction and higher TANs (greater than 2 mg of
KOH/g of oil) than the other oils. Furthermore, their
substantial contents of polar components (resins and
asphaltenes) provided higher densities and viscosities. The
light oils consisted of low amounts of acidic and basic
components. In addition, they had similar values of density
and viscosity; the lowest water contents; and some variations in
the saturate, aromatic, and resin contents.

More detailed insight into the compositions of the crude oils
was provided by the elemental analysis of all of the fractions, as
previously demonstrated by Gawet et al.>* The C/H atomic
ratios of the crude oils are shown in Figure 1. The division into
light and heavier crude oils can also be noticed here, as crude
oils A and C had higher C/H ratios (0.62 and 0.59,

Figure 1. C/H atomic ratios of the crude oils and their fractions.

respectively) than the remaining crude oils (ca. 0.55). The
C/H atomic ratios in the saturate fractions were slightly higher
for the heavier crude oils (0.52—0.53) than for the light oils (ca.
0.5). The saturate fractions are usually expected to contain
straight-chain, branched, and cyclic aliphatic hydrocarbons, but
this could suggest that the heavier crude oils also contained
some compounds with unsaturated moieties. The fractions of
aromatics and resins had C/H ratios of comparable values for
most of the oils, which indicated similar aromacities with
analogous extents of methylene moieties in the two fractions.
The greatest variation was observed for the asphaltenes. Crude
oils A and C had the highest aromaticities in this fraction,
whereas the aromaticities were lower for the lighter crudes. The
surprisingly low value for crude oil E might be due to oxidation
of the sample (see below).

Figure 2 shows the amounts of nitrogen, oxygen, and sulfur
in the complete crude oils and their SARA fractions. The
amount of nitrogen in crude oil D was considerably higher than
the amounts in the rest of the oils (Figure 2A). No nitrogen
was detected in the saturate fractions of the crude oils, whereas
the aromatic and resin fractions contained similar amounts of
nitrogen. The asphaltene fractions contained the highest
nitrogen amounts for crude oils A and C. For the lighter oils,
however, the highest nitrogen content was seen in the resin
fraction. The oxygen contents were similar in all of the crude
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Figure 2. (A) Nitrogen, (B) oxygen, and (C) sulfur contents of complete crude oils and their SARA fractions.
oils (Figure 2B). Furthermore, the saturate and aromatic 100 —
fractions had comparable and relatively low amounts of oxygen, I == 6
whereas the two most polar fractions contained significantly . —pH 10
more of this element. Most of the light crude oils had higher
amounts of oxygen in the asphaltene fractions than in the resin _
fractions, which agrees with the observations made by Gawel et £ 60
al.** The crude oils with the highest viscosities (A and C) g
tended to have larger amounts of sulfur (Figure 2C). This trend z
was also seen in the SARA fractions, where all of the fractions 2 404
of the heavier crudes contained more sulfur, with the exception
of crude oil B, which had a very high content of sulfur in the 204
aromatics fraction. Similarly to nitrogen, no sulfur was detected
in the saturate fractions of any of the crude oils.
The IFT values of the crude oils varied from 19 to 0- R . c ; I

20.5 mN/m for Na-Brine and from 16.2 to 19.9 mN/m for
NaCa-Brine. The lowering of the IFT when calcium was
present in the aqueous phase suggested that the acidic
components play some role in the interfacial properties, as
dissociated acids can form complexes with Ca?*>**7 However,
no quantitative relationships were found between the IFT and
the TAN. Asphaltenes are also known to reduce the IFT.** An
interesting observation in this respect is that slightly lower
interfacial tension values were obtained for the two crude oils
(D and E) with the highest contents of nitrogen. These crude
oils also had significantly higher contents of oxygen in their
asphaltene fractions. An inverse dependence was observed for
sulfur, as crude oils A—C had the highest values of the IFT.
These observations were in agreement with previous findings.*

Separation. Figure 3 shows that the total amounts of free
water observed after 2 h of gravity separation varied between
the samples but generally increased when the initial pH of the
Na-Brine increased. A similar trend was noticed for NaCa-Brine
(Figure S2, Supporting Information). The amounts of water
recovered were higher for the samples with heavier crudes than
for the samples prepared from the lighter crude oils at the two
lowest pHs. This was likely due to the formation of stable
water-in-oil emulsion layers that reduced the amounts of water
recovered in the latter samples; however, the size distributions
of the water drops might have also played a role. A similar trend
was not seen at the highest pH, where the difference in the
amounts of recovered water varied less between the samples.
Furthermore, whereas the amount of recovered water was more
or less independent of the ionic composition at the lowest pHs,
the amount of recovered water decreased in the presence of
calcium ions at pH 10, as seen in Table 2. The reduction ranged
from a few percent (crude oils A and D) to almost 30% (crude
oils C and E).
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Synthetic produced water

Figure 3. Percentages of free water observed 2 h after mixing the crude
oils with Na-Brine at various pH values.

Table 2. Amounts of Water Recovered after Mixing Crude
Oils and Brines at pH 10

recovered water (%)

crude oil Na-Brine NaCa-Brine
A 83.3 + 4.7 76.7 £ 4.7
B 70.0 £ 0 56.7 £ 17
C 66.7 + 4.7 43.3 + 4.7
D 56.7 + 9.4 46.7 + 94
E 70.0 + 16.3 46.7 + 12.5

The higher water-in-oil emulsion stability for the systems
with the lighter crude oils was explained by the high saturate
and low aromatic contents in these oils. This can facilitate
increased interfacial activity, as well as the aggregation of
asphaltenes, resulting in rigid interfacial layers that enhance the
emulsion stability.'”**** It was also argued by other authors
that wax particles, often found in light crude oils, can increase
the emulsion stability."' The pH of the aqueous phase can also
influence the rigidity or viscoelasticity of interfacial films and,
thereby, the emulsion stability. At low pH, competitive
adsorption of protonated naphthenic acids and molecules of
resins and asphaltenes was reported to form rigid interfacial
layers that oppose the coalescence of crude oil drops.*
Increased pH causes dissociation of the naphthenic acids, which
enhances their interfacial activity and their water solubility. The
replacement of molecules causing interfacial rigidity by
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dissociated naphthenic acids has been proposed as a reason for
decreased emulsion stability.*” Furthermore, the partitioning of
naphthenic acids into the aqueous phase has also been found to
reduce interfacial film stability.** Here, the presence of divalent
ions increased the emulsion stability at the highest pH. This
indicates that sufficient dissociated acids at the interface
underwent complexation with calcium and strengthened the
interfacial film. As mentioned above, another contributing
factor for the differences in the stabilities of the water-in-oil
emulsions might have been the size distributions of the water
droplets. Crude oils with higher viscosities require longer
mixing times, in comparison with less viscous oils, to reach
comparable water droplet size distribution.”* As the mixing
time here was constant for all of the samples, it is possible that
large enough water droplets were present in the heavier crude
oils to give higher amounts of recovered water as a result of
faster sedimentation.

Quality of the Produced Water. The total organic carbon
content, representing the water-soluble crude oil components,
in the synthetic produced water from NaCa-Brine varied from
about 20 to 70 ppm between the samples, as can be seen in
Figure 4. Similar trends, with slightly lower TOC values, were
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Figure 4. Total organic carbon contents of water samples produced
with different crude oils (NaCa-Brine).

observed in the samples from the Na-Brine (Figure S3,
Supporting Information). The highest values of TOC were
found in the synthetic produced water prepared from crude oils
D and E. Notably, these crude oils stood out with considerably
higher oxygen contents in the asphaltene fractions than the
other oils. This could suggest improved water solubility of the
smallest compounds in the asphaltene fractions.”’ Similar
observations were made previously,’” where the amount of
oxygen in the asphaltene fraction was found to affect its water
solubility.

The composition of the crude oil was also found to have an
impact on the pH of the synthetic produced water (Figure S).
When the initial pH of the brine was 3, most of the samples
displayed a slight increase in the pH. For the produced water
from crude oil A, however, the pH was noticeably higher. The
significantly higher TBN in the corresponding crude oil might
promote more extensive partitioning of the basic components
into the aqueous phase. When the initial pH of the brine was 6,
the produced-water samples experienced either a small decline
or a small increase in the final pH value. However, in this pH
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range, even the smallest concentration of dissociated species
can cause a noticeable change in the pH. The effect of dissolved
CO, would also be most noticeable in this range. All water
samples experienced a considerable decrease in pH (down to
6—7) when the brine was initially at pH 10. This agrees with
the higher water solubility of the acidic components in the
crude oils.”’ It is worth pointing out that the water produced
with crude oil C showed a lower pH value than the other
samples with brines at pH 6 and 10, corresponding to a high
TAN value for this crude oil. Overall, these results show that
the type of compounds that partitioned into the aqueous phase
depended on the initial pH of the brine for all of the crude oils.
When the pH was low, the solubility of the basic components
increased, whereas the brines with higher pH levels raised the
water solubilities of the molecules with acidic groups. The
results also resembled those from a study on the mass transfer
between crude oil and water performed by Hutin et al.** The
authors introduced a model for quantifying the effects of the
partitioning of acidic and basic components from the oil phase
on the final pH of the aqueous phase. Generally, the results
indicated that acidic components were more water-soluble in
the tested pH range and were in agreement with the mentioned
paper. Even when the TAN values of the crude oils were low
(0.5 mg of KOH/g of oil or less), the final pH of aqueous phase
dropped from 10 to 6—7. Similar observations were not made
for the TBN values. At the low initial pH, only crude oil A had
significant partitioning of basic components into the aqueous
phase. This crude oil not only had the highest TBN value, but
also contained the highest amount of asphaltenes and resins.
Furthermore, it had the highest nitrogen content in the
asphaltene fraction, which could explain the increase in pH.

As seen in Figure 6, a marked difference in the oil-in-water
concentration was observed between the produced waters from
the light and heavier oils. The water from the heavier crude oils
usually contained between 100 and 500 ppm of oil, whereas the
light crude oils gave water with less than 100 ppm of oil. The
increased amount of oil in the produced water from the
heaviest crude oils was seen only at high pH when calcium was
present. Both of these crude oils had significantly higher TAN
values, traditionally used as an indicator of the content of
naphthenic acids. As discussed previously, increased pH causes
dissociation of the naphthenic acids and their enhanced
interfacial activity. The presence of calcium enabled the
formation of complexes, which could accumulate at the oil/
water interface and stabilize the system. The relatively high
standard deviations in the produced-water samples from the
heavier oils (A and C) were due to difficulties when sampling
the water phase after separation. The viscous crude oils tended
to get stuck in the outlet and distorted the oil-in-water
concentration results.

Representative microscopy images of selected produced-
water samples are shown in Figure 7. The produced-water
sample prepared from heavy crude oil A (Figure 7A) contained
more and larger drops than the sample produced from light
crude oil E (Figure 7B). This also represented the major
difference between the produced-water samples from the heavy
and light crude oils.

The corresponding drop size distributions are shown in
Figure 8. The drop size distribution in the synthetic produced
water from crude oil A was broad. Even though the overall
number of drops larger than 10 ym was low (less than 10% of
the total number of detected drops), these drops made a
considerable contribution to the volume distribution (ca. 50%).
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Figure 6. Total oil concentrations in the synthetic produced-water
samples prepared using NaCa-Brine at different initial brine pH values.

The water samples produced from crude oil E had a narrower
size distribution, where the great majority of drops (number-

wise, more than 70%) were smaller than or equal to S um.
Furthermore, the volume contribution of drops larger than 10
um was negligible. The increased polydispersity in the
emulsions when the viscosity of the dispersed phase was
higher agrees with other reports,””*® even though the
measurements were done after 2 h of gravity separation.
When the viscosity of the dispersed phase increases, the drop
breakage regime can shift from bursting to stretching, which
can lead to broadening of the size distribution,® as observed in
this study. Additionally, the increased contents of polar
components in oils A and C could have played a role in the
stabilization of larger crude oil droplets in the water phase.
The Sauter mean diameters of the oil drops were generally
lowest in the synthetic water produced at low pH and increased
with pH, as seen in Figure 9. This trend was less clear for the
samples prepared with NaCa-Brine (Figure S4, Supporting
Information). The average Sauter diameter of drops in the
produced water from the heaviest crude oils (A and C) was
20—50% larger than those in the samples prepared with the
light oils. Higher creaming velocities of drops created with the
light crude oils (due to the higher density difference between
the dispersed and continuous phases) could have contributed

Figure 7. Pictures of dispersed droplets in water from (left) crude oil A and (right) crude oil E in Na-Brine at pH 6.
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Figure 9. Sauter mean diameters in the synthetic produced-water
samples prepared from Na-Brine.

to that difference. Furthermore, as mentioned previously, at
higher pH levels naphthenic acids are deprotonated and govern
the interfacial activity of the crude oils, resulting in significantly
lower values of IFT (Figure SS, Supporting Information). The
less clear trend with NaCa-Brine could be further evidence for
the role of calcium in the rigidity of the interfacial film. Most
samples with calcium experienced a drop of the Sauter mean
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diameter between pH 6 and 10. Moreover, when comparing the
Sauter mean diameter values between the brines at pH 10, for
most of the oils, one could notice smaller droplets when
calcium was in the system. Possibly, the accumulation of the
hydrophobic complexes of calcium at the oil/water interface
negatively influenced the coalescence, resulting in smaller

drops.

B CONCLUSIONS

The influence of the properties of crude oils and water
composition on the quality of synthetic produced water was
studied. The quality of the synthetic produced-water samples
was found to be highly dependent on the composition and
properties of the crude oils. The light crude oils gave higher
water quality in terms of the total oil concentration, even
though the amount of free water obtained from the samples
was significantly lower. Additionally, the initial pH was of
importance to the properties of the synthetic produced water.
The amount of free water was lowest at low pH and increased
with increasing pH. In addition, the size of the emulsified
droplets increased with the initial pH of the brines. The effect
of calcium was mostly seen at the highest pH, where it created
complexes with dissociated naphthenic acid molecules and
stabilized emulsions. The results indicate the complexity of
crude-oil emulsions and the severity of the separation issues
that can occur during the treatment of produced water. The

DOI: 10.1021/acs.energyfuels.6b03297
Energy Fuels 2017, 31, 3708—-3716


http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.6b03297/suppl_file/ef6b03297_si_001.pdf
http://dx.doi.org/10.1021/acs.energyfuels.6b03297

Energy & Fuels

interfacially active components found in crude oils can
experience different behaviors, for example, increased water
solubility or interfacial rigidity that can affect phenomena such
as creaming and coalescence and, in the end, lead to differences

in the quality of the produced water.
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Dynamic interfacial tensions between crude oils A and B
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atmospheric gases. Since the effect of the dissolved gases depends on the hydrophobicity of the oil phase,
as well as the system pressure, we vary this effect systematically and monitor droplet coalescence in a
tailor-made microfluidic device.

Experiments: The coalescence of oil drops in standard and degassed conditions was studied by direct
observation using a microfluidic setup. Two model oils (heptane and xylene) were used to represent dif-
Coalescence ferent hydrophobicity of the dispersed phases, together with an oil with dynamic interfacial behaviour
Emulsion stability (diluted crude oil). In addition, the effect of the volume fraction, droplet size and degassing method
Dissolved gases was studied.

Hydrophobic interaction Findings: At ambient pressure, the degassing of the continuous phase reduced the extent of coalescence
for the model oils, which is in agreement with other reports. No effect of the dissolved gases was found on
the drop formation process. At elevated pressures, the dissolved gases influenced only the most
hydrophobic oil (heptane), while causing no effect in the other systems. The coalescence frequencies
decreased upon the reduction of the drop sizes, which was justified with the theory for two interacting
spheres.
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of the main processes that governs emulsion stability, and is
important in various applications, including petroleum, pharma-
ceutical and food industry. Liao and Lucas [ 1] presented a literature
review of coalescence theories, and most widely used is probably
the film drainage model proposed by Shinnar and Church [2]. In
this model, the coalescence process is divided into three steps:
(1) approach of droplets leading to thin film formation, (2) film
drainage and (3) film rupture, leading to coalescence. The film
thickness and drainage process are governed by droplet features,
fluid characteristics, interfacial properties and flow aspects [3].
These factors will give rise to interaction forces acting across the
thin film between droplets, of which the attractive interactions
are generally considered to be the result of van der Waals forces,
whereas the repulsive interactions originate from overlapping
electrical double layers or steric (often polymer-induced)
repulsion.

However, additional attractive interactions that cannot be
explained by van der Waals interactions, have long been observed
between hydrophobic surfaces in aqueous solutions [4,5]. In an
early review, Christenson and Claesson [6] put these ‘hydrophobic
interactions’ into the following categories:

(1) Strong, short-range attractive interactions between stable
surfaces. These interactions were found between very
hydrophobic surfaces and occur in a similar range as the
van der Waal attraction (i.e. up to 20 nm), but are stronger.

(2) Attractive interactions of variable strength and range in the
presence of bubbles. These ranged from 25 to 250 nm and
originated from the presence of nanobubbles near the vicin-
ity of hydrophobic surfaces.

(3) Very long-ranged attractive interactions that decay expo-
nentially. These interactions are most elusive and difficult
to explain, in regard to both the origin and magnitude of
the attraction, but are commonly observed in systems with
mobile hydrophobic groups.

More recently, it has been suggested that the ‘hydrophobic
interactions’ may be a combination of long-ranged attraction (likely
originating from bridging bubbles) that are not directly related to
the hydrophobicity of the surfaces, and truly hydrophobic interac-
tions at short range (separation distances <10-20 nm) [7,8].

It is clear that the origin of these interactions is not well under-
stood, although interesting results were reported. The presence of
dissolved atmospheric gases (typically 1 mM at standard condi-
tions) affects the hydrophobic interactions considerably [7,9,10],
and numerous papers have demonstrated the importance of dis-
solved gas for particle aggregation [11,12], emulsion stability
[9,13,14] and surface tension [15]. Conversely, degassing improved
removal of hydrophobic contaminants from water [16]. The effect
of dissolved gases was also studied in reverse osmosis desalination
process at laboratory [17] and pilot scale [18], and in both cases
degassing improved process performance. The influence of dis-
solved gas on formation and stability of emulsion droplets has only
been studied at ambient pressure.

Recently, microfluidics have become popular tools to investi-
gate emulsions [19-21], including coalescence of drops in both
oil-in-water [22,23] and water-in-oil systems [24,25]. Krebs et al.
used it to quantify coalescence of oil droplets, leading to coales-
cence time distributions as function of the droplet velocity and size
[26], and surfactant concentration [27]. Microfluidic tools are well
fitted to study emulsion stability in more extreme conditions, i.e.
high temperature [28-30], g-force [31], but also elevated pressure.
Still, emulsion behaviour in microfluidics at pressurized conditions
has scarcely been reported [32], while, to the best of our knowl-
edge, no one has studied the effect of dissolved gas on emulsion
stability at elevated pressures.

The objective of this work was to study the effect of dissolved
gas on the droplet coalescence at elevated pressure. Microfluidic
methods were developed to provide insight into the stability of
oil-in-water emulsions through direct observations at high frame
rates. The influence of droplet size and dispersed phase volume
fraction were investigated using two pure model oils, heptane
and xylene. Furthermore, diluted crude oil with dynamic interfa-
cial behaviour was used. The results of triplicate measurements
(>1000 droplets each) were reported as coalescence frequency val-
ues, in combination with drop size distributions.

2. Experimental
2.1. Materials

Heptane (Chromasolv for HPLC, Sigma-Aldrich, USA) and xylene
(isomeric mixture for analysis, Merck, Germany) were used as
received. The crude oil was produced at the Norwegian Continental
Shelf, and diluted to 25 wt.% in a mixture of heptane and xylene
(later referred to as HX) with mass ratio 71.5:28.5, which corre-
sponded to a saturated to aromatic ratio in the crude oil (character-
istics were reported elsewhere: crude oil D in [33]). The basic
physical parameters of the oil phases used here are listed in
Table 1.

Densities of oil phases were measured with a DMA 5000 labora-
tory density meter (Anton Paar, Austria). Viscosity was obtained by
using a MCR 301 laboratory rheometer (Anton Paar, Austria) with
cylindrical geometry (CC-27). The interfacial tension (IFT) between
model oil and water phases were measured with Du Noiiy ring ten-
siometer (Sigma 70, KSV, Finland), while the IFT of brine and
diluted crude oil was measured with a pendant drop tensiometer
(PAT-1M, Sinterface Technologies, Germany).

3.5 wt.% sodium chloride (for analysis, Merck Millipore, USA)
was dissolved in deionized water (resistivity > 18.2 MQ cm, Milli-
pore Simplicity Systems, Germany) to make standard brine solu-
tions, referred to as Std-Brine. For degassing of brine, an
ultrasonic bath (Bransonic CPXH2800-E, Emerson, USA) was used
for 15 min (further referred to as Deg-Brine). To compare the effi-
ciency of degassing by ultrasonication, a series of experiments was
also performed with conventionally degassed brines (vacuum < 25
mmHg).

The dissolved gas from the brine and one of the model oils
(xylene) was also removed through repeated freezing and thawing
procedure. The samples were put in Schlenk tubes and sealed in
nitrogen atmosphere to avoid condensation of oxygen. Next, they
were frozen by immersing the tubes into liquid nitrogen. Once fro-
zen, the samples were put under vacuum (ca. 10~ bar) for 15 min.
Afterwards, the sealed tubes were warmed under tepid water in
order to thaw the liquid inside. The procedure was repeated until
the bubbles stopped appearing in the solution (min. 3 times).

3. Methods
3.1. Microfluidic chips

Custom-designed glass microfluidic chips, Fig. 1, were provided
by Micronit Microtechnologies B.V. (The Netherlands) and their
design was similar to those used by Krebs et al. [27]. The inlet
channels, leading to a T-junction where the droplets were created,
were 100 pm wide. After passing a meandering channel, the dro-
plets entered a coalescence chamber with a width of 500 um,
where they could undergo coalescence. The length of the coales-
cence chamber was approximately 33 mm and led to the outlet
of the chip. The chips had an additional inlet for the continuous
phase, located at the beginning of the coalescence channel. This
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Table 1
Physical properties of the dispersed phases.

Dispersed phase Heptane Xylene Heptane/xylene (HX) Crude oil in HX
Density @20 °C [g/ml] 0.684 0.867 0.736 0.761
Viscosity @20 °C [mPa s] 0.550 0.541 0.548 0.597
e . Standard brine 47.4+0.1 38.2+0.1 42205 13.7+0.2
Interfacial tension [mN/m] Degassed brine 473£03 38.0£0.1 41109 13507
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Fig. 1. The microfluidic setup with the design of the chip. The pressure was controlled by a backpressure regulator (BPR) and was measured at the inlet (P;) and outlet (P,) by
the pressure sensors. The total flow was measured by a Coriolis force flowmeter. A, B and C illustrate the recording points during the experiments.

allowed for variation in the volume fraction of the dispersed phase.
Unless otherwise stated, the additional inlet was blocked during
the experiments. All channels had the same depth (45 pm). The
microfluidic chips were placed in a chip holder (Fluidic Connect
PRO, Micronit Microtechnologies B.V., The Netherlands) and con-
nected to the flow setup with PEEK tubing (inner diameter 250
um, Sigma-Aldrich, USA) and FFKM ferrules (Fluidic PRO Ferrules,
Micronit Microtechnologies B.V., The Netherlands). After the
experiments, the chips were first sonicated in deionized (DI) water,
then isopropanol, followed by sonication in DI water again. Each
step lasted 15 min. For the chips used in the diluted crude oil
experiments, a mixture of toluene and acetone (3:1 v/v) was used
instead of DI water in the first sonication step. Afterwards, the
chips were dried with compressed air and baked in an ashing fur-
nace for 6 h at 475 °C. Shortly before the experiments, the chips
were treated with low-pressure oxygen plasma for 10 min (Zepto,
Diener electronic GmbH, Germany).

3.2. Microfluidic setup

The flow rate and the pressure were controlled with the flow
setup depicted in Fig. 1. The liquids were pumped with syringe
pumps (neMESYS mid-pressure module V3, Cetoni GmbH, Ger-
many), fitted with stainless steel syringes. Generally, the droplet
diameter exceeded the height of the channel slightly leading to a
somewhat flattened shape that always deviated less than 10% of
the hydraulic diameter. Therefore, the measured diameters are

directly reported. Generally, the droplet size was controlled by
the flow rate of the continuous phase, with a small dependency
on the dispersed phase as also reported by other authors [22].
The flow rate of the dispersed phase governed the number of dro-
plets. The ratio between the continuous and dispersed phase flow
rates was kept constant at 1:8, except when the additional inlet for
the continuous phase was used. All experimental conditions are
presented in Table 2 and experiments at each condition were
repeated 3 times.

The pressure of each liquid before the inlet (P;) and combined
liquids at the outlet (P,) was monitored with pressure sensors
(Qmix P, Cetoni GmbH, Germany), and controlled by a backpressure
regulator — BPR (15-300 psi, VICI AG International, Switzerland).
The total outlet flow was measured with a microfluidic Coriolis flow
sensor — F (mini CORI-FLOW, Elveflow, France). By adjusting the
back-pressure regulator, the system pressure was adjusted to 0, 6,
or 11 bar(g), the latter being the upper pressure limit of the chip
holder pressure resistance. The flowmeter readings indicated tem-
porary decline of the flow rate, which came back to the original
level and stabilized within 20 s, and the reverse happened when
decreasing the pressure. All reported pressures refer to the outlet
pressure after flow rate stabilisation. The temperature was not con-
trolled, but was constant throughout the experiment (ca. 22 °C).

The interactions between the droplets were observed with a
high-speed camera (AX100, Photron, Japan), connected to an
inverted microscope (Ti-U Eclipse, Nikon, Japan) with an external
LED light source (HDF7010, Hayashi, Japan).
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Table 2
Overview of the experimental conditions in different report sections.

Results subsection Flow rate [ul min~"'] Pressure Dispersed Approx. droplet size
Continuous Dispersed Continuous phase - [bar g] phase [um]
phase phase additional inlet
Heptane vs xylene 160 20 - 0;6; 11 Heptane 56
Xylene 56
Dispersed phase volume fraction (SI) 160 20 0 0;6 Xylene 56
50 56
120 15 - 0; 6 Xylene 66
) 160 20 - 0;6 56
Droplet size 200 25 _ 1.6 48
240 30 - 1;6 41
Model oil vs crude oil 160 20 - 0;6 HX 56
Crude oil in HX 52
3.3. Data acquisition and image analysis
0.30
Two sets of images were recorded for each experiment at 8 500 [ Histogram
fps. The inlet of the coalescence chamber (A in Fig. 1) was recorded 025 _ — FOF
in order to retrieve the initial size and number of the droplets. T
Afterwards, 10 000 frames were recorded further down the cham-
ber for the analysis of coalescence events. The distance between © 0201
the first and the second recording point was either 15.6 or 26 2
mm (B and C in Fig. 1, respectively). The shorter distance was used 3 0.15
for the model fluids that coalesced more readily than the crude oil E
systems. Z 010
The images were processed with Image] software: first, the
frames were converted from greyscale images into binary, after
which the areas and centre of mass coordinates (X,Y) of the dro- 005 1
plets were obtained using the Analyse Particle feature. The height
and width of the detection box was set to 500 pm and 301.2 pm, 0.00 - -
20 25 30

respectively; the lower size limit for droplets was set at 200 pm?
to prevent detection of small satellite droplets, sometimes created
at the T-junction [34]. The circularity parameter was in the range
0.8-1 to disregard polygonal shapes occurring in the voids formed
between droplets; and to detect only complete droplets, the exclu-
sion on edges feature was used. As the majority of drops were
smaller than the detection box, a single drop was detected in tens
of frames (frames 2, 3, 7 and 12 in Fig. S1 in SI). In total, tens of
thousands of objects were detected.

The data were copied to Microsoft Excel to calculate the average
drop velocity. It is worth pointing out that the velocity of the drops
was 20-40% lower than the velocity of the continuous phase, due to
drag forces that reduced the droplet velocity, also confirmed by pre-
vious findings of Krebs et al. [27]. The drop velocity and the length
of the channel were used to obtain the residence time (t;cs).

The areas of the droplets increased proportionally with the
number of coalescence events and, based on this, they were sorted
into several size classes. The calculated average velocity, the width
of the detection box and the average droplet diameter of each of
the size classes were used to convert the dataset of tens of thou-
sands of objects to the estimated number of observed droplets of
different sizes (Ny). Fig. 2 displays a typical outcome as the number
distribution of droplets of different size classes at the second
recording point.

The size distribution was transferred to Matlab, with which the
probability density functions were calculated with the
distribution-fitting tool. The probability density functions (PDF)
generally showed a good fit, as the typical deviations from the
average values in the histogram were lower than 5%. Therefore,
all subsequent size distributions were presented as PDFs. The num-
ber of droplets at the inlet (N;,) was estimated by Eq. (1):

i A,
Nmigni*/ﬁ 1)
P

Relative size of drops

Fig. 2. Droplet size distribution at the second recording point (based on ca. 600
droplets) and a calculated probability density function. Data for heptane droplets in
Std-Brine at lowest pressure. Data are for three repeated experiments.

where n; was number of droplets in class i, A; the area of class i dro-
plets at the second recording point and A;, the area of a drop formed
at the T-junction. N;, was usually above 2000. The percentage of
non-coalesced droplets at the end of the channel was given by

(;;—') * 100%, with n; the number of the droplets of initial size.

The number of droplets retrieved from the inlet image series was
used as a control to compare with the estimated Ny,.

Similarly to the method presented by Krebs et al. [27], the ratio
between Nj, and N; gave the mean relative size of a droplet and
number of coalescence events ((Nj,/Ny) — 1); a droplet of size 3
undergoes 2 coalescence events. The coalescence frequency fol-
lows from Equation (2):

N,
[
Statistical analysis (t-Student, o = 0.05) was performed for all

results to determine whether the differences between data sets
were statistically significant or not.

@)

Lres

4. Results & discussion
4.1. Heptane vs xylene
Fig. 3 shows the average coalescence frequency at different sys-

tem pressures for heptane and xylene drops in standard and
degassed brines.
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Most coalescence was observed in the standard brine at ambi-
ent system pressure, with slightly higher coalescence frequency
for heptane than for xylene. The coalescence frequency in standard
brine decreased with the increase of system pressure, and the
reduction was somewhat larger for xylene than for heptane. In
the degassed brine, the coalescence frequency was practically
independent of the system pressure. The coalescence frequencies
that were found seem similar to those found for standard brine
at elevated pressure for xylene, while they are slightly lower for
heptane. Notably, we found no effect of the dissolved gas on the
droplet size during formation of the droplets.

The probability density functions for the experimental condi-
tions used above (Fig. S2 in the Supporting Information) were
wider, and more positively skewed at standard conditions, and
ambient pressure, which implies more polydisperse systems,
whereas the samples without dissolved gas and at elevated pres-
sure in standard brine had the smallest drop sizes and narrowest
size distributions. In order to investigate the effect of dissolved
gas further, additional experiments were performed to test the
degassing method (Fig. 4).

No statistically significant differences were observed for brines
degassed by ultrasonication and the freeze-thaw method. Remov-
ing the dissolved gas from xylene further increased the stability of
the oil droplets against coalescence, although the reduction of the
coalescence frequency was not as marked as found for degassed
brine.

When reducing the volume fraction of the dispersed phase
(from ca. 0.17 to 0.13) by the additional flow of the continuous
phase, the coalescence frequency became lower, which may also
be caused by the higher velocity of drops as discussed later. The
trends observed for degassing and increasing pressure were similar
as mentioned before (see Fig. S3 in the Supporting Information).

For further discussion of our findings, we used various sources
available in the literature as the starting point. Experimental obser-
vations show that dissolved gas molecules accumulate close to
hydrophobic surfaces and thereby affect the orientation of the sur-
rounding water molecules [35]. This imposed ordering of dipole
moments can extend into the gap between two surfaces by perco-
lation from gas molecule to gas molecule, resulting in density fluc-
tuations and formation of gaseous bridges that pull the surfaces
together and facilitate coalescence. Simultaneously, dissolved
gases has been reported to act as nucleation sites for cavitation
and thus enhance coalescence [36]. The effect of dissolved gas on
surfactant-free emulsions has been investigated by Pashley et al.
[12,13,36], who revealed that the removal of dissolved gas
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Fig. 4. Coalescence frequencies of xylene in brines degassed by using different
methods.

improved dispersion by reduction of the hydrophobic interactions.
This was attributed to the formation of smaller droplets in the
absence of dissolved gas [12], while re-gassing of already formed
emulsions did not influence their stability. Furthermore, it was
suggested that freshly created oil-water interfaces quickly
acquired a negative charge by adsorption of OH™ ions, which pro-
vided some stability towards coalescence through electrical double
layer repulsion, which was confirmed by reducing the pH decrease,
which led to rapid growth of droplet size [37]. In our experiments,
the high salt concentration compressed the double layer thickness
considerably and effectively removed electrostatic repulsion. Addi-
tionally, the drop sizes in our study were 2-3 orders of magnitude
larger than in the investigations referred to. This may have
increased the extent of hydrophobic interactions, resulting in less
stable droplets in our case (see section below).

The difference in coalescence frequency between heptane and
xylene in standard brine can be assigned to the lower interfacial
tension between xylene and brine (Table 1). This corresponds to
stronger adhesive interactions between the aromatic m-electrons
in xylene and the brine, rather than between the saturated hydro-
carbons in heptane and the brine, which could affect the drainage
time and consequently coalescence frequency. Indeed, the coales-
cence time [26] of xylene drops was longer, compared to heptane
(Fig. S6 in the Supporting Information) when measured in a differ-
ent microfluidic chip (details in the Supporting Information),
which was also in line with the findings of Kourio et al. [38].

Xylene
30
R p = 0 [barg]
1 p=6[barg]
25 - [ p = 11 [barg]
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0 T T
Standard brine Degassed brine

Fig. 3. Coalescence frequencies of heptane and xylene at various pressures in Std-Brine and Deg-Brine.
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The variation in interfacial tension shows that heptane is more
hydrophobic than xylene. Furthermore, partitioning of compounds
between octanol and water, and the logarithm of the resulting
value (log Kow) is a common way of assigning hydrophobicity val-
ues to organic compounds [39]. Log Kow values of 4.66 and 3.15 for
heptane and xylene, respectively, further demonstrate higher
degree of hydrophobicity of heptane. This also implies that more
dissolved gas molecules are expected to accumulate close to the
heptane-water interface and promote coalescence as outlined
above. When the system pressure is increased in standard brine,
the increased gas solubility results in less nucleation of the dis-
solved gas, and therefore less cavitation and vapour bridge forma-
tion, leading to a reduction in coalescence upon increasing the
system pressure. Higher dissolved gas concentration at water-
heptane interface could also be the reason for the somewhat higher
coalescence frequency in this case. The independence of coales-
cence frequency on system pressure in the degassed systems con-
firms the importance of the dissolved gas on additional
“hydrophobic” attraction in standard brines, whereas that fact that
coalescence frequency is very similar for heptane and xylene in
degassed brine, suggests that truly hydrophobic, short-ranged
interactions were not observed in our experiments.

When zooming in on the three methods used for degassing:
ultrasonication, vacuum and freeze-thaw procedure it should be
mentioned that the removal efficiency of the first method was
probably not as high as the other two [40]; vacuum degassing
should remove up to 95-97%, and freeze-thawing was reported
to remove virtually all dissolved gas molecules [12]. Since there
was hardly any difference in coalescence frequency in our dynamic
interface system, it seems that the level of degassing did not play a
major role in the stability of oil droplets. It should also be noted
that even with partial deaeration, the effects of the decreased
attractive forces should still be observable [7,8,11]. Degassing of
the oil phase led to a small decrease in coalescence frequency,
but was not as significant as the effect of degassing the water
phase.

In summary, when comparing coalescence in standard and
degassed brines, it is evident that the removal of dissolved gas
results reduced the additional “hydrophobic” attraction that, prob-
ably combined with a slight change in density of water, increased
the drainage time and reduced coalescence for both heptane and
xylene at ambient pressure.

4.2. Droplet size

We next investigated the coalescence frequency of xylene dro-
plet of various sizes (Fig. 5).

The coalescence frequencies decreased as the droplets became
smaller, and this trend prevailed independent of the system pres-
sure or the absence of dissolved gases. For all drop sizes, coales-
cence frequency decreased upon degassing at ambient pressure,
whereas the coalescence frequency at higher system pressures
resembled that of the degassed brine.

The models for drainage time t4 have the general form of [41]:

*R?
«B?

tar = k f (Apg)” 3)

where p is the viscosity of the continuous phase, R is the radius of
the coalescing droplet, y is the interfacial tension, B is the modified
Hamaker constant, Ap is the density difference, g is the gravita-
tional acceleration and a, b, c, d, k are positive constants. According
to Eq. (3), drainage times are expected to increase with droplet size,
although literature is not unanimous on that account [42-44]. In
our experiments the opposite was found, and an explanation could
be that the modified Hamaker constant is an oversimplified
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Fig. 5. Coalescence frequencies of drops with different initial sizes in Std- and Deg-
Brine at different pressure levels.

approximation of the surface forces, acting on the droplets, as
suggested by Grimes with regards to the coalescence in complex
crude oil systems [45].

In our case, howevers, it is entirely possible that the hydrophobic
interactions could have been incorrectly neglected in Eq. (3) and
when taking them into account, the total interaction energy
between two drops can be expressed with the following equation
[36]:

121

R A H H
Vs(kT) = T 27[606% exp (—kH) — DH — Aq exp (— ;) — Ay exp <—Z)}
(4)

where Vs is the total interaction energy between spheres in KT units,
R is the spherical droplet radius, €€ is the permittivity of water, Yo
is the particle’s electrostatic potential, ! is the Debye length, H is
the distance between the droplet surfaces and A;5; is the Hamaker
constant. The values of constants A,, A, and 44, 4, (decay lengths)
are experimentally determined. The first term within the parenthe-
ses accounts for the repulsive double layer interactions and can be
neglected in our case, due to the high salt concentration. The second
term represents the attractive van der Waals interactions, included
in Eq. (3) as the modified Hamaker constant, while the last two
terms account for attractive hydrophobic interactions, which we
showed to have an effect on the coalescence times between drops.
It can be then concluded from Eq. (4) that the interaction strength
increases with droplet size and compensates for the larger volume
of drained liquid, which is in agreement with the higher coalescence
frequency found for the larger droplets.

In addition, we also have to consider the increased total flow
rate, necessary for achieving the smaller sized droplets (see
Table 2). This had a marked effect on the drop velocity and the ini-
tial amount of droplets, possibly leading to changes in the hydro-
dynamic forces, although Krebs mentioned that their effect on
droplet coalescence was at most in the order of 25% where we find
larger effects. Also other have stated that the coalescence fre-
quency could be affected with substantiating to which extent
[26,27,46,47].

4.3. Model oil vs diluted crude oil

In crude oil systems, surface-active components will be present,
and that is discussed next. The coalescence frequencies of a model
oil, consisting of a heptane-xylene mixture, and a crude oil diluted
with similar heptane-xylene mixture are compared in Fig. 6.



172 M. Dudek et al./Journal of Colloid and Interface Science 528 (2018) 166-173

20.0 4

N p =0 [barg]
|

15.0 4 p =6 [barg]

10.0 4

0.54
0.4 4

Coalescence frequency [s'*]

0.3 4

0.2 4
0.1 4
0.0 T T

T T
Std-Brine HX. Deg-Brine HX Std-Brine Crude oil

Deg-Brine Crude oil

Fig. 6. Comparison of coalescence frequencies between the model oil and diluted
crude oil in Std- and Deg-Brine at different pressure levels.

The behaviour of the model oil was similar as observed for other
model oils used before: removal of dissolved gas resulted in
slightly lower coalescence frequency at ambient pressure, while
it had no effect at higher pressure. The diluted crude oil showed
a reduction in coalescence frequency by a factor of 100, compared
to the model oils. The number of non-coalesced drops was 5-20%
for the model oils, while this was more than 90% for the diluted
crude oil. If coalescence took place, a droplet coalesced only once
or twice for the explored conditions. Furthermore, gas removal
had no effect on the coalescence frequency irrespective of the
applied pressure.

The different behaviour of the diluted crude oil systems can be
attributed to the presence of resins and asphaltenes, which are
responsible for the time-dependent alteration of the interfacial
properties of crude oils [48]. Although, the crude oil used in this
study was light and contained relatively low amounts of resins
and asphaltenes (5.1% and 0.3%, respectively), these amounts are
more than sufficient to cover the oil water interface. In previous
research we have shown that the asphaltenes can build up elastic
layers at oil-water interfaces and increase the coalescence time
[49], which may lead to a reduced coalescence frequency between
crude oil drops. The lack of response to the removal of dissolved
gas can also be explained by the presence of the interfacially active
components. When these components (which contain heteroatoms
such as oxygen, nitrogen and sulphur) adsorb at the oil-water
interface, they will reduce the hydrophobicity of the drops. In
accordance with the mechanism outlined above, this would result
in less accumulation of dissolved gas close to the surface of the
drops, which would lower the possibility of cavitation or vapour
bridge formation between the droplets.

5. Conclusions

The effect of the dissolved gas on oil droplet coalescence in
water (3.5% brine) was studied with microfluidic tools at ambient
and elevated pressures. At ambient pressure, our results were in
agreement with previous reports [9-11], where removal of dis-
solved gas resulted in enhanced emulsion stability. We observed
no influence of the dissolved gas on emulsion droplet formation
[12,36]; however, coalescence between oil drops was affected,
most probably through reduced cavitation, or vapour bridge for-
mation. At elevated pressures, the removal of dissolved gas caused
minor reduction in the coalescence for heptane, the most
hydrophobic oil in our study, and no effects were noted in other
emulsions.

Furthermore, the coalescence frequency of smaller droplets was
lower than for large droplets, which could be explained by the the-
ory for two interacting spheres. Therefore, it is likely that the
increased interaction force for larger particles, together with the
lack of electrostatic repulsion, have played a crucial role for the
coalescence behaviour in our systems. We have also shown the
drastic decrease of coalescence frequency for the diluted crude
oil and its insensitivity to the presence of dissolved gases. Both
the formation of viscoelastic films by resins and asphaltenes, as
well as absence of hydrophobic nucleation sites may have con-
tributed to the overall effect.

By utilizing microfluidic methods, it was possible to evaluate
the oil droplet coalescence in standard and degassed conditions,
at elevated pressure and by direct measurement. Since in the
microfluidic devices process conditions can be varied systemati-
cally, we think that this type of study will greatly help in expand-
ing the current knowledge base on droplet behaviour in general
and on coalescence more specifically. Further work will include
developing new methods for the measurements of coalescence fre-
quency and time at higher system temperature and pressure, as a
next step toward industrial applications.
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ABSTRACT

The major contaminant targeted during the treatment of the oilfield produced water is
dispersed oil. The efficiency of most separation processes highly relies on the size of the
droplets, which can be increased through coalescence. Crude oil has a complex and field-
dependent composition, which can affect the interfacial properties of the drops, and
consequently the merging process in different ways. This study focused on the development
of microfluidic techniques for investigating coalescence between crude oil drops. The
experiments were performed with six diluted crude oils and three neat oils, the latter in the
presence of an oil-soluble surfactant. The composition of the water phase was systematically
varied (pH, ionic composition, presence of dissolved components). In general, crude oil
droplets coalesced more readily in lower or neutral pH. The addition of dissolved Fluka acids
to the water phase had a unique effect on each crude oil, reflecting their composition. What
is more, this effect was similar to the presence of water-soluble crude oil components in the
aqueous phase. The pressure did not have a significant effect on the coalescence, which was
explained by the lack of the lightest components (C1-C4) in the system. In summary, the
results revealed several trends, however it was clear that the coalescence highly depended
on the oil composition. This underlined the necessity for experimental methods, such as

microfluidics, which allow for quick assessment of the stability of crude oil droplets.
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1. INTRODUCTION

During petroleum production, large volumes of water are co-produced with crude oil and
natural gas. This produced water (PW) can be composed of formation water, injected fluids
(e.g. seawater or production chemicals), dispersed crude oil, solid particles, and dissolved
inorganic and organic components. Globally, it is estimated that the produced water to oil

ratio is approximately 3:11%.

Before the produced water is disposed of (e.g. by re-injection to the reservoir or discharge),
it has to undergo quality improving treatment. The main contaminant targeted during the
produced water treatment (PWT) processes is the dispersed crude oil. The limit for the
discharge of the PW to the sea is between 30 and 40 ppm of oil in water (OiW), depending on
the local regulation. However, due to increasing environmental concerns, many countries
push for even stricter regulations®. The ‘Zero Harmful Discharge’ policy, initiated at the
Norwegian Continental Shelf, not only decreases the limit of the dispersed OiIW
concentration, but also underlines the necessity for targeting dissolved components during
water treatment. Re-injection of the produced water can waive the problem of aquatic
pollution, as the oily water is pumped back to an underground formation. Moreover, it can
also be used as an increased oil recovery technique that sustains the pressure in the
production reservoir. Nevertheless, to avoid formation damage, the requirements for the
quality of the produced water must be tailored to the reservoir characteristics and can be

similar to those for the discharge3.

A typical offshore produced water system is composed of a bulk gravity separator, a sand

handling system, a hydrocyclone and a gas flotation unit (Figure 1).
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Figure 1 Typical produced water treatment process

The water leaving the gravity separator typically contains 1000 ppm or less of crude oil. The
hydrocyclone treatment reduces it further down to 100-300 ppm of OiW, while the gas
flotation unit can decrease the oil concentration below the discharge limit. As the oil fields
mature, the water cut increases and can reach as high as 95%. Therefore, at some point of
the production, the handling of the produced water can bottleneck the entire process. For
this reason, subsea treatment of the produced water is considered as a viable alternative to

the topside PWT.

Subsea production and processing of crude oil and gas is one of the few options when moving
into deeper and more remote waters. In the past two decades, the underwater installations
around the world evolved from single satellite wells to complex systems that can perform
boosting, compression and separation operations®. The subsea treatment of the produced
water not only carries the advantage of the reduced volumes of pumped fluids and decreased
pressure drop, but can also be beneficial to the separation process. Higher pressure and
temperature, maintained in the subsea separation system, can enhance the density
difference between the separated phases and reduce the viscosity of the fluids. As a result,

the separation efficiency should be higher subsea, compared to the topside conditions>.



Most of the produced water treatment processes, such as gravity separation, hydrocyclone
or gas flotation, highly rely on the droplet size. As described by Stokes law, the creaming
velocity in the gravity separators is directly proportional to the square of the drop diameter.
In addition, larger drops are easier to encounter by gas bubbles during gas flotation. With the
increase of the drop size, the PWT processes are quicker and more effective, resulting in less

dispersed OiW in the discharged or reinjected water.

Coalescence is the main process controlling the droplet growth. It can be split into three
steps®: (1) droplet approach (and collision), (2) thin film drainage and (3) film rupture and
fusion of two drops into one. Since the stability of emulsions is an important aspect of many
industrial processes, either as a goal to reach or a problem to overcome, it has been
extensively studied for many years. Several studies of the coalescence of model oil-in-water
drops had been conducted’®. Regarding the crude oil systems, the researchers have paid
more attention to the coalescence of water drops in the continuous oil phase!?13, leaving the
crude oil-in-water systems a relatively unexplored topic!**>. Crude oil has a very complex
composition and can contain a variety of species that influence their interfacial properties,
such as resins, asphaltenes!®??, and acidic species'®. The dissolved components in the water,
partitioned from the oil phase?®, can also adsorb at interfaces?® and affect the coalescence
process. Moreover, crude oil drops may behave differently, when subjected to subsea
conditions (i.e. high pressure or temperature). To the best of our knowledge, the effect of

pressure on the merging of crude oil drops has not been reported in the literature.

Microfluidics proved to be a very useful tool for studying emulsion stability. Both model oil-
in-water?"23 and water-in-oil systems?*2® were previously reported in the literature. In the
petroleum science, however, the focus of microfluidic applications is rather shifted towards

fluid analysis?’-%° and very few papers concerning separation can be found.

Previously we have presented a microfluidic approach to study the coalescence of model oil-
in-water systems at increased pressure3!. The objective of the current work was to develop
methodology for studying coalescence of crude oil drops under different conditions using
microfluidics. The investigated parameters included the composition of the oil phase
(different crude oils, diluted and neat), water phase (salinity, pH, dissolved components) and

pressure.



2. EXPERIMENTALS
2.1. Chemicals. The physical and chemical properties of six crude oils, produced at the
Norwegian Continental Shelf, are summarized in Table 1. Additional characterization (except

of crude oil F) and description of methods were reported elsewhere3?,

Table 1 Physicochemical properties of crude oils.

TAN TBN SARA [% wt.]
Viscosity
, [mg [mg
Crude oil| API[°] | [mPas]
KOH/ KOH/ |Saturates|Aromatics|Resins | Asphaltenes
@20°C
g oil] g oil]
A 19.2 354.4 2.2 2.8 50.6 31.2 15.7 2.5
B 35.8 14.2 ND 1.0 84.0 13.4 2.3 0.3
C 23.0 74.4 2.7 1.1 64.9 26.3 8.4 0.4
D 36.3 10.2 0.2 1.1 71.5 23.1 5.1 0.3
E 37.9 8.3 0.5 0.4 74.8 23.2 1.9 0.1
F 39.7 7.5 0.1 0.6 78.5 18.9 2.5 0.1

The crude oils were initially diluted to 25% wt. with xylene (Mix of isomers, AnalaR, VWR,
USA) to be used as the dispersed phase in the microfluidic investigations. During further tests,
three crude oils (B, E, F) were used without dilution and upon addition of 200 ppm of a de-
emulsifier. Unless stated otherwise, the measurements were performed with one de-
emulsifier (A few experiments in the Section 3.2.1. were also conducted with another de-

emulsifier). These additives will later be referred to as oil-soluble surfactants.

Two types of brine were used to simulate produced water salinities at the Norwegian
Continental Shelf?3 and to investigate the effect of the divalent ions on the coalescence of the
crude oil droplets. Both brines had equal ionic strength (I=0.59M). The first brine, referred to
as Na-Brine, contained only sodium chloride (p.a., Merck Millipore, USA). The other, NaCa-
Brine, was a mixture of NaCl and CaCl, (p.a., Sigma-Aldrich, USA) with Ca/Na molar ratio of
1:35. The brines were adjusted to pH 4 and 10 by using solutions of diluted HCI (AnalaR, VWR,
USA) and dissolved NaOH (AnalaR, VWR, USA). The natural pH of the brines, later referred to



as pH 6, ranged between 5.8 and 6.6. All aqueous solutions were prepared with deionized

water (Millipore Simplicity Systems, Darmstadt, Germany).

2.2, Dissolved components. Three kinds of components were dissolved in water and used as
the continuous phase in different microfluidic experiments.

2.2.1. 4-Heptyl benzoic acid (4-HBA). 100 ppm of the 4-HBA (99+%, Alfa Aesar, USA) was
dissolved in Na-Brine at high pH. Subsequently, the solution was adjusted to pH 10.

2.2.2. Fluka acids. The water phase with a commercial naphthenic acid mixture (Fluka, Sigma
Aldrich, USA; later denoted as Fluka acids) was obtained through partitioning. Heptane (HPLC
>99%, Sigma-Aldrich, USA) containing Fluka acids was poured into Schott bottles with
buffered Na-Brine at pH 6 and 9, respectively. After 12 hours of horizontal shaking, the phases
were separated by centrifugation (30 min at 11000 rpm). Part of the water was acidified to
pH<2 with hydrochloric acid and shaken with pure heptane to back-extract the organic
content for concentration measurement. Samples were silanized with N-tert-
Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) with 1% tert-
Butyldimethylchlorosilane (Sigma-Aldrich, USA) and then analysed with GC/MS for
quantification. Finally, the samples were diluted with Na-Brine to contain 100 ppm of acids
and adjusted to pH 6 and 10, respectively.

2.2.3. Dissolved components from crude oils. Each of the crude oils were mixed with Na-Brine
at pH 4, 6 and 10 in order to saturate the water phase with water-soluble oil components.
Approximately 100 ml of brine and crude oil were poured into Schott bottles and put on a
vertical shaker (200 rpm) for 48 hours. Subsequently, the water phase was extracted and
centrifuged to remove any dispersed oil. The pH was measured and afterwards readjusted to
the original level. Some water phase was collected, acidified to pH<2 with sulphuric acid, and
analysed for the total organic carbon content (TOC-Lcen Analyser, Shimadzu, Japan). The

measurements were performed at GIG Research Institute in Katowice, Poland.



2.3. Microfluidic chips and setup. The design of the chips and the microfluidic setup is

illustrated in Figure 2.
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Figure 2 lllustration of the microfluidic setup and chips.

Custom-designed glass microfluidic chips were delivered by Micronit Microtechnologies B.V.
(The Netherlands). The inlet channels had a width of 100 um and led to a T-junction, where
the droplets were generated. The drops then passed a meandering channel and entered a
coalescence chamber with the width of 500 pm and length of ca. 33 mm, where they could
get in contact and possibly undergo coalescence. The wider channel led to the outlet of the
chip. All channels had a uniform depth of 45 um. During the experiments, the chip was placed
in a chip holder (Fluidic Connect PRO, Micronit Microtechnologies B.V., The Netherlands) and
connected to the rest of the flow setup with FFKM ferrules and PEEK tubing (inner diameter
250 pum, Sigma-Aldrich, USA). The high-pressure measurements were performed with another
chip holder (Fluidic Connect 4515, Micronit Microtechnologies B.V., The Netherlands). After
the experiment, the chips were cleaned through sonication in three different solvents:
toluene/acetone mixture (3:1 v/v), isopropanol and deionized water. Each cleaning step
lasted 15 min. Finally, the chips were dried with compressed air and baked in an ashing
furnace for six hours at 475°C. Shortly before the experiments, the chips were treated in low-

pressure oxygen plasma chamber (Zepto, Diener electronic GmbH, Germany) for 10 minutes.

The liquids were pumped with syringe pumps (neMESYS mid-pressure module V3, Cetoni

GmbH, Germany). The pressure level in the system was controlled by a backpressure



regulator (BPR in Figure 2, JR-BPR2, VICI AG International, Switzerland) and monitored with
pressure sensor modules (Qmix P, Cetoni GmbH, Germany) at the inlet and outlet of the chip
(Pi and P, in Figure 2, respectively). The flow was measured with a flowmeter (F in Figure 2,
mini CORI-FLOW, Elveflow, France). The droplets were observed with a high-speed camera
(AX100, Photron, Japan), connected to an inverted microscope (Ti-U Eclipse, Nikon, Japan)
with an external LED light source (HDF7010, Hayashi, Japan) at a constant framerate of 8500

frames per second.
2.4. Microfluidic experiment, data acquisition and image analysis.

The experiments were conducted similar to a previous report3L. In short, the oil and water
flow rates were set to 10 and 160 pl/min, respectively. In these conditions the droplets had a
diameter of approx. 50 um. Due to the smaller channels at the inlet of the chip, the readings
from the pressure sensor located there indicated approx. 2 bar higher pressure, compared to
the outlet of the chip. This pressure drop was present in all tested pressure levels. Two sets
of images were taken for each experiment — at the inlet and the outlet of the microfluidic chip
(points A and B in Figure 2, respectively). The series from the inlet was used to retrieve the
initial size and number of the droplets, and additionally used to verify the accuracy of the
recordings from the outlet of the chip. Next, a series of 7000 frames was recorded at the end
of the coalescence chamber to assess the extent of coalescence. Both image sequences were
processed with the Image) software. The frames were first converted into a binary mask and
then the areas and the centre of mass coordinates of droplets were retrieved with the Analyse
Particle feature. The data was then copied to a Microsoft Excel spreadsheet. It was found that
the droplet area increased proportionally with the number of coalescence events. For this
reason, the droplets could be sorted into several size classes. It is worth pointing out that the
same droplets were detected several times in the consecutive frames. Therefore, the actual
number of droplets in each size class (Ns), used for further analysis, was calculated with the
average droplet velocity, the width of the detection box and the mean droplet diameter in

: Af,
each size class. The number of initially created droplets (Nin) was given by N;;, = Y- n; * A—f‘,
in

where n; was the number of class i drops, Ay the area of class i droplets at the outlet of the
channel and Ai, the area of the initially formed droplets. On average, each dataset consisted

of 1500 droplets of the original size. The coalescence frequency was the main parameter for



the comparison between different conditions. It was calculated by f = (%— 1) [tres,
f

where tres is the residence time of droplets in the channel (channel length divided by the
average drop velocity). All reported values are an average of three parallels with standard

deviation.

2.5. Interfacial tension measurements.

The interfacial tension (IFT) measurements were conducted using a pendant drop
tensiometer (PAT-1M, Sinterface Technologies, Germany). Images of a crude oil drop,
immersed in a brine solution were recorded over time. The measurements lasted 100
seconds. The interfacial tensions were calculated by fitting the drop profiles to the Young-

Laplace equation. All measurements were performed at room temperature (22°C).
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3. RESULTS AND DISCUSSION

3.1. Diluted crude oils

Initially, we tried to use crude oils as is, however they partially wetted and adsorbed to the
glass surface, which prevented droplet generation. Diluting crude oils with an aromatic
solvent (xylene) mitigated that issue, allowing us to study the effect of the crude oil chemistry

and water composition. The coalescence frequencies of the diluted crude oils are illustrated

in Figure 3.
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Figure 3 Coalescence frequencies of diluted crude oils in Na- and NaCa-Brine at three pH levels.

In general, the coalescence between the light crude oil drops (B, D, E, F) was more extensive,
compared to the heavier ones (A and C). Notably, the viscosity of the oil phases after dilution
did not vary much. The final droplet size also depended on the water phase. The highest
coalescence frequency was usually observed at the lowest pH and it declined with increasing
pH of the water. At low pH, the coalescence between heavier crude oils was difficult to
measure, most likely due to the higher TBN values and the fact that in lower pH the glass
surfaces often become wetted by crude oils3* (Figure S1 in Sl). In addition, it was impossible
to measure the coalescence frequency of crude oil C at pH 10 (Na-Brine) due to the formation
very small droplets (Figure S2 in Sl), most likely because of high TAN. When calcium was added
to the system, the most systematic trend was noticed at pH 10, where its presence boosted
the coalescence in almost all cases, compared to the brine without divalent ions. At the other

pHs, we did not see any systematic changes in the coalescence frequencies.

Crude oils contain many surface-active components that can be more or less interfacially

active in specific conditions. Their interfacial tension (IFT) varies with the pH of the water
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phase3. This is attributed to the presence of protonated basic species at low pH or dissociated
acidic components at higher pH. In general, basic components do not lower the IFT as much
as the acids, which has been confirmed both for model® and crude 0il3® systems. This effect
was reflected in the present coalescence studies, where the droplets coalesced more readily
in pH 4 or 6. When the pH was increased to 10, the oil-water interface was controlled by the
acids and prevented the droplets from merging with each other through increased interfacial
concentration of surface-active components. The acidic species in crude oils are often called
naphthenic acids. This group includes a wide range of short- and long-chained carboxylic
acids, often with aromatic moieties. They can contribute to a variety of undesirable
phenomena during the crude oil production, such as emulsion formation, precipitation or
corrosion of the pipelines and process units®. Due to their amphiphilic nature, they can
adsorb at the oil-water interface3> or even, in the case of low molecular weight compounds,
partition to the water phase?’. Their interfacial activity in neutral or higher pH is probably the
main reason behind the increased stability of droplets. The increase of pH deprotonates more
acidic species, which leads to increased interfacial concentration and provides additional
stability against coalescence. Moreover, this mechanism is further supported by the results
obtained with NaCa-Brine at pH 10. Depending on the molecular structure, naphthenic acids
in the presence of an electrolyte in water can form soaps or deposits38. These complexes are
generally more stable with multivalent ions. High-molecular tetraprotic acids, so called ARN
acids, are more likely to form scale3®, whereas low molecular monoacids contribute to
forming stable emulsions®. In the case of water-in-crude oil emulsions, the latter
naphthenates can agglomerate at the interface and lead to problems in flow assurance or
separation process®’. In the case of oil-in-water emulsions, however, it is likely that the
addition of calcium removed acids from the interface. These acid-calcium complexes are less
interfacially active and more lipophilic in character, which facilitates their diffusion from the

interface to the oil phase*?, and most likely resulted in the increased coalescence.
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Figure 4 depicts the coalescence frequencies plotted against TAN and TBN values.
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Figure 4 Coalescence frequencies of diluted crude oil plotted against TBN (left) and TAN (right) values
of crude oils. The order of crude oils from left to right: E, F, B, C, D (TBN) and B, F, D, E, A, C (TAN).

The crude oils used in this study had the total base numbers ranging from 0.4 to 2.8. At pH 4,
the coalescence frequency was found to be inversely proportional to the TBN of the crude
oils. This effect was similar for both brines. The total base number is traditionally considered
as an indicator for the basic species in crude oils. At lower pH, these components become
protonated and affect the interfacial properties of the crude oil drops3®. This effect can
depend both on the type of the basic components and their concentration, as observed in our
case. We could not find an explanation for the decrease or increase of coalescence upon

addition of calcium.

The coalescence behaviour at higher pH was explained with the total acid number values, as
the interfacial properties of crude oil drops are governed by the acidic species. At pH 6 and
10 in Na-Brine, the crude oils could be divided into two groups (plot for pH 10 in Figure S3 in
SlI). Crude oils with lower TAN value (<0.5) coalesced quite extensively, while hardly any
coalescence was observed for the crude oils with high TAN values (>2). This effect can be
related to the concentration of the acidic species in the crude oils. At pH 6 only the crude oils
with TAN value equal to or higher than 0.5 (A, C, E) experienced an increase of coalescence
when calcium was present in the water phase. At pH 10, however, all crude oils experienced
an increase of coalescence upon addition of calcium, as discussed before. The results at pH 6
can be interpreted in two ways. First, the interfacial concentration of the naphthenic acids in

the less acidic oils might have been too low to observe an effect of calcium. Secondly, the
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type of acidic components and the extent of dissociation at the oil-water interface could have
played a role**%. We could not find an explanation for why some of the crude oils had
consistently lower coalescence frequencies at low or neutral pH upon addition of calcium

ions.

A trend was also observed when the coalescence frequencies were plotted against the sum

of resin and asphaltene weight fractions of the crude oils (Figure 5).
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Figure 5 Coalescence frequencies of diluted crude oils plotted against the sum of resins and

asphaltenes of respective crude oils.

The coalescence frequencies decayed exponentially with the increasing total resin and
asphaltene weight fractions of the crude oils. The coalescence of crude oils with the lowest
concentration of these fractions was quite extensive, whereas very little merging occurred at
the highest amounts. These trends were similar regardless of the pH or ionic composition

(Figure S4 in SI).

The majority of the interfacially active molecules can be found in the resin and asphaltene
fractions, which explains their significance for the coalescence frequency. The presence of
these species can affect the coalescence between oil drops in several ways. First, the
dissociated, charged groups can create electrostatic repulsion, analogous to the effect of ionic
surfactants. However, in our system this type of repulsion was significantly decreased due to
high electrolyte concentrations. Secondly, the approach and collision between drops may
cause gradients in the interfacial concentrations. This will cause a flux of surface-active
molecules in the opposite direction of the film drainage process (Marangoni effect), which

will impede drainage. Notably, the crude oils were diluted with an aromatic solvent, which
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effectively eliminated any asphaltene solubility issues. Nevertheless, asphaltenes in a good
solvent could still be present as nanoaggregates® and impact the formation of viscoelastic
films, and subsequently influence the coalescence between oil drops. In general, the emulsion
stability is enhanced with the increase of the elastic properties of the interface*®. Solutions of
asphaltenes in aromatic solvents typically exhibit a maximum of elasticity at a certain
concentration®”-%8, In our case, the decreasing coalescence frequency with increasing weight
fraction of resins and asphaltenes could also be seen for the increasing percentage of

asphaltenes alone (Table 1).
3.2. Crude oils

Method development revealed that the addition of an oil-soluble surfactant facilitated the
droplet generation process for some of the crude oils without the need of dilution. Therefore,
three light crude oils (B, E, F) were used to investigate the effect of the water composition on

the coalescence of non-diluted crude oil drops.
3.2.1. Water phase effect.

Figure 6 depicts the coalescence frequencies for the non-diluted crude oils in different brines.
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Figure 6 Coalescence frequencies for three crude oils in Na- and NaCa-Brines at different pH

levels.

Notably, all coalescence frequencies were significantly lower than for the diluted crude oils.
In both brines, the highest coalescence frequencies were observed at pH 4 or 6, and the lower

values at pH 10. When considering the effect of divalent ions at pH 10, the coalescence was
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either higher (B, F) or did not change (E) upon the addition of calcium. The effect of calcium

at other pH varied with the crude oil type.

The complex composition of crude oils will definitely have an impact on the coalescence
process during the produced water treatment. Like in the Section 3.1, we attempted to
connect the crude oil physical and chemical properties to the observed coalescence
behaviour. In this case, however, the addition of the oil-soluble surfactant affected the
interfacial behaviour of the crude oil droplets, rendering any analysis based on composition
unclear. In general, crude oils react differently to various types and concentrations of oil-
soluble surfactants. This was confirmed by the experiments performed with another oil-
soluble surfactant (Figure S5 in Sl). Nevertheless, the trends observed upon changing the

water composition remained quite similar to the results obtained with the diluted crude oils.
3.2.2. Dissolved components — model systems.

Certain components of crude oils are water-soluble. Their partitioning to the water phase can
occur in the geological formation, where the two phases spend millions of years in contact,
and additionally during the production process, where pressure drops and turbulent flow
create further opportunities for mixing and mass transfer. The concentration of the dissolved
components is highly field-dependent, but it can reach several hundreds of ppm in the
discharged PW*. These components can be toxic and pollute the marine environment®°,
Furthermore, they can affect the oil-water separation process. Our group has previously
demonstrated the effect of the dissolved components on the air-water interface?® 512 and
the flotation performance®3. In this section we discuss their influence on the coalescence

between crude oil droplets.

The results of the coalescence frequency in Na-Brine with and without the partitioned

naphthenic acids at pH 6 is shown in Figure 7.
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Figure 7 Coalescence frequency of Na-Brine at pH 6 with and without partitioned Fluka naphthenic

Each of the crude oils reacted uniquely to the presence of the dissolved components in the
water phase. An increase of coalescence was observed for crude oil B, while the opposite
effect was noticed for crude oil E. The dissolved components had little effect on the
coalescence with crude oil F. Similar results were obtained for the Fluka acids partitioned at
higher pH, presented in Figure 8, together with the results for the 4-heptylbenzoic acid. Also

in this case the effect of the dissolved Fluka acids was crude oil-dependent. The acids either

acides.

promoted coalescence (B, slight increase in F) or reduced it (E).
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Figure 8 Coalescence frequency of Na-Brine at pH 10 with Fluka partitioned acids, dissolved 4-HBA

and without any dissolved components.

Noteworthy, all the oils reacted in a very similar way to the presence of 4-HBA in the
continuous phase. The coalescence frequency was reduced to almost identical values of 0.05
s1, meaning approximately 20 coalescence events for more than 1500 droplets during the

recording time.

One possible explanation for the oil-specific response to the presence of the dissolved
components is the oil composition, or more precisely the nature of the surface-active
components in the crude oils. In the diluted system, crude oil B had lower coalescence
frequencies than the other oils. It also had lower resin to asphaltene ratio (R/A) and less
aromatic components. Resins are the most polar fraction that is soluble in aliphatic solvents.
Although surface-active, they cannot stabilize emulsions by themselves®*. They are, however,
crucial in the emulsion stabilization mechanisms provided by the asphaltenes. Resins were
found to increase the stability of asphaltenes in crude oils through solvation®®, and their
weight ratio to asphaltene in crude oils correlates inversely with the water-in-oil emulsion
stability®® 6. Additionally, the R/A ratio has an effect on the film rigidity, which also
corresponds to the stability of emulsions®’. Furthermore, the low fraction of aromatics can
contribute to destabilization of asphaltenes. Crude oil B hat the lowest R/A ratio (ca. 8) and

lowest aromatic weight fraction. This might have affected the stability of asphaltenes and

18



increased the film rigidity in the system with standard brine. Upon the addition of dissolved
acids, the less stable asphaltenes might have been replaced by the smaller acidic species,
diffusing from the water phase, at the interface. Short-chained acids that partitioned at pH 6
might not retard the coalescence between drops to the same extent as the polar, high-
molecular weight components from crude oil B. In addition, crude oil B has also slightly higher

viscosity, which reduced the diffusion rate from the oil phase to the interface.

In the case of crude oil E and F, the smaller amount of more stable asphaltenes (R/A values of
19 and 25, respectively) should have less effect on the coalescence process. While there was
hardly any difference in the coalescence behaviour for crude oil F, the crude oil E experienced
a significant decrease of coalescence in the presence of the dissolved acids. Taking the TOC
values from Table 2 into consideration, it could be noticed that crude oil F had almost twice
as much components that partitioned to the water phase as crude oil E. Moreover, these were
predominantly short-chained acids, as the decrease of pH from the initial pH 6 value was
much more substantial for that crude oil. Therefore, a competitive mass transfer probably
took place between the short-chained acids coming from bulk oil and the acidic species
diffusing from the water phase. Even though crude oil E has the highest TAN, it probably
contains larger acidic molecules that will diffuse more slowly and will be replaced at the
interface by the more mobile short-chained Fluka acids. In addition, it could be possible that
some of the acidic species in the water phase partitioned into the oil droplet. Groothuis and
Zuiderweg>® stated that the decreased coalescence rate was expected in systems where mass
transfer occured from the continuous to the dispersed phase. These observations were later
confirmed by other groups, who reported that the direction of mass transfer affected the film
drainage time>®°. This phenomenon is often explained with the Marangoni effect. If the mass
transfer occurs from the dispersed to the continuous phase, the concentration of the
transferred solute in the thin film region is increased, which will often decrease the local
interfacial tension. The interfacial tension gradient will facilitate movement of the fluid
outside of the film region, thus promoting film drainage®. Conversely, mass transfer from the
continuous to the dispersed phase will retard the drainage process by pushing the liquid into
the thin film region. In our case, the mass transfer from the water phase to the crude oil E

droplet might have inhibited coalescence, compared to the standard brine. Crude oil F
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contained more water-soluble acidic components, which possibly limited the mass transfer

to the oil phase at pH 6, and did not affect the coalescence in the same way.

Interestingly, the dissolved Fluka acids at pH 6 did not influence the interfacial tension of

crude oils (Table 2).

Table 2 Interfacial tensions of crude oils against different water phases. *value reported after 50s;

tvalue reported after 10s. The shorter measurements were due to instability of the generated drop.

Interfacial tension [mN/m]
Brine type Na-Brine NaCa-Brine Dissolved components
10
Oil 6 10
pH-> 4 6 10 4 6 10 (a-
phasel (Fluka) | (Fluka)
HBA)
Crude oil B 14.9 14.1 6.2* 14.6 13.8 8.7 13.5 4.9 3.8t
Crude oil E 14.9 12.9 9.1 12.8 13.1 10.9 13.5 7.9 4.5t
Crude oil F 6.0* 5.6* 5.8t 5.7* 5.8* 5.6* 5.6* 4.7t -

The oil-soluble surfactant significantly changed the interfacial properties of the oils. The
values without the surfactant ranged from 12 to 22 mN/m (for precise values, please refer to
our previous report3?). In some cases, the drop could not be held for longer than 50 or even
10 seconds. Nevertheless, some trends can be observed. At low and neutral pH, the interfacial
tension was almost identical, even when using the brine with Fluka acids. Crude oil F had
similar values, regardless of the composition of the water phase. For the two other oils, the
IFT at pH 10 was lower. However, it increased upon the addition of calcium, which agrees with
the previously proposed mechanisms for the calcium — naphthenic acids interactions. The
values of the interfacial tension at pH 10 were somewhat lower when Fluka acids were
present, whereas the detection limit (ca. 5 mN/m) of the instrument was reached within 10
seconds after generating the droplet for the brine with 4-HBA. The distributions of Fluka acids

are depicted in Figures S6 and S7 in SI.

In all cases, Fluka acids at pH 6 had no effect on the interfacial tension and in the same time
affected the coalescence frequency in different ways. This might indicate that their limited

surface-activity could have played a role in either increasing the coalescence frequency by
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replacing some of the high-molecular weight molecules in the case of crude oil B or decreasing
it through diffusion from the continuous phase to the oil phase in the case of crude oil E.
Finally, all the crude oils experienced a universal drop of coalescence frequency when 4-HBA
was in the water phase. At this high pH, 4-heptylbenzoic acid has very high affinity to the oil-
water interface®?, significantly reduces the IFT and stabilizes the droplets against coalescence.
The 4-HBA completely filled the oil-water interface and ‘neutralized’ the indigenous
surfactants. In contrast to the polydisperse species in the Fluka acids solutions, the 4-

heptylbenzoic acid is a single molecule, that packed more efficiently at the interface.
3.2.3. Dissolved components — water-soluble crude oil species.

Table 3 shows the total organic carbon and pH (before readjustment) after 48 hours of contact

between the crude oil and water.

Table 3 TOC and pH values of water after contact with crude oils.

Crude oil B Crude oil E Crude oil F
Initial pH TOC TOC TOC
pH pH pH
[ppm] [ppm] [ppm]
pH 4 21 4.33 31 4,93 52 4.07
pH 6 17 5.90 30 6.03 49 4.61
pH 10 21 8.91 33 8.67 52 7.21

The amount of the organic content that partitioned from the oil to the water phase depended
on the oil, but also differed slightly with the pH. In some cases, the change of pH after mixing
was quite significant, which indicated the nature of the partitioned components. In all cases,
the lowest amount of TOC was obtained for the neutral pH, while the most marked pH
changes were observed at the highest pH. The water phase from crude oil B contained the
smallest amount of dissolved organics and experienced relatively small changes of pH,
indicating high molecular weights of both acidic and basic species. Similar observations can
be made for crude oil E, with a small exception at pH 4, suggesting the presence of smaller
basic molecules, which is supported by the significant decrease of coalescence at that pH for

that oil. Brines after mixing with crude oil F contained twice the amount of the detected
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organic carbon compared to other oils, and experienced significant decreases of pH at pH 6

and 10. This implied significant amount of short-chained acids.

The coalescence frequencies in the water phase containing dissolved crude oil components

are illustrated in Figure 9.
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Figure 9 Coalescence frequency of different crude oils in Na-Brines with dissolved crude oil

components and Fluka acids.

Also here, the values were oil-specific. The presence of any dissolved components generally
resulted in increased coalescence for crude oil B. The opposite effect was observed for crude
oil E, while crude oil F experienced only minor changes in coalescence behaviour, limited to
the highest pH. Remarkably, the results for the brines with dissolved crude oil components
resembled the values acquired with the water phase containing Fluka acids (white bars in

Figure 9).

Water-soluble crude oil species are not only of growing environmental concern, but can also
affect some aspects of the PW treatment processes. There was no correlation between the
crude oil properties and the amount of dissolved organics in the water phase. Moreover, the
concentration of the dissolved components did not affect the coalescence frequency in any
systematic way. The biggest effects were observed for crude oils B and E, which water phases
contained significantly less TOC compared to crude oil F. The results were very similar to the
ones presented in the Section 3.2.2., so the previously discussed effect of the dissolved
components on the coalescence process also applies here. Since our study was performed
with only three crude oils, it is difficult to unambiguously state the impact of the dissolved
components on the coalescence process. However, the results demonstrate that their
presence in the produced water cannot be neglected. It should also be noted that the striking

similarity of coalescence between the water-soluble crude oil components and Fluka acids
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suggests that the majority of surface-active components affecting coalescence has acidic

nature.
3.2.4. Pressure

Two oils and brines were chosen for experiments at elevated pressure conditions. The results

are depicted in Figure 10.
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Figure 10 Coalescence frequencies for crude oil E in Na-Brines pH 6 and pH 10 at elevated pressures.

The results show that in the tested pressure range, the extent of coalescence between oil
droplets was relatively similar, independent of the pH of the brine and the crude oil (data for
crude oil F shown in Figure S8 in Sl). The data analysis proved that the differences between

the values were statistically insignificant (t-Student, a=0.05).

During the course of experiments, we used ‘dead’ crude oils, meaning that the samples were
depressurized and stored at ambient conditions. As a result, the samples were missing the
lightest components (C1-Cs) that usually flash off during depressurization. This means that, in
this range, pressure had minor effect on the physical properties of the crude oils®%%3.
Increased system pressure would lead to increased solubility of the shortest hydrocarbons in
the crude oil. This would have several effects on the sample, such as decrease of density or
viscosity, and change in the interfacial tension. Higher pressure and change in the crude oil
composition can also affect other phenomena associated with crude oil, for instance wax

crystallization®* and asphaltene behaviour®®, which can cause further variations in the oil-
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water interface and alter the coalescence between drops. Nevertheless, our results showed
that the drop fusion remained unaffected by the increased system pressure, showing that the
pressure factor will only contribute to the changes in the chemistry of crude oil drops and not

influence the mechanisms of the coalescence process.
4. CONCLUSIONS

We have presented microfluidic methods for investigating coalescence between crude oil
drops in water phase. The experiments were first performed with diluted crude oils, followed
by a study conducted on crude oil drops with the addition of an oil-soluble surfactant. It was
demonstrated that both the composition of the oil and water phases influenced the extent of
coalescence in our systems. We have also shown that the dissolved components in the water
phase can play a crucial role in the merging process and that this effect is likely to be oil-
specific. Furthermore, amongst the various water-soluble components from crude oils, the
effect of the acids is dominant in the interfacial behaviour of crude oil drops in water. The
pressure did not affect coalescence in any way, which was attributed to the lack of light

components (C1-C4) in the crude oils.

We believe that the microfluidic coalescence tool in the present paper will help to understand
the role of crude oil chemistry in the produced water treatment, and become a useful method

for probing the stability of crude oil drops in water.
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ABSTRACT

Gas flotation process is often used during treatment of the oilfield produced water. It relies
on the generation of gas bubbles and their attachment to oil drops, for example by forming
an oil film on the surface of a gas bubble. In this paper we present a microfluidic technique
for investigating the removal efficiency of crude oil drops by gas bubbles through spreading
mechanism. The developed method allowed us to systematically study the effect of the oil,
water and gas phases. The highest removal efficiencies were observed at low or neutral pH.
By reducing the salinity, the electrostatic repulsion increased, which had a negative effect on
the removal efficiency. The addition of the dissolved components stabilized the oil drops and
gas bubbles, which decreased their removal through spreading. Using methane instead of
nitrogen improved the interactions between bubbles and oil droplets, leading to more oil

being removed.



INTRODUCTION

Produced water (PW) is a major by-product during crude oil and natural gas production. It is
composed of both dissolved and dispersed components?, of which some need to be removed
for the water to be discharged to the sea or re-injected to an underground formation?. The
commonly targeted pollutant during PW treatment is the dispersed crude oil. After initial
treatment processes, the water typically contains up to 250-300 ppm of crude oil droplets
that are smaller than 25 um. These oil droplets are meta-stable in water due to their size and
the presence of indigenous surfactants in the petroleum. The target is to reduce the
concentration down to 30-40 ppm, which is the universally accepted limit for discharge to the

seal.

Gas flotation is one of the common produced water treatment processes, and uses the
dispersed or nucleated gas bubbles to enhance the density difference between oil and water.
The generated bubbles can attach to oil drops and form aggregates that are both bigger and
less dense, and thereby easier to remove. This attachment can occur through different
mechanisms3, such as formation of an oil film or lens, point attachment, entrapment in a
turbulent wake or physical lifting of oil droplets by flocculated gas bubbles. The oil film on the
gas bubble provides the most stable bubble-drop aggregate. Generally, it can be divided into
three stages®: (1) approach and thin film formation, (2) film drainage and (3) film rupture and

spreading of oil over the surface of a gas bubble. These processes are depicted in Figure 1.
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and drainage over bubble

Figure 1 The stages of bubble-drop interactions, leading to formation of an oil film on a gas bubble.

The collisions between bubbles and drops, together with the characteristic drainage time,

govern the total removal efficiency through this mechanism®. Thin film drainage is a



complicated process, depending both on the interfacial properties of all three phases (gas, oil

and water), and on the hydrodynamic forces inside the process unit.

Crude oil is a complex mixture of hydrocarbons and other organic species. Certain fractions
of crude oil, like resins, asphaltenes or naphthenic acids, are surface-active and can influence
the interfacial behaviour of crude oil drops in water®’. Furthermore, water-soluble
components can partition to the water phase and affect the gas-water interfaces®. For the
water produced at the Norwegian Continental Shelf, these dissolved species are
predominantly of acidic nature®. The crude oil-indigenous amphiphilic molecules can affect
the stability of the thin film and the drainage process during bubble-droplet interactions. They
give raise to additional repulsive forces (electrostatic or steric), and can also retard the film

drainage time through the Marangoni effect°.

The role of interactions between gas bubbles and crude oil droplets during gas flotation has
scarcely been reported in the literature. Nikolov et al. studied the thin film stability between
crude oil droplets and air bubbles!!. Another study, conducted by Oliveira et al., tried to relate
the fundamental interactions between gas bubbles and oil droplets to the flotation efficiency
with the use of well-defined systems?!2. The effect of solvent on the induction time in bitumen-
air systems was studied by He et al.’3. Recently, Chakibi et al. reported the role of salinity on
induction time and laboratory flotation performance of crude oil emulsions®4. Our group has
also contributed to the field by studying the film drainage times between bubbles and crude
oil drops®®, which was later related to the performance of a pilot-scale flotation®®.
Interestingly, none of the groups used similar experimental setup for studying the interactions
between bubbles and drops, which indicates that the existing methodology may not be

sufficient.

Microfluidics has recently emerged as a new tool for studying the fundamental aspects of
dispersions and their stability!’. It has been extensively used to investigate coalescence in
emulsions®20, recently also in the petroleum field?"?2, While three-phase systems were
studied with microfluidic tools?3-?%, the application of these systems was limited to foam
flooding in petroleum research?6-28, No reports on the microfluidic studies of crude oil droplet

spreading on gas bubbles were found.



In this work we present a new, microfluidic method to probe the interactions between
bubbles and crude oil droplets that normally occur during a gas flotation process, by
investigating the spreading of oil drops over the gas bubble surface inside a microchannel,
and reporting the oil removal efficiency. We systematically varied the water and oil
composition, as well as the droplet number and size. The effect of the gas phase on the

spreading efficiency by using both nitrogen and methane bubbles was also reported.
EXPERIMENTALS
Chemicals.

Brines. Two types of brine were used as the continuous phase during most experiments. The
first brine (later referred to as Na-Brine) was composed of 3.5% wt. sodium chloride (p.a.,
Merck Millipore, USA). The second brine was a mixture of sodium chloride and calcium
chloride (p.a., Sigma-Aldrich, USA), with a Ca/Na molar ratio of 1:35. Both solutions had the
same ionic strength and were prepared with deionized water (Millipore Simplicity Systems,
Darmstadt, Germany). They were adjusted to pH 4 and 10 by using solutions of diluted HCI
(AnalaR, VWR, USA) and dissolved NaOH (AnalaR, VWR, USA). The natural pH of the brines,
later referred to as pH 6, ranged from 5.8 to 6.6. The low salinity brine, used in the Brine Effect

section, consisted of 20 mM of sodium chloride.

Dissolved components. The water phase with dissolved naphthenic acids (Fluka, Sigma
Aldrich, USA; later denoted as Fluka acids) was prepared through partitioning from heptane
(HPLC 299%, Sigma-Aldrich, USA). Buffered Na-Brines at pH 6 and 9, and solutions of Fluka
acids in heptane were poured into Schott bottles and mixed on a horizontal shaker for 12
hours. After shaking, the water phase was extracted and centrifuged (30 min, 11 000 rpm).
Some of the water was acidified to pH <2 with hydrochloric acid and mixed with heptane to
back-extract the acids for concentration measurement. The samples were silanized with N-
tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) with 1% tert-
Butyldimethylchlorosilane (Sigma-Aldrich, USA) and then analysed with GC/MS. With the
known concentration, the samples were diluted with Na-Brine to contain 100 ppm of acids
and re-adjusted to pH 6 and 10. The solution of 4-heptylbenzoic acid (4-HBA, 99+%, Alfa Aesar,
USA) was prepared by dissolving 100 ppm of the acid in Na-Brine at high pH. After dissolution,

the solution was readjusted to pH 10.



The surface tension measurements of brines, with and without the dissolved components,

were conducted with a Du Noly ring tensiometer (Sigma 70, KSV, Finland). The reported

values were noted after 24 hours of measurement.

Crude oils. Three crude oils, produced at the Norwegian Continental Shelf and with the
addition of 200 ppm of a de-emulsifier, were used as the dispersed phase. The summary of
the physical and chemical properties is presented in Table 1. The full characteristics of the

crude oils and description of experimental methods were reported elsewhere? (crude oil F

was not included in that study).

Table 1 Physicochemical properties of the crude oils.

. . . TAN TBN SARA [% wt.]
Density | Viscosity
Crude [mg [mg
. [g/cm3] | [mPa s] . .
oil . . KOH/ KOH/ |Saturates|Aromatics|Resins|Asphaltenes
@20°C| @20°C . .
g oil] g oil]
B 0.841 14.2 ND 1.0 84.0 13.4 2.3 0.3
0.831 8.3 0.5 0.4 74.8 23.2 1.9 0.1
F 0.822 7.5 0.1 0.6 78.5 18.9 2.5 0.1

Gas phase. Most experiments were performed with nitrogen (grade 5.0). The measurements

in the Gas Phase Effect section were also conducted with methane (grade 3.5).



Microfluidic chips and setup.

The design of the chips and the microfluidic setup used during the microfluidic gas flotation

experiments is illustrated in Figure 2.
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Figure 2 Microfluidic setup and chips.

Custom-designed glass microfluidic chips were purchased from Micronit Microtechnologies
B.V. (The Netherlands). They had two T-junctions, where the simultaneous generation of gas
bubbles and oil droplet took place. The inlet channels, leading to and from the T-junctions,
had a width of 100 um. The wider channel, where the bubbles and droplet met, was 750 um
wide and 33 mm long.
All channels had a uniform depth of 45 um. After entering the wider channel, the fluid
particles started to intermingle, which resulted in some of the oil droplets spreading on the
gas bubble surface. During the measurements, the chip was placed in a chip holder (Fluidic
Connect PRO, Micronit Microtechnologies B.V., The Netherlands) and connected to the flow
setup with FFKM ferrules and PEEK tubing (inner diameter 250 um, Sigma-Aldrich, USA). After
the experiment, the chips were cleaned through sonication in three different solvents:
toluene/acetone mixture (3:1 v/v), isopropanol and deionized water. Each cleaning step
lasted 15 min. Finally, the chips were baked in an ashing furnace for six hours at 425°C. Shortly
before the experiments, the chips were treated in low-pressure oxygen plasma chamber

(Zepto, Diener electronic GmbH, Germany) for 10 minutes.



The liquids were pumped with syringe pumps (neMESYS mid-pressure module V3, Cetoni
GmbH, Germany). The flow of gas was controlled with a gas flow controller (EL-Flow Prestige,
Bronkhorst High-Tech B.V., The Netherlands). The flow conditions in the respective

experiments are presented in Table 2.

Table 2 Experimental conditions of the respective sections.

Droplet generation Bubble generation
. Dispersed . Dispersed
. Continuous Droplet | Continuous Bubble
Section phase ] phase .
phase flow diameter | phase flow diameter
. flow . flow
[pl/min] . [um] [pl/min] . [um]
[ul/min] [l/min]
Brine Effect 160 6 55 150
. 4
Concentration
160 6 55 150
Effect
8
. 120 8 70
Drop Size
160 6 55 120 43 150
Effect
200 4 40
Dissolved
160 6 55 100-110
Comp. Effect
Gas Phase
160 6 55 150
Effect

The provided value of the bubble diameter in all sections except the Dissolved Components
Effect was a result of quick coalescence between the generated 110 um bubbles in the
beginning of the channel. During the experiments with dissolved components, the bubbles
were stabilized against coalescence by the acidic species, present in the water phase. The
number of droplets generated in unit time was proportional to the dispersed flow rate. In the
Concentration Effect section, the lowest flow rate allowed production of ca. 1000 drops/s, 6
ul/min produced around 1400 drops/s, whereas the highest flow rate resulted in approx. 1800
droplets/s. In all other sections, the flow rates were set so the number of droplets entering

the wider channel in unit time was similar (approx. 1400 drops/s).

The droplets were observed with a high-speed camera (AX100, Photron, Japan), connected to
an inverted microscope (Ti-U Eclipse, Nikon, Japan) with an external LED light source

(HDF7010, Hayashi, Japan) at a constant framerate speed of 8500 frames per second.
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Data acquisition and image analysis.

The image analysis method was based on the one reported before3®3!, with a few
modifications. Two sets of ca. 16000 frames at the inlet and outlet of the chip (points A and
B in Figure 2, respectively) were taken for each of the experiment. The images from the inlet
were used to retrieve the number and size of the generated droplets. The number of the
remaining drops, not removed by gas bubbles, was determined from the outlet images. Both
image sequences were processed with ImagelJ software. The frames were first converted into
a binary mask and then the areas and the centre of masses coordinates of droplets were
retrieved with the Analyse Particle feature, available in the Image) software. Due to the
limited coalescence between oil drops, the remaining drops were always significantly smaller
than the gas bubbles. This made it possible to differentiate them from the bubbles with the

use of a size limitation feature, as shown in Figure 3.
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Figure 3 The stages of image analysis. From left: original image, frame converted to a binary mask

and detected objects.

Subsequently, the data was copied to a Microsoft Excel spreadsheet. Even though the
coalescence between drops was practically negligible, the detected droplets at the end of the
channel were sorted into several size classes. The droplet area increased proportionally with
the number of coalescence events, which allowed recalculating the drops of different sizes to
the number of drops of the initial size that formed them. Since the same droplets were
detected several times within the detection frame, the actual number of droplets in each size
class was calculated with the use of the average droplet velocity, the width of the detection
box and the mean droplet diameter in each size class. The removal efficiency (RE) was the
main parameter used to compare different experimental conditions. It was calculated with

Equation 1:



drops;,, — drops
Removal ef ficiency [%] = p (linrops DSout )
in

where dropsin and dropsout are the number of drops detected in the inlet and outlet of the
chips in unit time. In the Drop Size Effect section, the removal efficiency was normalized with
respect to the residence times, in order to eliminate its effect on the final result. The
normalization was done by multiplying the number of droplets removed during the
experiment by the ratio between the average residence time for the middle-sized drops and
the calculated residence time for the specific experiment. All values are reported as the

average of three measurements and the standard deviation.
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RESULTS AND DISCUSSION
Brine Effect.

The oil removal efficiencies resulting from oil spreading on gas bubbles for three crude oils in

two different brines are presented in Figure 4.
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Figure 4 Removal efficiencies of three crude oils in Na- and NaCa-Brine at three pH levels.

The highest removal efficiencies (RE) were found in the lower pH levels. All the oils gave a
significant decrease of RE when the pH was raised to 10. When comparing both brines at pH
6, more droplets were removed for two of the oils (B, E), whereas less droplets spread on the
gas bubbles in the case of crude oil F. At pH 10 in NaCa-Brine, the removal efficiency improved

compared to the systems without calcium ions. In many cases crude oil B had the lowest RE.

The pH level of the aqueous phase will determine the type of surface-active components
present at the crude oil-water3? and the gas-water33 interface. Crude oil is a complex mixture
of hydrocarbons and various organic species. Some of them, typically found in the resin and
asphaltene fractions, are polar due to high aromaticity and the presence of heteroatoms, such
as nitrogen, oxygen and sulphur3*. These components can accumulate at interfaces, reduce
the interfacial tension and also lead to the formation of viscoelastic interfacial layers that
retard the drainage process. At low pH, the basic components diffuse to the interface and
become protonated, whereas at neutral and higher pH the acids control the crude oil
interfacial activity. In general, the acidic species in crude oil are considered to be more

surface-active because of less complex structure and higher affinity to the water phase in
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wider range of pH. This would explain the significantly lower removal efficiencies, achieved at
higher pH levels. Furthermore, at high pH some water-soluble crude oil components may
partition from the oil to the water phase. These dissolved components can then accumulate
at the surfaces of bubbles and will be an additional factor in the reduction of removal
efficiency at high pH. The detailed mechanisms involving dissolved components are explained
later. When calcium was present at high pH, the removal efficiency increased in all cases. This
effect can be attributed to the complexing ability of divalent ions with the dissociated
naphthenic acids3®. The formed complexes are less hydrophilic than the charged species, and
may partition back to the oil phase. This phenomenon may effectively reduce the interfacial
concentration of surfactants at both oil-water and gas-water interfaces and lead to an
increase of the interfacial tension®’, which explains the improved removal efficiency in the
NaCa-Brine at pH 10. He et al., who studied the induction time of bitumen on gas bubbles,

had similar observations?!3.

The slightly higher viscosity of crude oil B might explain the overall lower removal efficiency
of this oil. The drainage and rupture process of the thin film between oil droplet and gas
bubble is sometimes divided into induction (drainage) time and coverage (spreading) time.

Some authors reported a dependence of the oil viscosity on the latter#15,

The effect of salinity level on the removal efficiency of two crude oils is presented in Figure 5.
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Figure 5 Comparison of removal efficiencies of two oils in high and low salinity brines.

Both oils experienced a decrease in the removal efficiency upon reduction of the salinity. The
level of salinity plays an important role for the interfacial properties of both air-water and oil-

water interfaces during gas flotation. In the case of oil droplets, high salinity (HS) can screen
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negative charges acquired by crude oil drops in the water phase32, thus decreasing the
repulsion between them. At the same time, the abundant presence of an electrolyte will also
promote packing of surface-active species at the interface, which will have a negative effect
on the bubble-drop interactions. Similar to the oil droplets, gas bubbles in water are also
negatively charged due to the preferential adsorption of hydroxyl ions and adsorbed
components at the vicinity of gas/water interfaces®. In HS brine, the electrical double layer
is significantly compressed by the electrolyte, however in low salinity (LS) the overlapping
electrical double layers will provide negative interactions between droplets and bubbles. In
addition, it has been reported that the coalescence of gas bubbles greatly depends on the
concentration of salt in the solution?®*l, A recent microfluidic study confirmed that the
amount and type of the electrolyte influences the coalescence between bubbles®?. The
salinity level in our system could also have an effect on the bubble size distribution in the
microfluidic channel which, as discussed later, can affect the spreading of oil droplets on gas
bubbles. Nevertheless, the trends agree with other reports demonstrating the decreased

induction time and improved flotation performance with increased salinity% 141>,

Concentration Effect.

The effect of the droplet generation rate (i.e. oil concentration) on the removal efficiency of

two crude oils is depicted in Figure 6.

— 1000 drops/s
80% - 1400 drops/s
mmmm 1800 drops/s
. .
2 60% ™
2
o
=
o
T 40%
2
£
o
o
20% A
0%
Crude oil E Crude oil F

Figure 6 Effect of droplet production rate (i.e. oil concentration) on the removal efficiencies of two

crude oils.

Both oils showed similar, declining trend of the removal efficiency when increasing the

number of produced drops. In general, flotation units underperform when the influent has
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more than 500-1000 mg/L of dispersed oil and the droplets are larger than 200 um in
diameter®?, and they are typically preceded by hydrocyclones. Therefore, the tendencies
observed here are reasonable. Interestingly, if the absolute number of removed drops is
considered, the trend is reversed. The microfluidic gas flotation at the highest concentration
(ca. 1800 drops/s) removed between 700 and 750 drops per second, whereas at the lowest
concentration (1000 drops/s), the amount of removed drops was close to 600 droplets per
second. This was most likely due to the mechanism, speculated by Strickland®, in which the
oil coated bubbles are more probable to merge with free oil droplets than the non-coated
bubbles. Indeed, upon visual inspection of the recorded images, we observed bigger bubbles
for the lower concentration (Figure 7A), whereas smaller bubbles with thicker oil films were

seen when the concentration was higher (Figure 7B).
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Figure 7 Snapshots from low (A) and high (B) oil concentration experiments.

Bubbles with more oil on their surface were more prone to detachments events, which led to
the formation of relatively big oil droplets. While they could have been excluded with the size
limitation of the detection tool, this would only decrease the removal efficiency, therefore
the observed trends would be unaffected. Less collisions with smaller amount of oil drops
could also lead to more extensive coalescence between gas bubbles, as oil film inhibits
bubble-bubble coalescence. The change in the bubble size distribution can affect the
spreading of oil droplets over the gas bubbles®. The droplet sizes can affect the removal

efficiency in a similar way, and this is discussed next.
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Oil Droplet Size Effect.

The removal efficiency of the droplets of different sizes for two crude oils is shown in

Figure 8.
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Figure 8 The influence of drop size on the removal efficiencies of two crude oils.

The smallest droplets (approx. 40 um) had the highest RE in both cases. The trend was not
consistent in the remaining two sizes (ca. 55 and 70 um). Noteworthy, the number of drops
produced in unit time was kept constant. The results were normalized to include the effect of

the differences in the residence times caused by the changes in the total flow rates.

Typically, gas flotation treatment follows a gravity-based separator (e.g. hydrocyclone), which
removes the largest drops from the water phase. For this reason, the PW entering a flotation
unit usually contains drops below 25 um in diameter?. However, in some cases the flotation
system may consist of several cells, which makes it capable of being a single-step water
treatment process**. Nevertheless, the effect of the droplet size on the performance of gas
flotation can be quite convoluted. On the one hand, bigger droplets should be easier to
encounter and consequently be removed by the gas bubbles during the flotation process,
which was confirmed by several experimental studies>#°. In addition, larger drops experience
higher buoyancy forces that increase their rising velocity, consequently adding the gravity
separation effect to the overall efficiency. On the other hand, the bubble-droplet size ratio is
also important for determining the mechanisms, with which the dispersed particles are
removed?3. In our system, the removal efficiency depended solely on the spreading of oil over
gas bubbles, so the comparison with the total flotation performance might not be very

accurate. The fact that the smallest drops were removed more efficiently in our system could
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be explained by the differences in drainage time. During a collision between a bubble and a
droplet, a thin water film is formed. Its thickness is proportional to the droplet radius*¢%” and
is an important parameter determining the film drainage rate*®. If all other parameters, such
as physicochemical properties, bubble numbers and sizes, and hydrodynamic forces (the total
flow rate in the channel was only slightly different for each drop size), are kept constant, then
the decrease in the film thickness should also reduce the drainage time. Consequently,

smaller droplets needed less time to spread over the surfaces of gas bubbles, which increased

the RE, as observed in our case.

Dissolved Components Effect.

The effect of the dissolved components was studied in Na-Brine at pH 6 and 10, and compared

to the results obtained with Na-Brine only. The results are presented in Figure 9.
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Figure 9 Comparison the removal efficiencies in Na-Brines with and without dissolved components at

pH 6 (left) and pH 10 (right).

The presence of dissolved components caused a reduction of the removal efficiency in all
cases, and the decrease of spreading of oil on bubbles was found to be both oil- and water-
dependent. The dissolved Fluka acids at pH 6 reduced the RE 1.5-2.5 times, whereas the same
concentration of acids at pH 10 decreased the removal efficiency by a factor of 2-4. The results
obtained with the 4-HBA were similar for all of the oils (RE of 6-8%). The removal efficiency
of crude oil B was least affected by the presence of the dissolved components, while crude oil
E had the highest decrease of RE. The dissolved components also had a visible effect on the

bubble stability. Compared to the standard brines, where the coalescence between bubbles
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was extensive, the dissolved acidic species reduced the bubble growth. The stability of

bubbles depended on the type of the dissolved matter (Figure 10).
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Figure 10 Snapshots of the channel inlet in different brine compositions.

In standard brine at pH 6, the generated 110 um bubbles coalesced quickly in the beginning
of the channel to form bubbles of 150 um in diameter. Upon addition of Fluka acids, the
bubbles were more stable, but coalescence still occurred. The Fluka acids at pH 10 provided
more extensive stabilization against merging of bubbles and slightly reduced the size of
generated bubbles (ca. 100 um). While the size of bubbles at the end of the channels was only
somewhat different from the standard brine for the brine with Fluka acids at pH, the effect of
the Fluka acids at pH 10 was more substantial. Many bubbles were still of initial size and only
some of them coalesced to form bigger bubbles. Even more stable bubbles were obtained
with the 4-HBA. In this case the generated bubbles had similar size to the bubbles formed in
Fluka pH 10 and virtually all of them retained their original size at the end of the channel. The
enhanced stability of bubbles is supported by the surface tension values for different brines

(Table 3).
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Table 3 Surface tension measurements of the brines with and without dissolved components.

. Na-Brine with | Na-Brine with | Na-Brine with
. Na-Brine at pH . :
Brine 6 Fluka acids at Fluka acids at 4-HBA at pH
pH 6 pH 10 10
Surface
Tension 72.5 0.7 69.1 £1.5 62.3 0.5 37.4 0.5
[mN/m]

The Fluka acids at pH 6 were not very surface-active and reduce the surface tension only
slightly, compared to the brine without any dissolved components. Naphthenic acids
extracted at higher pH have a higher affinity to the air-water surface, providing a larger
reduction of surface tension. Largest surface pressure was obtained for the 4-HBA, which
confirmed its high surface activity, reported by others*®. The difference between the two
Fluka acid solutions can be explained by their composition. The acidic species extracted at pH
6 have generally shorter carbon chains and less aromatic structure, compared to the acids
from the other solution (Figures S1 and S2 in Sl). The presence of the dissolved organic
components in produced water is a result of partitioning of water-soluble crude oil
components and the addition of production chemicals to the petroleum fluids®. The effect of
these components on the air-water interface was studied in our group by Eftekhardadkhah et
al.% 3350 Additionally, drop-bubble micromanipulator studies showed that the presence of
dissolved components increases the drainage time between a crude oil droplet and a gas
bubble®®. The results from that report agree with our findings. The dissolved components,
adsorbing at interfaces, can increase the potential energy barrier, stabilizing the thin film
against rupture. In addition, the presence of the surface-active molecules in the thin film may
give rise to the Marangoni effect. When a bubble and a droplet approach each other, an
interfacial tension gradient is formed in the thin film region as a result of the surface
concentration changes. The molecules will diffuse from the low interfacial tension region
towards the high, creating a flux acting in the opposite direction of the film drainage process.
Then, the drainage time can become longer than the contact time, which will decrease the
removal efficiency as observed in our case. Furthermore, the 4-HBA reduced the RE for all oil
to more or less the same value. Previously, we have reported the effect of this component on
the coalescence of crude oil drops3!, where it completely stabilized the droplets against

merging. The 4-HBA had a similar effect on the oil drops, and in addition stabilized the gas
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bubbles. This single component can greatly increase the efficiency of packing at both oil-water
and gas-water interfaces. As a result, it stabilized the system to a greater extent than both

Fluka acids solutions.
Gas Phase Effect.

During offshore separation processes using gas flotation, natural gas is predominantly used
as the gas phase due to its availability and compatibility with the dispersed oil phase.
However, in some cases nitrogen or carbon dioxide are also utilized**. To bring our studies
closer to real systems, we also investigated the effect of the gas phase. Figure 11 compares
the removal efficiencies of crude oil E when using nitrogen and methane, with and without

Fluka acids in the water phase.

Crude oil E

60%

=== Na-Brine - N,

mmmm Na-Brine - CHy
T — Na-Brine with Fluka - No
mmm Na-Brine with Fluka - CHy

50% -

N
o
X

30% -

20% +

Removal efficiency

10%

0%

pH 6 pH 10

Figure 11 Comparison of removal efficiencies for crude oil E when using nitrogen and methane, with

and without the dissolved components.

Methane led to higher removal efficiency in almost all cases (the results for the remaining oils
are presented in Figures S3 and S4 in Sl). No significant changes in the initial bubble size nor
coalescence between them were observed, when methane was used as the gas phase. For
two of the oils (E, F), we performed tests with methane and dissolved Fluka acids at pH 6 and
10. When the dissolved components were added to the system containing methane bubbles,

the RE decreased dramatically and were lower than in the analogous system with nitrogen.

The surface tensions of nitrogen and methane against seawater are comparable, both being
around 72-73 mN/m 3% Nevertheless, methane, being the simplest hydrocarbon, will

probably have higher affinity to the hydrocarbon structure of crude oil. The interaction
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between the two might be more favourable due to the increased mutual solubility, which
could have been promoted by the slightly higher pressure in the microchannel. The
hydrocarbon gas is also less dense than nitrogen (0.7 kg/m3 and 1.2 kg/m?3, respectively). All
these factors might have contributed to the enhanced spreading of oil droplets over gas
bubbles. However, upon addition of the dissolved Fluka acids, the removal efficiency dropped
significantly. The naphthenic acids, present in the water phase, typically consisted of a long
hydrocarbon chain (>C10), sometimes with an aromatic moiety in their structure. It could be
argued that these molecules, originally coming from the crude oil, will adsorb more readily to
the methane-water surface than to nitrogen-water surface. Still, we have not observed
increased stability of methane bubbles at the inlet nor significant changes in the bubble size

distribution at the end of the channel.
CONCLUSIONS

We have presented a new, microfluidic method for studying the removal of oil droplets
through spreading of oil the surfaces of gas bubbles. Crude oil was used as one of the
dispersed phases, as similar bubble-drop interactions would be expected to occur in a gas
flotation treatment of the petroleum produced water. We have systematically investigated
the effect of various parameters on the oil removal efficiency by spreading. It was shown that
the removal efficiency was highest at low or neutral pH, and lowest at highest pH, which was
explained by the increased interfacial activity of acidic species in crude oils. The reduction of
salinity increased the electrostatic repulsion between bubbles and drops, and resulted in
decreased spreading. The smallest drops and the lowest concentration of oil drops were
found to improve the removal efficiency. The dissolved components in the water phase had
a dramatic effect on the stability of oil drops and gas bubbles, which probably increased the
drainage time and greatly reduced the spreading of oil over the gas surfaces. In addition, the
effect of the gas phase was studied, where it was found that methane bubbles increased

removal of oil drops.

We believe that this microfluidic method can be very useful in studying fundamental aspects
of gas flotation in the petroleum industry. Qil films on gas bubbles is the most stable aggregate
out of all flotation mechanisms. The knowledge about the parameters promoting the
spreading or the effect of various additives on this process may be valuable, and this will be
the scope of our further work.
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