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Sammendrag

Petroleumsindustrien produserer betydelig store mengder vann ved produksjon av
olje, og dermed vil oljeemulsjoner veere tilstede i reservoarene. Siden emulsjoner er
termodynamisk ustabile, kreves det energitilfgrsel for a danne de. Da oljeproduksjo-
nen inkluderer flere kilder for turbulente strgmninger, gir dette opphav til dannelse
av vann-i-olje emulsjoner. Da raoljen inneholder overflateaktive komponenter som
kinetisk stabiliserer disse emulsjonene, forhindrer dette koagulering av de disperg-
erte vanndrapene i oljen. Det vil dermed veere vanskelig a forhindre dannelse av slike
emulsjoner. Den produserte vannfraksjonen har stor innvirkning bade pa kvaliteten
pa raoljen, og forer til hgye energikostnader i oljeproduksjonen. Vannet vil ogsa
fgre til problemer relatert til korrosjon i rerleldninger og andre prosesseringsenheter.
Ulike destabiliseringsmetoder implementeres for a oppna faseseparasjon mellom vann
og olje. Kjemisk demulsifiering er en ofte benyttet metode som innebeerer tilsetning
av en overflateaktiv emulsjonsbryter for a gke destabilisering. Emulsjonsbryteren
destabiliserer fasene ved a erstatte de stabiliserende overflateaktive oljekompoenen-
tene og gker muligheten for koagulering av de dispergerte vanndrapene i oljen. Den
kjemiske demulsifiseringen gjennomfaeres ved konvensjonelle flasketester, men en ny

metode som studerer drapekoagulering i mikro-skala har na blitt utviklet.

Dette prosjektet gikk ut pa a utvikle mikrofluidiske metoder for a studere koagu-
lering av vanndraper i en kontinuerlig oljefase. Eksperimentene ble komplementert
og verifisert av konvensjonelle flasketester utfgrt i fordypningsprosjektet under hgst-
semesteret. [ tillegg til kvarts-mikrobalanse- og overflatespenningsmalinger, for a
undersgke om den nyutviklede ”lab-on-a-chip” teknologien potensielt kan benyttes

kommersielt.

Den eksperimentelle delen inkluderte modifiseringer av den mikrofluidiske meto-
den for a tilrettelegge for optimale flow forhold for vann-i-olje systemer. Testene
involverte regulering av temperatur, og dispergert- og kontinuerlig flowhastigheter

for a vurdere koagulering ved a variere ulike parametre.

En sammenligning mellom den konvensjonelle flasketestmetoden og den mikroflu-
idiske metoden viser at sistnevnte gir flere fordeler ved studering av destabilis-
eringsfenomener, ulike kinetiske parametre og effektiviteten til ulike produksjon-
skjemikalier. Metoden inkluderer sma provemengder og rask analysetid som gir

store fordeler i petroleumsindustrien.
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Abstract

As the petroleum industry produces significantly large amounts of water compared
to oil, crude oil emulsions are highly present in the reservoir fluids. As emulsions
are thermodynamically unstable and do not form spontaneously, they require en-
ergy input. The oil processing includes a variety of mixing sources which enhance
the creation of shear forces, hence promote crude oil emulsion formation. Due to
the presence of indigenous compounds in the crude oil which kinetically stabilize
the emulsions, the phenomena is difficult to prevent. The water fraction is highly
unfavorable as it leads to high energy costs in the oil production, and problems re-
lated to corrosion in pipelines and other processing units. Different destabilization
methods are implemented to obtain phase separation. Chemical demulsification is a
commonly used method which involves addition of a surface-active chemical demul-
sifier to enhance destabilization. The components have the ability to replace the
stabilizing natural surface-active agents in the crude oil, and improve destabiliza-
tion. The chemical demulsification may be tested with the conventional bottle test.
Or a recently developed technology which includes the study of droplet coalescence

kinetics assessed in micro-scale.

This thesis aims to develop microfluidic methods to study droplet coalescence of
water in a continuous crude oil phase. The experiments are complemented and
verified by conventional bottle test measurements which were performed in the spe-
cialization project last autumn semester. In addition to quartz-crystal microbalance
and interfacial tension measurements to investigate if the new ”lab-on-a-chip” tech-

nology may potentially be used commercially.

The experimental part included modifications of the microfluidic method to fa-
cilitate optimum flow conditions for water-in-oil systems. The tests involved ad-
justments of temperature, and dispersed and continuous flow rates to assess the

coalescence behaviour by varying different parameters.

A comparison between the conventional bottle test and the microfluidic method,
shows that the latter method includes several benefits for studying destabilization
phenomena, kinetic parameters and the efficiency of different production chemi-
cals. The method includes small sample volumes, fast analysis time and automatic
functionalities which serve advantages in the petroleum industry. If further improve-
ments and developments were implemented, the method could become a potential
substitute for the bottle test.
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1 Introduction

The crude oil which is produced from the crude oil reservoirs contains high water
fractions. The presence of the water has a significant impact on the quality of
the crude oil including flow assurance problems due to the content of inorganic
salts and dissolved COy and HsS present in the water phase. These agents will
accelerate the corrosion in pipelines through an electrochemical reaction which leads
to material degradation [12]. The main problem of the presence of water is separation
problems of crude oil and the water. Crude oil emulsions which are produced in
the petroleum industry are highly unfavorable, and the presence of surface-active
components such as asphaltenes and resins found in the crude oil have a stabilizing
effect on the crude oil emulsions. The components make the separation of the two
phases rather difficult, and several techniques are implemented to break the crude oil
emulsions. Chemical demulsification includes addition of surface-active components
which improve destabilization by enhancing coalescence of water droplets in the

continuous oil phase [3].

The efficiency of demulsifiers is commonly assessed through stability analysis such
as the bottle test. A recent developed technology which study the chemical demulsi-
fier performance in droplet coalescence kinetics assess the destabilization phenomena
in micro-scale. The technology is termed ”lab-on-a-chip”, and integrates lab-scale
functionalities into small chips with microchannels [13]. Additional methods were
performed to allow better mechanistic understanding of the systems. Quartz crys-
tal microbalance measurements were done to assess the hydrophilic affinities, and
interfacial tension measurements were done to obtain information about the ability

of adsorption.



2 Background

2.1 Crude oil

Crude oil is a mixture of geological deposits of hydrocarbons and other organic ma-
terials. Even though the composition varies depending on the geological migration
conditions and crude oil sources, the mixtures contains elemental species. The ele-
mental proportions vary over fairly narrow limits, but the composition range can be
classified into carbon (83 - 87%), hydrogen (10 - 14%), nitrogen (0.1 - 2%), oxygen
(0.05 - 1.5 %), sulfur (0.05 - 6.0%) and organometallic complexes such as nickel and
vanadium (< 1000 ppm) [14],[15], [16]. The assessment of the crude oil characteriza-
tion is quite demanding due to the considerable wide range of crude oil compositions

which vary for different reservoirs and oil fields [15].

2.1.1 Crude Oil Formation

Crude oil has its origin from aquatic plants, animals and other organic materials
deposited as sediments on the seabed. The decomposition process requires high

temperature and pressure to undergo breakdown and transformation [17].

The Norwegian Continental Shelf (NCS) consists of a thick layer of black clay
that lies under the seabed. The black clay are deposits of organic residual and acts
as a source rock for crude oil formation. Through bacterial decomposition of dead
accumulated microscopic phytoplankton in the sediment, the formation of liquid and

gaseous hydrocarbons is present in the source rock of black clay [17].

The crude oil and gas oppose the weight of the rock deposits, as the hydrocar-
bons are lighter compared to the water. It creates migration upward inside the
porous network with permeable rocks. The flowing fluid may be hindered and en-
trapped during migration if the sedimentary rocks include cap rocks which consist
of impermeable material inside a reservoir. The accumulation of crude oil creates
several layers, where the bottom layer includes water, the middle layer consists of
crude oil and gas, and the top layer contains gas. As the reservoir rocks include
changes in both porosity and permeability, they will differ in position, depth and
width. A suitable combination of source rock, reservoir rock and cap rock gives the
possibility of discovery of recoverable oil and gas deposits [17]. A series of reservoir
rocks is commonly called an oil field, and the production of crude oil depends on

the characteristics of the series of reservoir rocks [18].



2.1.2 Crude Oil Production

The oil industry is classified into upstream, midstream and downstream produc-
tion of oil. The term upstream production includes subsea exploration and drilling
followed by upgrading of the crude oil by separation and injection of production
chemicals. The midstream segment is referred to as storage and transportation of
crude oil from fields to downstream production which involves refining and pro-
cessing to high-valuable products [1]. Figure 1 shows a schematic of the upstream,

midstream and downstream processing steps.
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Figure 1: Upstream, midstream and downstream oil production [1].

Upstream Production

The upstream production involves exploration of crude oil and natural gas fields,
as well as production and recovery [1]. The upstream production mainly focuses
on drilling and operation of wells for further recovery of crude oil and gas. After a
successful seismological acquisition, a production well is drilled. There are several
types of drilling techniques. Multilateral wells are suited for subsea production and
offshore installations. A multilateral well comprises more than one wellbore which
is connected to a main bore [19]. If the operator discovers more wells within range,
it is possible to install branches through laterals from the main well bore to have the
ability to maximize the production of the reserves [20]. The upstream oil recovery
can be divided into three methods: primary, secondary and enhanced oil recovery

shown in Figure 2 [18].
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Figure 2: Upstream oil recovery.

- Primary oil recovery includes extraction of crude oil by natural mechanisms
through pressurization in the reservoir rock. The mechanical methods depend on
the availability of energy in the reservoir. Reservoir rocks with a high gas content
experience high pressure. They require a lower energy input compared to reservoir
rocks with low pressure. Overall, the primary oil recovery results in a relatively low
recovery of the crude oil as the driving forces may be quite inefficient in reservoirs
with lack of energy [21]. To obtain a complete recovery of crude oil, primary recovery

has to be complemented with secondary and tertiary recovery methods [18], [22].

- The secondary oil recovery methods involve addition of mechanical devices to
promote an increase of pressure in the reservoirs [23]. As the rock reservoirs age,
they experience a pressure drop due to drainage of fluids. Complementary wells
are drilled to maintain and increase the pressure in the rock reservoir to create a
sufficient flow of crude oil to the production wells. The increase of internal pressure
is caused by injection of immiscible gas or water [24]. The injection methods are re-
ferred to as waterflooding and gas injection. Waterflooding includes external energy
contributions into the reservoir formation by injection of water for displacement of
residual oil. Gas injection takes place in the gas cap. The flooding techniques create
potential problems due to variable permeability in the reservoir formation which

limit the oil recovery [25].



- During oil production, the flow through an oil reservoir is mainly dominated by
the relative permeability. A multiphase flow of fluid in a porous media is character-
ized by the separate critical points of the two fluids such as the ratio of viscosity,
the distribution of grain size, interfacial tension and contact angle by wettability
[26]. The enhanced oil recovery (EOR) methods use sophisticated techniques by
considering the rheological properties of the oil and reservoir to improve fluid flow
and oil displacement [27], [28].

Midstream Production

The midstream sector in the oil industry mainly focuses on storage and transport
of upstream produced crude oil and gas. The midstream operations connect the up-
stream and downstream production, and generally start where the produced hydro-
carbons enter a transportation system either underwater by pipelines, or above wa-
ter by vehicles, tankers or barges. The transportation of crude oil through pipelines
requires no excess of water, and a maximum water content at 0.5 to 2.0 %. The mid-
stream sector ends where the transported hydrocarbons enter downstream refinery
storage tanks [29],[1].

Downstream Production

The downstream distribution sector primarily involves product preparation and
usage through refining and purifying [1]. Separation, conversion, treating and blend-
ing are some processes implemented in a complex refinery plant [30]. The goals for
the refining are to operate the processes in a safe, economically feasible and environ-
mentally acceptable manner [29]. The refining involves a complex manufacturing of
gasoline, kerosene, jet fuel, diesel oil, waxes, asphalt and other petrochemical prod-
ucts [31].



2.1.3 Crude Oil Composition

Crude oils are complex mixtures with compositions depending on the geological
location of oil fields [32]. The assessment of composition is important for structure
property, optimization of performance evaluation and refining processes, including

prediction of flow assurance problems in the upstream crude oil production [33].

Fractionation is a useful technique to assess crude oil compositions, and for devel-
opment of standard analytical procedures for research. SARA fractionation which
is based on sequential separation, classifies the indigenous components which are
referred to as saturates, aromatics, resins and asphaltenes, respectively. The com-
ponent groups are distinct due to aromaticity, polarity and solubility [33]. SARA
fractionation includes precipitation of asphaltenes by using n-alkanes such as n-
pentane and n-heptane as solvents. The lighter fractions; the saturates, aromatics
and resins get eluted through chromatographic columns with various polarity filled
with solvents. The technique is called a high-performance liquid chromatography
(HPLC). The saturates are separated from the other components by flushing n-
alkanes through the column. Toluene separates the adsorbed aromatic fraction in
the column, and the resins are eluted with solvents such as methanol and chloroform

which tend to have high polar characteristics [34]. Figure 3 shows the conventional

SARA analysis.
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Figure 3: Conventional SARA analysis.



The saturate fraction contains mostly aliphatic compounds which are straight-
chained hydrocarbons. The fraction of saturates presents the lightest and less polar

constituent in crude oil.

The aromatic fraction involves hydrocarbons with aromatic groups and aliphatic

side chains. All crude oils contain some amounts of aromatic constituents [33].

The resin fraction contains heteroatoms such as nitrogen, oxygen and sulfur. As
the resins have a high H/C ratio and an intermediate polarity, a desorption of resins
from asphaltene aggregates leads to precipitation. The resins have important bulk

properties which attribute to the stability of the crude oil [33].

The asphaltene fraction is highly complex and polar. The complex mixtures vary
depending on their origin and recovery. Due to its complexity it causes problems
in association with oil processing. The fraction tends to form aggregates due to
stabilization. The self-aggregation is induced by stabilizing constituents such as
resins. The stable aggregates exhibit interfacial activity which stabilizes water-in-

crude oil emulsions [33],[35].

The resin and asphaltene fractions differ due to their tendency of solubility, polar-
ity and chemical structure. Resins are soluble in heavy n-alkanes such as n-heptane
and n-pentane, but insoluble in lighter hydrocarbons such as liquid propane. As-
phaltenes are insoluble in n-alkanes, but soluble in toluene. The polarizability plays
an important role, as it increases from the light to the complex hydrocarbons. Their
chemical structures are different, as asphaltenes are complex mixtures which vary
based on their origin and recovery [36],[35]. Their structure mainly include con-
densed polycyclic aromatic hydrocarbons (PAHs) with alkyl chains. On the other
hand, resins consist of smaller molecules composed of fused aromatic rings, branched

paraffins and polar compounds. Their chemical structures are shown in Figure 4.

CH,

Figure 4: Chemical structure of asphaltene and resin fractions [2].



2.2 Emulsions

Emulsions are dispersed systems which consist of two or more immiscible liquids
[37]. Crude oil emulsions are often undesirable in the oil industry as it causes issues
related to separation of the two phases. The separation problems affect the crude

oil quality [38].

Crude oil emulsions produced in oil fields can be categorized into water-in-oil
(W/O), oil-in-water (O/W) and complex and multiple emulsions such as oil-in-
water-in-oil (O/W/O) and water-in-oil-in-water (W/O/W) [39]. The nature of dis-
persed and continuous phase classifies the type of emulsion. W/O emulsions include
a continuous oil phase and a dispersed water phase. While O/W emulsions consist of
a water continuous phase with dispersed oil droplets. The more complex emulsions
have small dispersed droplets in larger dispersed droplets in a continuous phase [40].

Figure 5 shows schematics of W/O and O/W crude oil emulsions.

Water droplets Oil droplets

i}zi} {i}ii}
5t 3
3% {}i}{}

Continuous oil Continuous water

Figure 5: W/O and O/W crude oil emulsions.

2.2.1 Emulsion Formation

Formation of W/O emulsions will be present in the upstream and midstream produc-
tion in the oil industry due to the high amounts of produced water in the produced
fluids. The emulsion formations create challenges due to flow characteristics of
multiphase flows [32], [41]. As the production involves emulsifying agents and shear
forces, the droplet size distribution and interfacial properties impair the possible col-
lision forces between the immiscible liquids, hence promote formation of emulsions
[40]. Generally, three criterias are emphasized for formation of crude oil emulsions

[37).



- Contact between two immiscible liquids, such as oil and water.

- Presence of a surface active component which acts as an emulsifying agent.
- Energy input to create droplets in a continuous liquid phase.
Emulsifying Agents

When surfactants, natural surface-active agents or finely divided solids are present

in an emulsion, they will affect the interfacial properties between the two phases [37].

Surfactants are usually organic compounds composed of a hydrophilic group
which interact with the water phase, and a hydrophobic group which has a tendency
to interact with the crude oil phase. As they have surface-active properties, they
adsorb on surfaces and interfaces to alter the surface properties by reducing the
surface tension or interfacial tension (IFT) [42]. The surfactants may be classified

according to their head group; anionic, cationic, nonionic and zwitterionic [43].

Anionic surfactants are commonly used in chemical EOR processes due to their
low affinity to reservoir rocks of sandstone. Cationic surfactants are not used in
sandstone reservoirs as they have a tendency to strongly adsorb in sandstone rocks.
Generally, they are used in carbonate rocks to change the wettability of the reservoir
from oil-wet to water-wet. As mixtures with anionic and nonionic surfactants prove
to be highly effective, they are often used on systems with high salinity. Nonionic
surfactants are mostly used as cosurfactants to enhance system phase behaviour.
This class of surfactants is more tolerant of high salinity compared to anionic sur-
factants [44].

The content of natural surface-active agents in crude oil is highly related to
the formation of emulsions. The asphaltenes have the ability to reduce the inter-
facial tension of a system by creating a film between two immiscible phases. The
adsorption is generally irreversible and much slower compared to surfactant ad-
sorption. The interfacial film has sufficient mechanical strength which induces the
stabilization of the emulsion. The asphaltene-stabilized emulsions reaches a maxi-
mum stability before precipitation of asphaltenes. Above the limit for precipitation,
the asphaltene fractions precipitate and less molecules are available to cover the
interface and improve stability. Other crude oil components such as acidic com-
pounds, resins, porphyrins and wax crystals have a tendency to associate with the
asphaltene components, and affect the stability of the crude oil emulsion. In gen-
eral, the resin fraction prevents crude oil emulsion stability, but an addition of such

components may cause resolubilization of partly precipitated asphaltenes. The sta-



bility will not be improved if the additional amount of resins are too high [39]. Wax
which consists of long-chain saturated hydrocarbons, and acidic fractions such as
the naphthenic acids and the fatty acids which naturally occur in the crude oil, do

affect the emulsion stability [3].

The finely divided solids in crude oil originate from microbial activity in the
reservoir, and corrosion products, drilling muds and mineral scales from oil produc-
tion. Precipitation in the oil production contributes to the amount of fine solids
that may lead to formation and stabilization of emulsions. The fine solids have the
ability to mechanically stabilize the emulsions by accumulating at the interface be-
tween the crude oil and water phase. The fine solid materials should be smaller than
the emulsion droplets to obtain complete wetting of the molecules. At higher par-
ticle concentrations, the possibility for formation of multilayers are present, which
guarantee a highly stable emulsion [39]. Factors such as size distribution and inter-
action between particles contribute to increase the effectiveness of the finely divided
stabilizing solids [45].

Shear Forces

As emulsions are thermodynamically unstable and do not form spontaneously,
they require energy input. There are several emulsification methods such as simple
manual shaking, mixing with electronic or high pressure devices and liquid injection
through porous membranes. The oil processing includes a variety of mixing sources
which enhance the creation of shear forces. The production implements the forces
through flow lines, tubings and production headers. Pumps, valves and chokes are
process units that create disturbance in multiphase flows. The shear forces induce
the tendency of stabilization of the formed crude oil emulsions during processing
[37]. Emulsification occurs when the droplet size is small enough that collision
forces which act on the molecules in the medium prevent settling of the dispersed

droplets, hence destabilization of the emulsion [37], [46].
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2.2.2 Emulsion Stability

Stable emulsions are strongly undesired phenomena in the petroleum industry, but
interfacial active fractions will be present in the systems. From a thermodynamic
point of view, an emulsion is considered to be an unstable system due to the natural
inclination for dispersion due to reduction of interfacial area. The crude oil-produced

emulsions may be classified due to their kinetic stability and level of divergence [47].

There are several parameters which either decrease or increase the emulsion stabil-
ity, steric stability and electrostatic stability. The dynamic elasticity and viscosity
of the system affected by deformation of surfaces and circulation of droplets. The
emulsion stability and viscosity are affected by droplet size and distribution. By
increasing the speed and mixing interval, one obtains a reduction in diameter size
due to interactions of particles in two different phases. Adjustment of temperature
does also have a large impact on the emulsion stability. High system temperatures
lead to an increase of the discrepancy between the dispersed and continuous phase,
and rise the tendency for droplet collisions as the interfacial film gets weakened. The
presence of solid particles increases the rigid interfacial film, hence prevents desta-
bilization. However, the emulsion properties change slowly in the unstable systems

which leads to separation through different destabilization phenomena [41].
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2.2.3 Emulsion Separation

Destabilization of an emulsion by addition of a surfactant depends on the appearance
of deformation of the interfacial film. The process is based on a two-step mechanism

which is given below.

- Adsorption of surfactant at the interface between two liquid phases, due to high

affinity to the surface.

- Emulsion breakage by disruption of the surface network which contains stabilizing

molecules. The destabilization takes place through demulsification mechanisms.

The interaction between two interacting emulsion droplets occurs by intermolecu-
lar forces such as Van der Waals, steric, structural and electrostatic. The interaction
leads to either rebound, creaming, sedimentation or flocculation before coalescence

takes place [40]. The destabilization mechanisms are shown in Figure 6.
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Figure 6: Destabilization phenomena [3].
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Sedimentation and Creaming

Sedimentation and creaming are demulsfication mechanisms which occur due to
difference in specific gravity. A reduction in interfacial energy between two phases
occurs through migration of settling water droplets in a W/O emulsion. The grav-
itational and bouyancy forces are affected by a frictional force which counteracts
the gravitational force which result in a balance between two active forces [48]. The

balance is presented by Stokes law shown in Equation 1.

(pa — pe) - gd?
Vitopes = 24— Fe) "I7 1
Stok TS/ (1)

Vsiores Presents the sedimentation velocity, p, is the density of the dispersed phase,
pe is the density of continuous phase, d is the particle diameter, g is the gravitational

constant and i, is the viscosity of the continuous phase [49].

The creaming and sedimentation mechanisms are depending on the density dif-
ference. The oil droplets in a O/W emulsion float to the top of the emulsion by
creaming, if the density difference is negative. While a positive difference causes

sedimentation of water droplets in W/O emulsions [50].
Flocculation

Flocculation is a destabilization process where the dispersed droplets aggregate in
an energetically stable state. The phenomena is present when the repulsion between
the aggregated droplets is weaker compared to the Van der Waals attraction. The
droplet-droplet interaction may be facilitated by Brownian motion, which is random

and thermal movement of the colloidal particles [51], [52].

As a high amount of water will cause an increase in droplet size, it will also induce
the probability of flocculation. A low dispersed phase fraction gives a stable emul-
sion due to low flocculation frequency, according to the phase volume theory about
emulsion stability. Addition of thermal energy promotes flocculation by increasing
the internal entropy of the system which is emphasized by the influential parameters
for a chemical demulsifier [53] [54].
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Coalescence

The coalescence behaviour between two droplets can be divided into three main
parts. The continuous liquid between two dispersed droplets drains out by external
flow, Brownian motion or buoyancy. The hydrodynamic step creates a surface con-
centration gradient of surfactant molecules. The gradient leads to a surface tension
gradient which creates stress at the interface between the droplets. The stress caused
by the surface tension gradient is called the Marangoni effect. The interface between
the two droplets will eventually interact when the film has reached a significantly low
thickness [48]. The two interfaces will undergo interaction through surface forces.
The interfacial film reaches an equilibrium thickness when the Van der Waals forces
and repulsive forces are present. The final step in the destabilization mechanism is a
thermally activated process which involves nucleation of a pore in the thin film that
bridges the droplets. The droplets will eventually fusion together when the critical
thickness of the film layer is achieved, and the surface film gets considerable small

[40], [55]. A visualization of coalescence between two droplets is shown in Figure 7.
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Figure 7: Coalescence between two dispersed droplets [4].
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3 Demulsification in Petroleum Industry

Efficient demulsification processes are well acknowledged in the oil industry, due
to the difficulties associated with emulsion formation. If a demulsification process
does not run, several problems concerning the oil processing will arise. The crude
oil emulsions with high viscosity may cause pressure growth, corrosion and catalyst
poisoning. If the crude oil contains high amounts of water, it will lead to a high con-
tent of basic sediments in the refining processes which causes high cost of pumping

and vessel heating [3].

There are several demulsification methods, and the effectiveness is assessed by ob-
serving the ability in reducing the emulsion stability until complete separation. The
influential factors of the droplet size distribution and stability must be understood
to obtain an optimal separation of a specific crude oil emulsion. The conventional
demulsification methods are gravity separation, electrocoalescence, thermal treat-

ment and chemical demulsification [3], [56].

3.1 Conventional Demulsification Methods

Gravity Separation is a method based on the difference in densities between two
liquids in a crude oil emulsion. The liquid with highest specific gravity creates a
settling rate which separates the coalesced water droplets from the crude oil phase.
Gravity separation requires a favorable flow pattern and a sufficient residence time
of the system [57].

Electrocoalescence is a conventional method used for treating crude oil emul-
sions. The technique involves activation of electric fields to speed up droplet at-
traction and coalescence in a crude oil emulsion for phase separation [24]. Electrical
and mechanical forces which act on the droplets, in addition to bulk properties
of the medium, induce drag forces which promote phase separation. When droplet
coalescence takes place, it increases the settling rate of water which enhances demul-
sification [58].

Thermal Treatment methods include increasing the system temperature to de-
crease the oil viscosity. The water settling rate increases, hence promotes phase
separation. High thermal energy of the droplet is a parameter which affects the

coalescence frequency by increasing it significantly [57].
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Chemical Demulsification is a common method to promote phase separation.
Chemical demulsifiers are added to break or counteract the stabilizing layers around
the droplets by adsorption to the interface. Appropriate chemical demulsifying
materials are designed for specific crude oil emulsions to obtain a cost-effective and
rapid separation. The rheological and dynamic properties of surfactant adsorption
which affects the elasticity, surface viscosity and diffusivity are major factors which
need to be considered when studying the demulsification under dynamic conditions.
The procedure to get an effective demulsification is listed in the following steps below
[59].

- A sufficient amount of a chemical demulsifier must be added.
- Homogenization of demulsifying material and emulsion by addition of energy.
- The phase separation may be accelerated by addition of thermal energy.

- Adequate residence time for settling of water droplets.
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3.2 Demulsifying Materials

Surface-active agents such as demulsifiers are surfactants which promote separation.
Demulsification involves adsorption of a surfactant to an interface between two im-
miscible fluids, reduction of interfacial tension and hydrophobicity to enhance wet-
ting properties. The adsorption causes a decrease in viscosity of the interfacial film
due to a replacement of the stabilizing molecules with surfactant molecules which
promote phase separation [48]. The main objective for a demulsifier is to prevent the
emulsification mechanism and facilitate droplet coalescence kinetics. The selection
of an optimal demulsifier is crucial due to the large number of crude oil components
[3].

3.2.1 Oil-Water Interfacial Properties

The interfacial tension can be defined as the Gibbs energy needed to increase the
unit interfacial area between two immiscible liquids at constant pressure and tem-
perature. It is the force of attraction between the molecules which is located at the

interface of two liquids. The interfacial tension is expressed in Equation 2 [14].

3= G )

Where 7 is the interfacial tension, G is the Gibbs free energy, A is the area of the

interface, n is the constant composition and T is the temperature.

As the interface is considered to be dynamic, it consists of a highly viscous mono-
layer. The monolayer involves interfacial stress which acts on the layer and causes

interfacial shear viscosity. The shear viscosity is expressed in Equation 3 [14].
Os = T1ls7Y (3)

Where o, is the interfacial stress, 7, is the interfacial shear viscosity and v is the

shear rate.
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The interfacial elasticity is another important factor when studying rheological be-
haviours of systems. When dilating the interface between the two droplets, the area
decreases and the interfacial tension increases. The interfacial dilational (Gibbs)

elasticity is given in Equation 4 [14].

dy
— 4

©7 dinA @
Where € is the interfacial dilational (Gibbs) elasticity, dvy is the change in interfa-

cial tension during expansion, and dA is an interfacial tension gradient.

A chemical demulsifier has the ability to decrease the interfacial elasticity when
it is added to a crude oil emulsion due to deformation of a liquid interface. The
elasticity is changed due to the replacement of the stabilizing emulsifying agents
at the interfacial layer. As a result of the replacement, the strength, life time and
thickness of the interfacial film will be reduced [60], [61].

The deformation of the film enhances interfacial dilatation by increasing the vis-
cous dissipation in the gap between the two interacting droplets. The flattening is
facilitated by high droplet sizes, low interfacial tension, high droplet-droplet attrac-
tion and the counteraction of droplet-droplet repulsion. The film will eventually

break when the film thickness reaches a critical value [62].

3.2.2 Demulsifier Characterization

Chemical demulsifiers are developed specifically for individual emulsion systems.
Surfactants are often used in optimization of separation processes. The demulsifying
agents are chemicals which consist of an amphiphilic structure. They have a water-
soluble head group and an oil-soluble carbon tail. Due to their affinity towards
both the water and oil phase, they are able to break the layer formation around the

droplets and adsorb faster than the crude oil components [48].
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3.2.3 Hydrophilic-Lipophilic Balance

The hydrophilic-lipophilic balance (HLB) is a numerical term used to classify the
chemical emulsion breakers. The range includes values from 0 to 20 which represent
the balance of size and strength of the two amphiphilic parts of a surfactant molecule
[63]. The number indicates the tendency to solubilize in oil or water, and thus
their tendency to create W/O or O/W emulsions. Surfactants with a low HLB
value correspond to a hydrophobic molecule which tend to be soluble in oil. These
chemicals will form W/O emulsions. A chemical surfactant with 20 as a HLB value
does completely consist of hydrophilic components and form O/W emulsions. The
concept of HLB can be summarized by Bancrofts rule which says that surfactants
that are solubilized in the oil phase prefer formation of W/O emulsions, and opposite
for the water solubilized surfactants [64]. The surfactant properties based on HLB

values are listed below [48].

Antifoaming agent
W /O emulsifier
Wetting agent
- 18 | O/W emulsifier
13 - 15 | Detergent
10 - 18 | Solubilizer of hydrotrope

0 N B~ O
I
O O W

The correlations between the demulsifying power and the chemical structure of
a demulsifier are complicated due to different compositions of the crude oil and
water phase [65]. The selection of a demulsifier for an oil requires a lot of screening
work, and there are some general guidelines. For a surfactant to act as an emulsion
breaker, it has to show strong affinity to the interfacial film between the water and
crude oil phase. The attraction can be detected by studying the migration to the

phase to reach the droplet interface where it counteracts the emulsifying agent [66].

The demulsifying materials are like emulsifying agents, categorized considering
their chemical structure and the nature of the charge of the hydrophilic head group.
This study will focus on the nonionic surfactants. The nonionic surfactants consist
of a head group which carry no charge. The hydrophilic part is commonly based on
poly(ethylene oxide) (EO). Due to a high number of hydrophilic moieties present,
there is a lot of commercial nonionic surfacants available. Some of the most known
commercial demulsifier formulations include Pluronic surfactants which consist of
a tri-block copolymer structure. Their wide application range is due to their high

tolerance for high salinity brine and low toxicity [67].
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3.2.4 Interaction Energies

The separation efficiency is affected by substantial factors such as steric effects.
As the nonionic surfactants include properties of isomerism, it influences the steric
behaviour of the system. By addition of a nonionic surfactant with sequential PEO
(polyethylene oxide) blocks to a W/O emulsion, it will create affinity to both the
crude oil phase and the water phase. The hydrophilic group adsorbs to the water
droplets, while the hydrophobic group attaches to the crude oil phase. As a result, a
generation of an interfacial film with steric repulsion is formed. The steric repulsion
is a result from unfavorable mixing of the PEO chains. A reduction in configurational
entropy of the carbon chains may also be a cause for the formation of the steric

repulsion [68] [69].

The steric repulsions are essential in the emulsion breaking, as they tend to coun-
teract the Van der Waals attractions between the emulsion droplets. The Van der
Waals forces take place between either atoms or molecules, and due to their strength,
they can be classified into dipole-dipole (Keesom), dipole-induced (Debye) or dis-
persion interactions (London). All the dipoles have different orientations which tend
to cancel out. London dispersions arise from charge fluctuations by continuous rota-
tion of electrons around a nucleus in the atom, and is considered to be the strongest
dipole force [70].
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3.3 Influential Parameters

The characterization of stability and demulsification performance depends on several
parameters. The efficiency of a chemical demulsifier depends on agitation, concen-
tration of demulsifier, oil and water content, temperature and salinity. Rheological
characteristics such as droplet size and distribution are parameters which also play

an important role for characterization of chemical demulsification [48].

3.3.1 Agitation

As emulsification requires energy by homogenizing, the agitation speed has an im-
pact on the separation efficiency. A high input of energy creates a decrease of the
size of the distributed water droplets in W/O emulsions. As the droplets get smaller,

a more stable emulsion is created [48], [3].

3.3.2 Concentration of Demulsifier

If the crude oil emulsions are very stable, they require more to be destabilized.
Chemical demulsification is an efficient method to counteract the stability. By in-
creasing the concentration of demulsifier, it is possible to destabilize very stable
emulsions. The dosage of demulsifier may be challenging due to the difficult iden-
tification of the optimum concentration. An overdosing may cause restabilization,
while addition of a too small amount of chemical demulsifier may lead to no signifi-

cant phase separation [71].

The dosage of chemical demulsifier does also depend on molecular weight and
properties of adsorption such as the degree of hydrophilicity and hydrophobicity.
The concentration of demulsifier and the salinity in the crude oil emulsion are related,
as the salinity range in which a surfactant is interfacially most active, is a function
of the molecular weight. The optimum salinity for production of a low interfacial

tension gets reduced, as the molecular weight of the surfactant increases [72], [48].
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3.3.3 Droplet Size and Distribution

Droplet size distribution is an important characteristic of emulsions as it determines
the potential demulsification processes of a system. The size and distribution of
droplets in crude oil emulsions affect the viscosity of the overall emulsion. Emulsions
which consist of small droplet sizes have a high viscosity and are relatively stable
73]

The size distribution of dispersed droplets is an important factor when determining
the dosage of demulsifier. Two emulsions with the same dispersed phase fraction, but
with different distributions of droplet sizes, have different demands for the addition
of a chemical demulsifier. Emulsions which contain small droplet sizes, but several
droplets number-wise, requires a higher surface area to be covered, compared to

emulsions with larger droplets and a lower total surface area [74], [73].

3.3.4 Oil/Water Ratio

Oil and water contents are important parameters when considering the efficiency
of demulsification. The destabilization process gets accelerated when increasing the
water content in a crude oil emulsion which contains an emulsion breaker. The
principle emphasizes that emulsions with low amounts of water will be more stable
compared to emulsions with a high water fraction. The rate of destabilization pro-
cesses is promoted as the amount of dispersed droplets stays at a sufficiently high
level. The number of dispersed droplets plays an important role for the potential
change in entropy. High efficiency includes a high number of dispersed droplets,
hence high probability for efficient collisions. The optimum crude oil and water
contents for destabilization of a W/O emulsion are favored by a high water fraction

and a separation of O/W emulsion is favored by a high crude oil fraction [48].
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3.3.5 Temperature

The thermal energy affects the demulsification process in a great extent. As the
crude oil consists of a wide variety of stabilizing components which coprecipitate
with the heavy asphaltene fractions, application of thermal energy upon heat may
lead to a reduction in viscosity of the crude oil phase. The reduction causes higher
probability for collisions of water droplets in W/O emulsions and a weaker interfacial
film due to the decreasing elasticity. The effect of temperature can vary from one
system to another one [74]. Long chain saturated hydrocarbons called waxes are
present below appearance temperature, and have the ability to interact with the
oil/water interface. Hence, the precipitates favor emulsion stability and shows a
significant resistance to droplet coalescence. Application of thermal energy prevents
wax precipitation by avoiding the system to reach wax appearance temperature
(WAT) [75]. The temperature and salinity of the system may be related. An increase

in temperature causes a decrease in water and oil solubilization at optimum salinity.

A characteristic behaviour for nonionic surfactants with PO chains is their abil-
ity to exhibit reverse solubility due to breakage of the hydrogen-oxygen bonds at
the hydrophilic group, when the surfactant molecular activity increases. The bond
breakage leads to separation of surfactant molecules and the solution gets cloudy.

Phase separation occurs when the cloud point is achieved.

3.3.6 Salinity

The salinity conditions are essential for the destabilization mechanisms. The phase
behavior of emulsions is strongly affected by the salinity of the brine used in the water
phase. The salinity affects the polymer viscosity, hence determines the potential
emulsions a surfactant may form. As sodium chloride (NaCl) is the main salt in
saline water, it is most common to use the mass of NaCl to decide the salinity of a

specific system which contains saline water.

High salinity brine decreases the solubility of anionic surfactants. The surfactants
exhibit sufficient water phase solubility at low salinity flooding, hence contribute to
stabilize W/O emulsions. The solubilization increases with increasing hydrophobic
length of the surfactants. Surfactants with weak PO chains have been characterized
to lower the optimum salinity by having calcium tolerance. The addition of EO

groups, or combined PO and EO groups show similar behaviour [15], [76].
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3.4 Analytical Techniques for Studying Demulsification

3.4.1 Bottle Test

Bottle test is a conventional and easy technique for studying demulsification and
efficiency of chemical surface-active substances. The method is based on the prin-
ciple for gravity separation, and the objective is to study the settling rate of water
phase from crude oil phase in presence of a chemical demulsifier. The testing is
used to assess the amount of demulsifier needed to obtain a complete demulsifica-
tion. Parameters such as oil/water ratio, temperature, and concentration of chemical
demulsifier do have significant impacts on the breaking. During performance, it is
important that the sample represents the actual studied emulsion. Therefore, the
method is commonly performed offshore to ensure a fresh sample. By addition of
agitation, one obtains a relative stable emulsion which is further monitored through

phase separation as a function of time [77].

3.4.2 NMR Spectroscopic Techniques

The technique includes application of a magnetic field to a system with an orthog-
onal radio frequency pulse. By studying these parameters, one can investigate the
magnetization of nucleis of protons which exhibit a constant magnetic moment [78].
The spectroscopic method is required to characterize emulsions by droplet size dis-
tribution and dispersed phase ratio, among other things. Low Resolution Time
Domain NMR (TD NMR) is a common technique used with the conventional bottle
test method [79], [80].

3.4.3 Near Infrared Spectroscopic Technique

The technique includes utilization of qualitative and quantitative analysis by Near
Infrared (NIR), to monitor destabilization mechanisms of emulsions [78]. By study-
ing the vibrational frequencies which are correlated to the stabilizing tendencies
improved by natural surface-active agents and aggregation, one provides insight in
demulsification mechanisms. The NIR spectral region includes 700 nm to 2500 nm,
and depends on physical parameters such as particle dispersion. The technique
can be applied for determination of particle size. The technique serves advantages
such as simple and multiple analysis procedures, and analysis of both chemical and

physical properties [81].
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3.4.4 Microfluidic Methods

Recent research activities developed in micro-scale focus on surfactant and chemical
demulsifier performance in droplet coalescence kinetics. The research of microfluidics
had a considerable growth the last two decades. The technology is termed ”lab-on-
a-chip” as it integrates laboratory functions in a single microchannel chip. The chip
includes a desired channel configuration which allows in-situ monitoring through oil
droplet coalescence kinetics in crude oil emulsions. The chip design makes it possible
to study the kinetics as a function of several emulsion properties such as viscosity
and density. Also rheological properties such as film drainage efficiency, flux, size of
droplets and volume fraction of dispersed phase are related to the overall kinetics

of the system, and may be studied in microfluidic lab-on-a-chip technologies [78].

The development of microfluidic lab-on-a-chip techniques enables analysis with
short experiment time and rapid adjustment of experimental conditions, among
other things. The handling of small volumes provides the method health and safety
benefits compared to traditional techniques which generally involve higher sample
volumes. Another advantage related to the use of microfluidic methods, is the small

size of the experimental setup which make on-site analysis possible [73].
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4 Methodology

4.1 Microfluidic Measurements

Parameters concerning the kinetics are useful to study for assessing the separation
of a crude oil emulsion. The kinetic parameters are especially important to address,
but conventional separation methods may not be suited for those stability analysis.
The bottle test does not emulate the external flow field which acts on the droplets.
Gravity-based settling methods do also have difficulties with separation of crude
oil emulsions which contain trace amounts of dispersed phase, as those systems
consist of much larger gravitational force fields compared to the residence time in

the separator.

Hence, a fast and easy experimental method to study crude oil emulsions is useful
for optimization of process designs, further research of rheological properties and
to assess separation efficiency and stability of emulsions in conventional separators

used in the oil industry.

Microfluidic experiments are based on multiphase flow with microdroplets. The
manipulation of the droplets refers to controlling small volume liquids with two
immiscible fluids. The system includes one continuous and one dispersed phase.

The microdroplets will undergo merging through collisions and drainage [82], [55].

Considering the fundamental differences between large-scale analysis and microflu-
idics, the physical properties related to multiphase flow are the most significant. The
multiphase flow is characterized by separation of phases with interfaces in the flow
field, which create nonlinear effects with complicated behaviour. The Reynolds
number (Re) is a dimensionless value used to predict flow behaviour in different
flow systems. Low Reynolds numbers (Re <2300) predict laminar flow patterns,
and high Reynolds numbers (Re >4000) are flow systems dominated by turbulence.
The Reynolds number for a flow in a microfluidic chip can be calculated by Equation

5.

Re = — (5)

Where Re is the Reynolds number, p is the density and 7 is the viscosity of the

continuous phase, v is the velocity and 1 is the width of the coalescence chamber.
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As the Reynolds number does not take into account the dispersed phase, the
dimensionless Weber number is commonly used to predict flow behaviour of multi-
phase systems which involve an interface between two different fluids. The Weber

number can be calculated from Equation 6.

B pv?l

We (6)

o
Where We is the Weber number, p is the density of the continuous phase, v is the

velocity, 1 is the width of the coalescence chamber and o is the interfacial tension.

In large scale applications will fluids mix convectively causing eddies and turbu-
lence. As the microchannel walls in microfluific experiment are quite limited, the
multi-phase flow with microdroplets involves high mass and heat transfer, efficient
and short diffusion distances and high monodispersity. The multiphase flow involves
laminar behaviour by parallel flows. The only mixing which occurs is diffusion of

molecules across the interface between the two phases [83], [8].

Considering the detection of drop coalescence, the development of high-speed
imaging technologies implemented in the microfluidic methods has made it possible
to monitor the phenomena. The possibility to create calibrated droplets through
high flow rates in a two-dimensional network of channels provides conductance of
statistical analyses of droplet coalescence which takes place in the channels. Hy-
drodynamical forcing in microfluidics is used to assess the stability of an emulsion

which undergoes high flow rates.

When using high-speed imaging, one can measure the droplet size distribution at
the end of a coalescence chamber [13]. The coalescence frequency in a microchannel

is calculated from Equation 7 [8].

f= (7)

Where N;, is the number of initially created droplets, Ny is the actual number
of droplets for each size class and t,.s is the residence time of droplets in the chip

channel.
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4.1.1 Chip Characterization

One of the unique features of the microfluidic experiments is the several chip de-
signs. By replacing a chip with another one with a different design, one can perform
different lab-on-a-chip analyses. The chips used in microfluidic experiments for de-
termination of coalescence frequency are commonly divided up in three parts. The
inlet contains a T-junction which provides droplet generation at a cross-flow, and
a meandering channel for droplet aging. The continuous and dispersed phases are
mixed together from two inlet channels. The middle part includes a wider chamber.
As the main channel is wider compared to the inlet meandered channel, it is possi-
ble for the droplets to undergo collisions, hence coalesce. The outlet part contains
an extension of the main channel where the dispersed and coalesced droplets are
lead to the outlet tubing [13], [8]. Chip design 2 was used in the main microfluidic
experiments, and the designed 3D model is shown in Figure 8. The 3D modeling is

explained in section 5.4.2.

Figure 8: Scheme of chip design 2 used in the microfluidic experiments.

1)

Hydrophobic Coating

As the glass chips consist of hydrophilic surfaces, water in crude oil systems face
difficulties related to drop generation in chip experiments. The dispersed water
phase would interact with the glass walls, hence resist generation of required water
droplets. Therefore, hydrophobic coating is essential for such systems. The coating
procedure involves chemisorption of organosilane molecules which consist of a long
hydrocarbon chain and a silane head group. The silanization is substrate activation
by wet chemical processing, in which the hydrophilic surfaces are immersed in so-
lutions with silane molecules. The head groups adsorb to the hydrophilic surfaces,

and form reactive silanol groups [84].
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Octadecyltrichlorosilane (OTS) is a common chemical used in hydrophobic coat-
ing. It consists of a long hydrocarbon chain and a trichlorosilane head group which
binds to the silicates in the glass wall. The coating mechanism includes dissolving
the component in a solvent, hydrolyzing of Si-Cl bonds to Si-OH (silanol) groups
by the trichlorosilane polar head groups [85]. Attraction to the oxidized hydrophilic
surface causes formation of Si-O-Si (siloxane) links. As the siloxane groups condense
with other groups, they produce covalent siloxane bonds which result in a strong
hydrophobic surface on the precursor molecule [86]. A schematic of the reaction

mechanism is shown in Figure 9.

tailgroup

headgmup\

Figure 9: Reaction mechanism in hydrophobic coating between OTS and a substrate

[5].
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4.2 Interfacial Tension Measurements

The dynamic interfacial tension measurements are commonly implemented in ex-
perimental testing by using a spinning drop tensiometer. The procedure involves
analysis of video imaging of a dispersed droplet in a continuous liquid placed in a ro-
tating capillary. When the capillary spins, the resulting centrifugal forces increases
and center the drop and deforms it to a cylindrical shape due to the density differ-
ence between the liquids [87], [88]. The centrifugal forces counteracts the interfacial
tension which results in elongation of the droplet [89], [90]. The resulting interfacial
tension is a function of the drop shape, the rotation speed of the capillary and the

densities of the two liquids [91]. The principle is shown in Figure 10.

Spinning axis

(a) © = 0 spherical shape (b) @ > O elliptic shape

(c) @>> 0 cylindrical shape

Figure 10: Schematic illustration of the principle of the spinning drop video ten-
siometer [6].

The interfacial tension can be calculated from the Young-Laplace equation which
consider the curvature, surface energy and pressure difference between the two

phases. The Young-Laplace equation is given in Equation 8 [6].

1 1 20
— 4 ) = Apw?N? 8
Rt R2> R, A (8)

of

Where o is the interfacial tension, (Apw?\?) is the centrifugal force on a volume
element, Ry is the sphere radius, and R; and R, is the curvature radiis. The equation
is divided up into two terms, where the term on the right side represents the spherical
conditions, and the left side contributes for the droplet deformation and hydrostatic
pressure differences. The size of the interface changes during the experiment, and
the instrument has the ability to specify the surface age over a long time range. In
addition to find the dynamic interfacial tension of a system, the rotation speed and

the drop deformation can be used to measure the interfacial elasticity and viscosity.
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4.3 Quartz Crystal Microbalance

Quartz Crystal Microbalance (QCM) is a method based on monitoring mass balance
due to changes in mass per unit area of a piezoelectric material such as quartz with
a measurement surface of gold. By application of metal electrodes top coated with
a high surface area of porous material, it has a tendency to oscillate at a defined
frequency [92]. The frequency may change due to addition or removal of mass
on the electrode surface. The relative change in frequency may signify molecular
interactions or reactions which take place on the electrodes. Possible interactions
are corrosion, oxidation or film growth. Film growth does occur either by formation
of soft or rigid layers. Adsorption through vacuum or gas phase creates rigid film
layers which is completely related to oscillation of the electrodes on the surface.
Therefore, mass adsorption of rigid films are linearly connected to the change in
frequency of oscillation [93], [7]. The relation is defined through Sauerbrey equation

shown in Equation 9.

Am=—-C-Af/n 9)

Where Am is the mass of adsorbed layer, C is a constant related to quartz prop-
erties such as density and shear modulus, Af is the resonance frequency change and
n is an odd overtone number [94]. When the mass change is calculated, it is possible
to determine the film layer thickness by taking into account the adsorbed volume

and the surface area by using Equation 10 and 11.

Am

V;uls.la er — — (10)
! p
Vads.la er

h = gastayer 11

Asurface ( )

Where h is the layer thickness, p is the density of adsorbed layer, Am is the mass
change, Vids.iayer is the volume of the adsorbed layer and Agy fece is the area of
surface. The adsorption shows a rather different behaviour in liquid media, as it
will get affected by molecular adsorption from associated liquid molecules. It results

in viscoelastic films with high energy losses of the oscillation [7].
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4.3.1 Quartz Crystal Microbalance with Dissipation

By monitoring the change in dissipation in addition to the change in frequency for
samples with liquid environments, additional structural information can be obtained.
The structural information is based on conformational changes in the film layer. The
dissipation factor is based on dissipated energy per oscillation divided by the total
stored energy of the system given in Equation 12. Hence, the film layer behaviour

during oscillation will be related to the change in dissipation [7].

Edissi ated
D o D

= 12
2m - Estored ( )

Where D is the dissipation factor, Eyssipatea 1S the dissipated energy and Egoreq

is the stored energy in the oscillating system.

The quartz crystal microbalance with dissipation (QCM-D) provides information
about the viscoelastic properties of the adsorbed mass layer through viscosity, elas-
ticity and density. Viscoelastic adsorbed films on the quartz crystal deform and
increase the dissipation. While rigid layers will not undergo deformation during
oscillation, hence decrease the dissipation [7]. Figure 11 shows an overview of the

principle of QCM-D measurements.
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Figure 11: Schematic illustration of the working principle of QCM-D [7].
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5 Experimental Methods

5.1 Crude Oil Characterization

The experimental methods were performed by using crude oil from one of Aker
BP‘s assets at the Norwegian Continental Shelf (NCS). The crude oil sample was
taken from a sample point located downstream for injection points of production
chemicals. Hence, it was not possible to ensure a true representation of the drilled
crude oil from the reservoir without any additives of chemical demulsifiers. Figure 12
shows a process overview with injection points of production chemicals, separation

unit and sample point denoted with S.

[®
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Scale inhibitor Emulsion breaker

Figure 12: Process overview.

The physical properties and composition of the crude oil are summarized in Table

Table 1: Physical properties of crude oil [9].

Density (15°C) Viscosity [mPa - s] (20°C) Pour point [°C] Water in oil [ppm]
0.846 g/cm? 12.4 <-5 1742.87
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5.2 Chemical Demulsifiers

The chemical demulsifiers used in the study, are model and commercial chemicals.
One of the demulsifiers was received from the chemical vendor Schlumberger, while
the two other ones were available at Ugelstad Laboratory. Table 2 shows an overview
of chemical structures, molecular weights, HLB values, densities and chemical struc-

tures for the three demulsifiers.

Table 2: Physical properties of demulsifiers [10], [11].

Brij-93 EB-8075 Pluronic PE8100
Chemical structure Polyethylene glycol ether Received from SLB  Block copolymer
Molecular weight [g/mol] | 357 - 2300
HLB 4 - 2
Density [g/cm?] 0.912 0.978 1.030

0. HO—-CH,CH,0 CH,COH CH,CH,01—OH
CigHas OH |
CH.
n B 100 13 “65 100

Chemical Structure

Brij-93 is a low-molecular surfactant with polyethylene glycol oleyl ether com-
pounds. The chemical has a molecular weight at 357 g/mol and a HLB value at 4
[10].

EB-8075 is a commercial surfactant with unknown physical properties.

Pluronic PES8100 is a nonionic surfactant with a low-foaming characteristic pro-
vided by BASF. It is built up by polyoxyethylene polyoxypropylene polyoxyethylene
(PEO PPO PEO), where the polypropylene glycol group is centered and flanked by
two polyethylene groups. The chemical has a molecular weight at 2300 g/mol, and
is considered to be a high-molecular demulsifier. The molecule has a HLB value
at 2, and is provided to be one of the best wetting agents in the Pluronic series of

chemical demulsifiers [11].
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5.3 Sample Preparation

The brine solution was prepared by dissolving sodium chloride (NaCl) with deion-

ized water to obtain a 3.5 wt% salt solution with a density at approximately 1.02

g/cm?.

The demulsifier solutions were prepared from stock solutions of 10 000 ppm
dissolved in xylene. The demulsifier was transferred to a 50 ml Schott bottle, and
xylene was added. The stock solution was diluted to 0.5 ppm, 2.5 ppm, 5 ppm and
25 ppm by transferring specific volumes of stock solution to 200 ml Schott bottles,

and add with crude oil.

The coating solution contained 0.2 V% OTS in toluene, prepared by solution
of 100 ul octadecyltrichlorosilane (OTS) in 50 ml toluene. The coating procedure
involved injection of coating solution with a plastic syringe to the chip which was
placed in a chip holder with fittings and tubings. The coating solution remained in
the chip for approximately 15 minutes before the solution was emptied and dried by
injection of air from a new plastic syringe. The coating process resulted in lining of
hydrocarbon chains to the glass walls, which promoted a hydrophobic surface fitted

for water droplet generation in a continuous crude oil phase flow.
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5.4 Microfluidic Measurements

5.4.1 Experimental setup

The microfluidic setup included components which posed the main required Univer-
sal Microfluidic Platform. It involved an inverted microscope (Nikon Ti-U), a high-
speed camera (Photron AX100/Fastcam Mini), a flow setup, a computer-controlled
software and microfluidic chips with several structure designs placed in chip holders
(Micronit Microtechnologies). The microfluidic chip holders were connected to the
flow setup by PEEK tubings and FFKM ferrules. The water and crude oil phases
with chemical demulsifiers were injected by syringe pumps (neMESYS module V3).

Due to low heights of the channels in the chip, the high-speed imaging made it
possible to visualize the occurring phenomena in the chip, by capturing 1000 - 500
000 frames per second [13], [8]. Figure 13 shows a scheme of the microfluidic setup
for studying coalescence. The visualization includes the inlets for continuous and

dispersed phase for chip design 2.

Figure 13: Scheme of the microfluidic setup [8].
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5.4.2 Chip Design

The chip size is set by specific dimensions determined by the chip holder used in
the microfluidic experiments. The microfluidic chips used in the experiment, were
custom-made of glass (Micronit Microtechnologies). The inlet channels of water
phase and crude oil phase had a width of 100 pum, which became mixed in a T-
junction where the generation of droplets took place. The droplets would further
pass a meandering channel for droplet aging before entering a wider coalescence
chamber with a width of 500 pm and length of 33 mm, where the droplets could

possibly undergo coalescence. All channels had an uniform depth at 45 pm.
3D-printed Chips

As the overall analysis time of the microfluidic tests mainly involves glass chip
preparation and cleaning, 3D-printed chips in thermoplastic materials were designed
and printed. The printing was performed to obtain information about the trans-
parency of the chips, and see if the thermoplastic chips could potentially be applied

in the microfluidic experiments.

Different chip designs were modified and assembled in the commercial software
for 3D CAD modeling in Fusion 360 for 3D printing. Due to problems with trans-
parency, the dimensions were modified to obtain wider transparent channels which

could be detected in the microscope.

The modeling included three different chip designs with a standard top plate with
a total of 10 tubing holes with a diameter at 2 mm. Two holes were used for the
inlet water and oil tubings, and one hole for the outlet waste tubing. The bottom
plates differed from each other as they included different dimensions of the main
flow channels and meandering channels at the inlet part. The three chip designs

had a constant length at 45 mm long, 15 mm width and a total height at 1.8 mm.

The top plate were modelled by creating a new sketch with given length and width.
The plate was extruded to 1.1 mm, and the standard holes were drawn and extruded
through the top plate. A schematic of the top standard plate is shown in Appendix
A.
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Chip design 1 The modeling of chip design 1 involved construction of an extruded
plate. The bottom plate was split, and the top holes were constructed in the upper
part of the bottom plate. Two planes were drawn at the inlet and outlet part in the
center of the bottom plate where the channels were designed. The channels were
designed from the side of the plate and modified to the correct position to obtain
the desirable geometry. The meandered channel at the inlet part was created by
using a Fusion 360 function called sweep. It sweeped the sketch profile along the
selected path to the defined shape given in the 2D plane. Chip design 1 is shown in
Appendix A.

Chip design 2 The design of chip 2 involved the same procedure as chip design
1 as the dimensions were similar, but this design included an additional meandered
channel at the inlet part. The sweep function was also used in this construction to
get the correct cropping along the channel path. Figure 14 shows a scheme of the

bottom plate of chip design 2.
Figure 14: Scheme of bottom plate for chip design 2.
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Chip design 3 Chip design 3 was similar to design 1, but differed due to smaller
width of the channels at the inlet, main center and outlet. Chip design 3 is shown

in Appendix A.
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5.4.3 General Microfluidic Procedure

The microfluidic experiments were conducted with brine solution and original crude
oil sample without chemical additive, and crude oil with chemical demulsifier con-
centrations at 0.5, 2.5, 5 and 25 ppm. The tests were performed at different flow
rates of continuous phase (40 - 80 ul/min) and dispersed phase (2 - 10 pl/min) at

room temperature to 60°C by using different glass chip designs.

The initial step for the microfluidic experiments, was to coat the glass chips with
OTS solution in toluene (0.2 vol%). The coating was performed in a chip holder
by injection of solution through tubings. After approximately 15 minutes was the

solution emptied and dried with air before the glass chip was ready for testing.

After mounting the glass syringes and connecting the crude oil phase and water
phase to the flow setup by tubings, a filling procedure was started. It filled and
emptied the syringes several times to ensure pure phases and no air bubbles in the
system. The glass chip was placed in the chip holder which was located in the
microscope. The tubings were removed from the oil and water waste holders, and
placed in the chip holder and connected to the glass chip with ferrules. After the
syringes were filled and the glass chip was ready for testing, the manual adjustment
of flow rates of dispersed and continuous phases started. By studying the coalescence
chamber of the chip by microscope and monitoring the system pressure, one could
detect the water droplets from the T-junction and at the inlet and outlet of the
coalescence chamber. When the dispersed droplets got a stable flow behaviour,
series of images were recorded at different locations of the coalescence chamber. All

sequences were further processed in the ImageJ software.

5.4.4 Data Acquisition and Image Analysis

The ImageJ software was used for image analysis of recordings taken during exper-
iment. The images were edited by adjusting the contrast and brightness to obtain
black and white recordings of droplet flow. Hence, it became possible to count
droplets in a window with adjustable width. The analysis of systems with flow
rates of dispersed phase at 3 and 4 ul/min, included image analysis of a series of
7058 recordings with a frame rate at 2000 frames/s from both inlet and outlet for
approximately 3 seconds. The series of inlet images were used to determine the
size and number of initial droplets, while the series of outlet images were used to
determine the coalescence frequency. The droplet count at both inlet and outlet was

limited to droplets with circularity at 0.7 - 1 and size area at 200 pum?- infinity, to
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avoid detection of non-spherical droplets and unknown non-relevant particles in the
system. The data from inlet and outlet was copied to an Excel-sheet in addition
to the width of detection window, where the number of droplets per second and

coalescence frequency were calculated.

For higher dispersed flow rates at 8 and 10 ul/min, a series of 14 117 frames
were recorded. As the tendency of coalescence appeared early in the the coalescence
chamber, images were recorded only at the inlet of the channel. The areas of droplets
increased proportionally with tendency of coalescence. Based on the frequency, the
droplets were sorted into several size classes, and the number of initial size (size 1)
droplets and number of two coalesced initial size droplets (size 2) were determined
from a detection window with a width depending on the diameter of the studied
size classes. The droplet count at the inlet was limited to droplets with circularity
at 0.7 - 1 and size area at size class 1 or 2 £ 300 um?. As the same droplets would
be detected several times in the frames, the actual number of droplets of both size
classes was calculated from the average flow rate and droplet volume. The droplet
volume was found from the mean droplet diameter in each size class, and determined
from the Analyse Particle feature in ImageJ. The difference in number of size 1 and

2 was the main parameter for comparison between the different crude oil systems.

5.4.5 Cleaning Procedure

After the microfluidic experiment was finished, the oil, water and outlet tubing were
removed from the chip holder, and placed in waste beakers. A cleaning script was
started from the software. The script included automatic flushing of water and
xylene by filling and withdrawing the water syringe and oil syringe, respectively.
When the syringes and tubings were cleaned properly, a manual injection of xylene
into the oil syringe was performed to remove potential oil residues. Both syringes
were dismounted from the flow setup, and further cleaned by toluene and acetone

before they were put into a heating cabinet at 60 °C over night.

The method for cleaning the glass chips and ferrules included application of ultra-
sonic waves. The parts were placed in plastic cups and put into a toluene/acetone
mixture (3:1 v/v), followed by cleaning of only chips in Decon 90 solution, before
chips and ferrules were put into an isopropanol solution. The last cleaning step
for the glass chips was in deionized water. Each step included sonication for 15
minutes. After the cleaning procedure was performed, the chips were placed in an
ashing furnace at 475 °C over night. The ferrules were placed in a heating cabinet
at 60 °C.
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Due to problems with precipitation of unknown material in the coalescence cham-
ber and T-junction of the glass chips during some experiments, an additional clean-
ing step was necessary. The procedure included cleaning with Piranha which con-
sisted of 1 part hydrogen peroxide and 3 parts sulfuric acid by volume. The chip
was reoriented during cleaning to ensure all surfaces and channels got in contact

with the solution for a significant time.
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5.5 Interfacial Tension Measurements

5.5.1 Experimental setup

The capillary tubes used in the interfacial tensions measurements were made of
borosilicate glass with a length of 120 mm and an inner diameter of 4 mm. The
interfacial measurements were performed by using a SVT 20 spinning drop video
tensiometer developed by DataPhysics [90]. The experimental setup included a
measuring cell, a high speed camera and a water bath for temperature control.
Figure 15 shows a simplified overview of the experimental setup of the spinning
drop video tensiometer.

Rotating capillary tube Computer software

S [T

Temperature High-speed

control camera E

Figure 15: Experimental setup of spinning drop video tensiometer.

The structural sketch includes a camera with an ocular which detects the inter-
facial tension. The capillary is placed inside a holder in the measurement chamber

which is illuminated by a light source [90].

5.5.2 Sample Preparation

The sample preparation included pre-heating of the crude oil sample at 60°C for
approximately 30 minutes in a heating cabinet. A disposable pasteur pipette (230
mm) was used for injection of the water phase in the capillary. The capillary tube
and the pasteur pipette were flushed with water phase before use. The filling of the
capillary tube was introduced bottom-up to avoid air bubbles. The filling of water
was complete when the phase shaped a bubble at the top of the capillary to ensure

no air in the sample.
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The injection of oil droplets was performed with a disposable syringe and a needle
(0.80 x 50 mm). Oil droplets at 2-5 ul were added into the tube. The injection of a
suitable and shaped droplet was quite difficult as the crude oil was not very viscous.
The droplet injection was done by small movements of the needle with contact of
the capillary wall to provide release of droplet. If the capillary had lost its water

bubble at the top, an additional injection of water phase was implemented.

5.5.3 Spinning Drop Procedure

The interfacial tension between the crude oil and water phase was measured by
the spinning drop tensiometer. The three chemical demulsifiers; Brij-93, EB-8075
and Pluronic PE8100 were analyzed at 5 ppm and 25 ppm concentrations. The
experiments were carried out at room temperature, at approximately 23 °C. Before
running the experiment, the specific densities of the water and crude oil phase were
inserted to the software (SVT20). The capillary was injected into the measuring cell.
The camera position was adjusted to detect the crude oil droplet, and the rotation
speed was increased to 6000 - 10 000 rpm depending on the crude oil volume, to
provide elongation of droplet. Adjustments of zoom, focus, illumination and tilt

functions were performed to obtain a stable and sharp droplet with contrast.

The calibration was done to obtain a reference value for the interfacial tension. The
procedure was conducted at the start of each spinning drop experiment for correction
of optical distortions. The calibration was implemented by camera movement by
detection of the right side of the droplet at different positions. In order to perform
successful calibrations, the most suitable zoom was set to be 1.0, and if the droplets
tend to get relatively large it was set to 0.7. By pressing extract profile, hold drop
and tracking functions in the software, a result window with measurement values
gave a visualization of the interfacial tension as a function of time and camera
position every five seconds. By studying the camera position, one had the possibility
to monitor the droplet movement. The complete interfacial measurement lasted
approximately 2 hours until the interfacial tension had been stable over a time

period of approximately 15 minutes.
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5.5.4 Cleaning Procedure

To avoid systematic errors and contaminated samples, the preparation of samples
and instrument is greatly important. After the measurement, the capillary was
repeatedly cleaned with water and organic solvents such as acetone and toluene to
dissolve crude oil. After flushing the capillary five times with each solvent, it was

placed in a heating cabinet at 60 °C for approximately 2 hours.
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5.6 Quartz Crystal Microbalance

5.6.1 Experimental Setup

The experimental QCM-D setup (QSense Explorer) delivered by Biolin Scientific
included a flow module which was part of the temperature controller. As the moni-
tored oscillation frequency got affected by temperature changes, the quartz crystal
holder was placed inside the flow module. To reach set temperature, the sample
liquid was lead in tubings with HPLC fittings, through a s-shaped path, before en-
tering the surface of the sensor. A thermoelectrical device below the flow module

was equipped with heating and cooling [7].

Figure 16 shows an overview of the experimental setup used in the QCM-D mea-
surements. The tubing was arranged from the sample holder via the flow module
and the peristaltic pump (Ismatec IPC-N 4). The data and signals were further
generated in the electronics unit, before being sent to the Windows-based acqui-
sition software QSoft 401. The generated data could further be analyzed in the
incorporated QTools software. Physical properties of the adsorbed film layer, such
as viscosity, elasticity and thickness could be extracted from the viscoelastic Voight

model incorporated in the QTools software [7], [95].

Computer software

Electronics

unit e

1 - .I
Measurement |_| Q
e [/
Sample Peristaltic

Thermoelectricall

device \\._../} pU mp Waste

Figure 16: Experimental setup of QCM-D.
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5.6.2 Quartz Crystal Microbalance Procedure

The silica sensor crystal was mounted, and the tubings were connected to the flow
module and pump. The initial step in the QCM-D experiments was to find the
resonance frequencies of the sensor crystals in the QSoft 401 software, after filling
the sensor with solvent at flow conditions at 500 ul/min. The resonances constituted
the baseline signal for each crystal on the sensor, and were found in the acquisition
menu below setup measurement. After finding the resonance frequencies, the pump

was turned on and the experiment started.

The QCM-D experiments were performed by formation of an initial stable baseline
of frequency and dissipation of xylene. As the measured f and D values are analyzed
relative the values of a clean sensor, the initial step of the measurement was to
establish reference values for frequency and dissipation by using solvent. When
the reference values had been stable for approximately 15 minutes, the injection of
pre-heated crude oil sample was performed. After approximately 30 minutes, the
frequency became stable, and the second solvent injection was implemented. A final
stable baseline became present after approximately 15 minutes. In addition to the
original crude oil system, crude oil samples with a chemical demulsifier concentration
at 25 ppm were analyzed, included xylene with a chemical demulsifier at 25 ppm.
The experiments were carried out at room temperature, at approximately 23 °C.

All the generated data for the experiments were analyzed in the QTools software.

5.6.3 Cleaning Procedure

The cleaning procedure included flushing of xylene through the flow module and
the pump before the sensor was removed. Methanol was thereafter flushed. The
tubings were further flushed with air to obtain dry channels for next experiment.
The tubings were disconnected and the sensor removed before the visible parts of

the module interior located close to the sensor holder were dried with nitrogen gas.

The sensors were cleaned with sodium dodecyl sulfate (SDS) for approximately
30 minutes before they were flushed with deionized water, dried with nitrogen gas

and put into ultraviolet (UV) radiation for 15 minutes.
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6 Results and Discussion

6.1 Interfacial Tension Measurements

To establish information about the adsorption of chemical demulsifier material at
the interface between the oil and water phases, the interfacial tension was measured
over a time period. The interfacial tension measurements were performed with crude
oil samples with chemical demulsifier concentrations at 5 and 25 ppm. Figure 17
shows an overview of the IF'T results for each system compared to the original system
without a chemical additive. The figure shows how the IF'T changes as a function

of time, until it reaches an equilibrium value.
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Figure 17: IFT vs. time for demulsifier solutions in crude oil at 5 and 25 ppm.
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Figure 18 shows a comparison between the constant [F'T values for each system.
The equilibrium value was calculated from the 200 last measurement points which

posed approximately the last 15 minutes of the measurement.
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Figure 18: Equilibrium IFT values for demulsifier solutions in crude oil at 5 and 25
ppm.

The results show how an increased adsorption time of surfactant gives decreased
IFT for all crude oil systems, before an equilibrium value is reached. A significant
trend for all systems, is the reduction in IFT for solutions with highest demulsifier
concentration at 25 ppm. The results signify that the high-molecular weight wetting
agent Pluronic PE8100 provides a fast decline with a low and rapid relaxation of
IFT equilibrium for the demulsifier solution at 25 ppm. As the dosage of chemical
demulsifier depends on molecular weight, it was expected that Pluronic PES100
would provide a higher reduction in IFT compared to Brij-93. The former chemical

demulsifier has a 6 times higher molecular weight than Brij-93 [10].

Pluronic PE8100 type is a common wetting agent due to its polyoxyethylene chains
which have proven to be very hydrophilic. Even though the Brij-93 has a higher
HLB value, it has a significantly lower molecular weight than Pluronic PE8100 [11].
Which claims that an equal dosage of these chemicals, leads to different reductions
in IFT, which is reflected in the results.

Considering the systems with Brij-93, the results show that an increase in chemical
demulsifier concentration from 5 ppm to 25 ppm, gives the smallest reduction in
IFT, compared to the other systems. It may be assumed that the system probably

will reach a fully occupied interface upon an even small increase in concentration.
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The occupation of adsorbed surface-active components on the interface might affect
several rheological properties of the surfactant, such as the interfacial tension, as it
will reach a constant IFT value. Considering Brij-93 and Pluronic at 25 ppm, the
system shows the most rapid time to reach equilibrium. Compared to EB-8075 at
25 ppm, the IFT behaviour is not similar, as the increase in chemical demulsifier
concentration gives a rather slow but significant reduction in IFT. The slow reduction

may indicate a relatively high adsorption time of demulsifier concentration.

According to the interfacial tension values for the 5 ppm systems, they have in-
significant deviations from the original system without a chemical additive. Con-
sidering the chemical dosage, the systems do apparently demand higher demulsifier
concentration to obtain changes in interfacial tension for such systems. It is still
worth mentioning that the Brij-93 and Pluronic systems at 5 ppm show a small in-
crease in IFT compared to the original system without a chemical demulsifier. The
deviations might be due to desorption of demulsifier molecules at the interface or

deformation of the cylindrical shaped droplet.

Based on the Young-Laplace equation for calculation of IFT, the value is depending
on the angular velocity of the capillary, the radius of the cylindrical shaped droplet
and the density difference between the two phases [6]. The higher IFT values for 5
ppm solutions of Brij-93 and Pluronic PE8100 may therefore be caused by unequal
angular velocity during droplet formation. During experiment, it was impossible
to use similar rotational speed due to different sample volumes. As the crude oil
is quite light with a density at 0.846 g/cm?, the injection of an optimum crude oil
volume was rather difficult. The different sample volumes caused unsimilar droplet
shapes with unequal droplet radius. The longer cylindrical shape, the larger radius
which will provide less surface tensions resistance. Hence, a lower interfacial tension.
This might be assumed to be a source of error for certain experiments where the
IFT value is higher than the system without added demulsifier. The experiments
involved other sources of error, such as occurrence of air bubbles which probably
could affect the IFT during measurement. If the air bubble was small and located at
a distance far from the actual oil droplet, and did not get in contact with the droplet,
they were ignored. In certain experiments where air bubbles occurred and got in
contact with the oil droplet, it led to a decrease in IFT. To prevent disturbed IFT
signals, the tilt angle was adjusted and the rotational speed was quickly increased
before decreased. The quick variation of the angular velocity was to prevent droplet

deformation, hence fluctuations in IFT.
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6.2 Quartz Crystal Microbalance

The initial QCM measurements were performed with crude oil samples with a chem-
ical demulsifier concentration at 25 ppm. The main results from the measurements
were adsorbed mass as a function of frequency. The calculation of adsorbed mass
was based on the establishment of a baseline from xylene injection to find refer-
ence values for frequency and dissipation. After a stable baseline was created, the
injection of crude oil sample was performed before a final addition of xylene. The
relative change in frequency between the first and second injection of solvent was
used in the calculation of adsorbed mass. Figure 19 shows the results of frequency
behaviour as a function of time for QCM analysis of crude oil systems. The figure
shows the behaviour for the original crude oil without demulsifier (blank) included
the systems with Brij-93, EB-8075 and Pluronic PE8100.
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Figure 19: Frequency change for demulsifiers in crude oil.
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Figure 19 does not show large deviations for the different systems. The EB-8075
demulsifier system presents the most significant change in frequency, as the frequency
after the second injection of xylene stabilizes at the lowest value. The plot does also
signify that Brij-93 obtain the lowest change in frequency during crude oil injection,
hence the lowest coupled mass on the quartz sensor. The results show a change
after injection of crude oil and demulsifier for all systems. The fast decrease of
frequency is assumed to be a result of fast adsorption of material on the surface or
change in density and viscosity of the fluid. For all systems, except Brij-93 and the
original system without demulsifier (blank), the frequency stabilizes almost instantly
at approximately -700 Hz. The increased frequency behaviour for the Brij-93 and
blank system may be caused by a rather fast adsorption of molecules. When they
have reached the surface, they will probably organize themselves on the layer to
form a packed layer structure. The packing may lead to release of water which is

reflected of the increasing frequency.

The QCM-D technique based on the energy dissipation monitored the spreading
behaviour and viscoelastic properties of the adsorbed material on the sensor surface.

The dissipation change is shown in Figure 20.
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Figure 20: Dissipation change for demulsifiers in crude oil.

o1



Based on the results, one can see how the EB-8075 demulsifier shows a great in-
crease in dissipation. The high dissipation reflects formation of a soft and viscoelastic
adsorbed layer. While the blank and Brij-93 show a rather simultaneous behaviour
where the dissipation presents a rather fast increase before the dissipation decreases
due to probably a small water release. In general, systems which contained blank,
Brij-93 and Pluronic PE8100 provide a more rigid layer compared to the system
which include the chemical demulsifier EB-8075. Considering the latter system, the
change in dissipation does seem to stabilize slower compared to the other systems.
The dissipation is an additional measure used to obtain additional information and
visualization about the physical properties of the adsorbed layer. Including an imag-
ination of the reorganization of adsorbed molecules on the surface. Based on the
results, the Pluronic PE8100 does not undergo any significant structural changes
during measurement as the dissipation reaches a quite stable dissipation value at

approximately 300 rather fast.

The QCM-D measurements did also include measurements of chemical demulsifiers
with a concentration at 25 ppm dissolved in only xylene. The additional tests
were performed to obtain information about the contribution of only demulsifier
in the crude oil/demulsifier adsorption phenomena. Figure 21 shows the change in

frequency and dissipation for all demulsifiers.
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Figure 21: Frequency and dissipation change for demulsifiers in xylene.

By comparing the xylene and demulsifier systems in Figure 21a, with the crude oil
and demulsifier systems, a significant variation is the much lower overall change in
frequency. It indicates that the high decrease in frequency for the crude oil systems
was caused by the crude oil. Brij-93 show a quite similar behaviour compared to
the system with crude oil. As the behaviour of frequency experiences a rather steep
decrease before it undergoes an increase and stabilizes. The demulsifier will probably

affect the organization of molecules, and facilitate release of water from the crystal
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surface. The Pluronic PE8100 demulsifier shows a rather different behaviour of
frequency, as it stabilizes once the injection of xylene and demulsifier was performed.
This demulsifier does also provide a higher total change in frequency compared
to Brij-93. One can also assume that the EB-8075 demulsifier presents the most
effective component for adsorption on the hydrophilic silica surface as the overall

change in frequency after the second injection of xylene is not visible.

Figure 21b shows that the change in dissipation for systems with xylene and
demulsifier provide much smaller fluctuations of dissipation signals compared to the
systems with crude oil. Hence, the results indicate that the elasticity, viscosity
and density of the adsorbed layer are clearly lower without crude oil. Therefore,
the presence of crude oil in a demulsifier solution will contribute to a significantly

higher adsorption to the crystal surface.

According to Figure 21a and 21b, it is worth mentioning the unstable initial base-
line of xylene. The problem solving included elimination of all factors which induced
uncontrolled and unwanted changes in the measured parameters. Air bubbles were
eliminated by stopping the pump during change of sample injection, temperature
changes were monitored by the temperature controller, bad electrical contacts were

checked and possible solvent leakages were stopped.

Another reason for the instability, was unanticipated surface reactions or back-
side reactions which took place between the sensor coating and the xylene. The
internal interaction might be due to dissolving or swelling on the surface, which
was reflected in the unstable frequency and dissipation for the initial injection of
xylene. As the error was present for the majority of the measurements, the prob-
lem which tended to be a baseline drift was probably an unavoidable consequence
of either the experimental setup or the selection of xylene as a solvent. As these
factors induced measurable changes in frequency and dissipation, they distort the
actual measurement of the physical adsorption process. Therefore, the calculation
of adsorbed mass on the surface would get reduced by the negative frequency of the
baseline. The calculated values based on Sauerbrey equation for adsorbed mass for

all systems are shown in Figure 22.
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Figure 22: Adsorbed mass for xylene/demulsifier and crude oil/demulsifier.

Table 3 shows the thickness of film layer based on adsorbed mass.

Table 3: Film layer thickness.

Layer thickness [nm)]
Blank 1.71
EB-8075/crude oil 4.39
EB-8075/xylene 7.43
Brij-93/crude oil 1.76
Brij-93/xylene 1.00
Pluronic PE8100/crude oil 2.68
Pluronic PE8100/xylene 1.85

The calculation of film layer thickness is based on the assumption of no solvent
on the surface. The assumption is probably not valid, as the surface will contain
residues of solvent. Especially if the occurrence of unanticipated surface reactions of
the surface coating and solvent are present. The film layer thickness will therefore

only give a basis for comparison of the different demulsifiers.

The calculation of adsorbed mass is based on three parallels of each sample so-
lution. The results show that the solution with EB-8075 dissolved in crude oil
gave significantly lower amount of adsorbed material at 371 ng/cm?, compared to

the system with EB-8075 demulsifier dissolved in xylene with an adsorbed mass at
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628 ng/cm?. The values provide information about a mixed surface of both crude
oil components and demulsifier. As the adsorption is much higher for the system
without crude oil, it can be assumed that chemical interactions between crude oil
components and demulsifier molecules have taken place. Hence, the crude oil will

probably prevent adsorption of demulsifier at the surface for this system.

According to the calculation of adsorbed mass for the Brij-93 systems, the solu-
tion of demulsifier dissolved in crude oil shows a greater adsorption at 149 ng/cm?
compared to the xylene solution at 85 ng/cm?. For such systems, the crude oil will
probably facilitate adsorption of demulsifier and allow a mixed surface. On the other
hand, by comparison of the original crude oil system without demulsifier with an
adsorbed mass at 146 ng/cm? and the crude oil system with Brij-93, it will indicate

that almost all adsorbed material is constituted by crude oil components.

The Pluronic PE8100 system gives a relatively low adsorbed mass at 171 ng/cm?
for the crude oil solution, and 157 ng/cm? for the xylene solution. A comparison
between these measurements, indicates a great adsorption of demulsifier. When it
comes to the crude oil system, it shows a similar adsorption of mass compared to the
original system without demulsifier. Based on the results, the QCM-D measurements
do not give a clear indication to assess the property of adsorption for demulsifiers.
Certain systems provide different impacts on the sensor which might be interpreted
differently.

Considering the overall comparison between the different demulsifiers, the molec-
ular weight of Pluronic PE8100 at 2300 g/mol probably causes higher adsorption
compared to Brij-93 with a molecular weight at 357 g/mol. Even though the latter
demulsifier has a higher HLB value, it has a significantly lower molecular weight

which probably has a greater effect on the adsorption.

Comparing the QCM-D measurements with the IFT results, one can notice a large
relative change in frequency and dissipation for the EB-8075 system compared to
the other demulsifier systems. The EB-8075 provided a slow, but high reduction in
IFT which is reflected in the change in frequency and dissipation from the QCM-D
measurements. The EB-8075 demulsifier does apparently give a significantly high
behaviour of adsorption which is obtained much slower compared to the Pluronic
PES&100 system. The steep decrease of IFT for Pluronic PE8100 at 25 ppm is clearly
visualized also in the rapid change of frequency and dissipation before obtaining

equilibrium values for both parameters.
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6.3 Microfluidic Measurements

6.3.1 Method Development

The microfluidic experiments involved tests of parameters such as temperature and
flow rates of continuous and dispersed phases. During the tests, several problems
arised due to non-ideal facilitation for W/O systems. As W/O systems include
high content of crude oil compared to O/W systems, unexpected situations related
to pressure changes, precipitation of particles and coating problems were present.
Therefore, modifications of the setup and procedure were conducted to implement
optimized experimental conditions for the W/O experiments. One of the main
problems related to the continuous oil flow, was leakage from the syringe plunger at
maximum filling of crude oil. One of the possible improvements was the selection
of a stainless steel syringe. As the syringe included a temperature controller, it was
possible to perform temperature tests. Another solution was to replace it with a
tighter plunger. The replacement seemed to work as the tests did not experience

more leakage.

During the flow rate tests, detection of precipitation in the microchannels and
adsorption on glass surfaces of unknown materials were present. Example of the
detected particles are shown in Figure 23. The problem created errors in droplet
generation and flow behaviour in the coalescence chamber. It was assumed to be ei-
ther heavy components from the crude oil, fibres from degradation of o-ring swelling
or airborne dust particles. To avoid possible depositions of crude oil components
which could prevent optimal droplet generation and detection, the initial experi-
mental step involved preheating of crude oil samples to homogenize the solution.

Even though the procedure included preheating, the precipitation still occurred.
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Figure 23: Detected particles in flow channels.
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Other related problems caused by precipitation of material, were the increased
pressure of the system which exceeded the pressure limit at about 10 bar. As a
result of this, the inlet tubings of the microfluidic chips underwent leakage on the
chip surfaces which caused blurry microscopic images and non-favorable conditions

for the microscopic objective.

A Piranha solution was required as an additional cleaning step to purify the chan-
nel, and selection of other spare parts for the flow setup became necessary to prevent
depositions. Tighter ferrules, tubings with a larger inner diameter and other chip
designs with larger coalescence chambers were implemented as well. Adjustments
of dispersed and continuous flow rates to maximum 100 pl/min were performed to
force the blockage to the outlet. The modifications seemed to work, as the droplet
generation and flow behaviour provided expected droplet flow conditions for the
W/O systems.

As the W/O systems demanded hydrophobic coating of the silica-based microflu-
idic glass chips, the general procedure involved an additional initial pretreatment
step. The coating caused significant disturbances in the droplet generation for sev-
eral measurements. For the dispersed flow tests at 8 and 10 ul/min, the hydrophobic
coating provided high fluctuations of initial droplet sizes for similar systems as shown
in Figure 24a and 24b.

The OTS in toluene solution provided weak hydrophobic surfaces which tended
to act almost as hydrophilic. New hydrophobic coating solutions were prepared,
which worked relatively well until solution aging became apparent probably due to
hydrolysis and polymerization of the OTS solution. Modified coating procedures
were developed to improve the hydrophobicity. The standard coating procedure
involved injection of coating solution in 15 minutes before drying. The improved
procedures included an injection time at 10 minutes followed by a second injection
at 10 minutes. A third coating procedure was performed by filling the solution in
45 minutes before drying. The weakened hydrophobic strength was possibly caused
by breakage of the covalently bonded siloxane groups on the surface, which may
have been caused by interaction with particles from a crumbled cap on the OTS
solution bottle. Figure 24c shows an example of a well established hydrophobic
coating compared to an unsuccessful coating layer at the T-junction for crude oil

and water phase in the microfluidic chip shown in Figure 24d.
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(a) Normal initial droplet sizes. (b) Small initial droplet sizes.

(c) Hydrophobic coating. (d) No hydrophobic coating.

Figure 24: Problems with hydrophobic coating and generation of initial droplet
sizes.
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6.3.2 3D-Printed Chips

An important objective in the microfluidic study was to perform transparent 3D
printing of thermoplastic materials of varying degrees of translucency. Figure 25

shows several 3D-print results.

(a) LW=0.4, LH=0.06/0.1, PLA. (b) LW=0.4, LH=0.06/0.1, PLA.

(c) LW=0.3, LH=0.06/0.1, nylon (d) LW=0.3, LH=0.1, nylon.

(e) LW=0.3, LH=0.1/0.2, PLA. (f) LW=0.1, LH=0.2, nylon.

(g) LW=0.5, LH=0.1, nylon (h) LW=0.3, LH=0.1/0.2, PLA.

Figure 25: Problems with hydrophobic coating and generation of initial droplet
sizes.
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The printing was done with chip design 2 visualized in section 5.4.2. The printing
included testing of two thermoplastic materials; nylon and polyactic acid (PLA). In
addition to selection of material, different pattern prints were tested. The print set-
tings involved different layer heights (LH) and line widths (LW). The transparency
of the chips was adjusted by varying these parameters included infill density, support
and print speed.

The chips shown in Figure 25a and 25b are printed with similar print settings and
material, but differ due to print type as the line angles are set to [0.0] and [45.45],
respectively. A comparison shows that the latter one which includes a obliquely
pattern print does provide a higher refraction of light, hence a more translucent
print [96].

By studying Figure 25¢ and 25d, one can see that the print pattern does have a
significant impact on the transparency of the print. Both chips are printed in nylon
and with similar line width and layer height, but every other layer is printed in a
cross-pattern for the former chip. The printed chip shown in Figure 25d includes a
concentric pattern where every other layer is printed vertical and horizontal. The
degree of transparency is apparently depending on the geometry. Complex geome-
tries do tend to refract light more. Therefore, it it less likely to obtain clear prints.
Considering the results, a concentric print pattern provides lower transparency as
the geometry becomes more complex and the horizontal lines have a tendency to
obscure the main coalescence chamber in the channel configuration. The same trend

is also shown for the chip in Figure 25h printed in PLA.

Considering how the print settings such as the layer height affect the transparency,
the chip shown in Figure 25f has the highest layer height, and seems to provide
a translucent print. According to the result, it is probably favorable with thin
layer heights, as thick layers have a tendency to disperse more light. It seems like
the dispersion redirects the light and causes an opaque appearance of the channel
configuration [96]. In addition to minimization of light refraction, a low layer height

provides high print precision which is highly preferred.

Considering the line width, a small width demands a higher number of print line
directions. A large number of print line directions probably causes a high refraction
which is non-favorable. Therefore, high line width provides a transparent appearance
which is shown in Figure 25a. The chip shown in Figure 25g includes the highest
line width, but the cross-pattern seemingly decreases the tendency of transparency.
The effect of line width should be further assessed by testing different widths with

similar print types to obtain sufficient comparable prints.
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As the print shown in Figure 25a had the best transparency, it was tested in
the microfluidic setup, and Figure 26 shows snapshots from the testing with the

3D-printed chip design.

(a) Inlet. (b) Coalescence chamber.

Figure 26: 3D-printed chip design 2.

Figure 26a shows the connection point located between the meandering chan-
nel and the coalescence chamber. As water had the lowest viscosity, it was forced
through the channel with a pressure exceeding maximum threshold. Figure 26b
shows a better overview of the liquid fractions which actually reached the chamber.
The main part of the droplets was probably air bubbles which may originated from
the relatively low infill density which was used in the printing. One can also detect
the not uniform channels which lead to non-continuous flow. As the chip dimen-
sions were given in micrometers, the 3D-printer did probably not have an optimal

resolution for such small-scale prints.

The chips were printed with the bottom plate lying on the print surface. As the
print creates a support structure during printing, an alternative way to print could
be to reorganize the chip to stand. Hence, the print direction would circulate around
the channels. As the microfluidic tests involve relatively high pressure, it might be
possible to avoid leakage of fluid by print one of the short sides first. It would
probably increase the strength and resistance against flow. It is difficult to predict
the transparency of such prints, but post-treatment by polishing would probably

cause smoother surfaces.

As the microfluidic experiments with the 3D-printed chip did not provide sufficient

performance, the custom-made glass chips were used in the main microfluidic tests.
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6.3.3 Modification of Method

Glass Chip Design

The microfluidic method development included modifications of the actual pro-
cedure. Due to the significant problem related to clogging of the meandering and
coalescence channel, the testing of different glass chip designs became a necessary
step to provide valuable information about the W/O system [8]. The design tests

included experiments with four different coalescence chips shown in Figure 27.
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Figure 27: Chip designs with different channel configurations.

Chip design OW1 gave similar flow behaviour as the standard chip design OW1a,
at equal flow rates of continuous and dispersed phase. During usage of OW1 with
an additional oil flow inlet located directly in the coalescence chamber, this inlet
was blocked to obtain only one oil inlet located above the T-junction. The OW1
chip design were used in addition to OW1a to be able to perform unlimited number

of tests.

Chip design OW1-S involved a singular meandering channel for droplet aging. To
maintain a continuous flow of oil and water phase without blockage due to fibres
or other unknown materials, tests with chip design which included less meandered
channels, lower pressure and lower droplet aging were necessary to examine. The
resulting flow behaviour indicated very high coalescence frequency which did not fit

the preferred level of coalescence for further measurements with demulsifiers.
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Chip design OW2 included wider meandering channels at the inlet part. As a
consequence, the flow rate of continuous oil phase had to be increased 1/3 of the set
flow rate determined in the continuous flow rate tests. The high oil flow was non-
favorable due to high amounts of sample volumes, large drop size distributions in the
coalescence chamber and high system pressure. Due to unfavorable flow conditions
when using chip design OW1-S and OW2, chip design OW1a was used in the further

microfluidic tests.
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Continuous Flow Rate Tests

The continuous flow rate tests included adjustments of flow rates from 40 to 80
pl/min of the crude oil without demulsifier, to establish an indication of a preferred
oil flow rate for further testing with demulsifiers. The results showed that flow rates
at 40 and 50 ul/min gave significantly high coalescence frequency which resulted in
difficult image analysis for detection of tendency of coalescence, and a non-favorable

reference state for demulsifier tests.

On the other hand, higher oil flow rates at 60, 70 and 80 pl/min gave more
preferred continuous flow conditions, as the tests implied relatively low coalescence
frequency and a favorable water droplet flow at dispersed rates from 3 to 5 pl/min.
Figure 28 shows the inlet of the coalescence chamber with a dispersed flow rate at

4 pl/min and a continuous flow rate at 40, 50 and 80 ul/min, respectively.
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(a) Continuous oil flow at (b) Continuous oil flow at (¢) Continuous oil flow at
40 pl/min. 50 pl/min. 80 pl/min

Figure 28: Water flow behaviour from the continuous oil flow tests.

Figure 28a and 28b indicate that a relatively small increase in continuous flow rate
give a significantly lower tendency of droplet coalescence for low dispersed flow rates.
Figure 28c shows that a continuous flow rate at 80 ul/min gives a well established
droplet flow of initially created droplets without any coalescence present at the inlet.

This was the favorable droplet behaviour for further testing of dispersed flow rates.

The results from the continuous oil flow rate tests show that an adjustment of the
continuous oil flow rate does have an effect on the droplet and size distribution of
the system. If the continuous flow rate is relatively high compared to the dispersed
flow rate, the water droplets will maintain small at a size distribution similar to
the initially generated droplet sizes. On the other hand, a low continuous flow
rate causes a high water fraction which enhance growth of bigger droplets. Despite
that the calculated tendency of frequency was quite good, the droplet count per
second involved high variations. It was assumed that the main contribution to the
disturbances was probably recordings of the same droplet object in the same frame.
By reviewing the results, it was decided to continue the microfluidic experiments

with a continuous oil flow rate at 80 ul/min for further testing.
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Dispersed Flow Rate Tests

The dispersed flow rate tests included adjustments of flow rates from 3 to 10
pl/min of the water phase, to study how the coalescence behaviour for the differ-
ent demulsifier systems would be affected. In other words, how the droplet size
distribution would change by increasing the volume rate of water gradually. The
8 and 10 pl/min rates contribute to the main results, and will be presented in a
separate section. Considering the tests performed with 3 and 4 pl/min, it included
experiments with the three demulsifiers with a concentration at 5 and 25 ppm. The

results from the dispersed flow rate tests are shown in Figure 29.
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(a) Coalescence frequency at 3 pl/min. (b) Coalescence frequency at 4 ul/min.

Figure 29: Coalescence frequency for dispersed flow rate tests at 3 and 4 pl/min.

Considering the results for the low dispersed flow rates, they do not reflect the
results from the bottle tests. There might be several reasons for the results, such
as disturbances in droplet count. The droplet count at the outlet of the coalescence
chamber is performed by using a relatively wide detection window in the ImageJ for
droplet counting, which encounter the possibility for duplicates of the counting of
same droplet. By studying several frames, the same droplet was counted up to 11
times in the same recording which gave rise to enormous errors related to counting.
An increase in frame rate would probably decrease the errors related to recording
of same objects several times. The tests did also signify larger number of droplets

per second for lower flow rates, which does not indicate trustable results.

Considering the tendency to undergo coalescence for the different demulsifiers,
they show significantly low efficiency. The systems with chemical additives show an
even lower coalescence frequency compared to the original crude oil system without
demulsifier. As the efficiency of the demulsifiers had been examined earlier related
to surface activity and phase separation through interfacial tension measurements

and bottle tests [97], it was clear that the results expressed high deviations due
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to fluctuations in flow behaviour, unexpected pressure changes and other problems
related to the flow setup for the W/O system. The water flow rate was increased even
higher to examine the flow behaviour at high volume flows of the water phase. The
results for 8 and 10 pl/min flow rates are presented in section 6.3.4, and contribute

to the main results.
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Temperature Tests

Temperature tests were implemented to avoid problems related to depositions
from the continuous crude oil phase. The temperature tests were performed with
a temperature controlled steel syringe adjusted from 30 - 60 °C. The coalescence
frequency for the original crude oil system without demulsifier at dispersed flow

rates at 3 and 4 pl/min is shown in Figure 30.
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Figure 30: Coalescence frequency for a given temperature range.

The results indicate that an increase in temperature provide a higher coalescence
frequency. According to the contribution of thermal energy to a demulsification
process, high temperature causes reduction of the viscoelastic properties of the crude
oil phase, hence a higher probability for collisions of water droplets in W/O emulsions
due to a weakened interfacial film. Considering the flow rates at 3 and 4 ul/min,
it was expected that the highest dispersed phase would provide higher tendency of

coalescence due to a higher water volume.

The similar trend for addition of thermal energy was also shown for tests with
higher dispersed flow rates at 8 and 10 ul/min. An increase in temperature gave
a significantly higher droplet coalescence by an increase from ambient temperature
conditions to 45 °C. The temperature dependent tests are shown in Figure 31. As
the ambient temperature tests included the smallest droplet size distributions, the

further microfluidic tests were performed at room temperature.
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(d) 25°C at 10 ul/min. (e) 35°C at 10 ul/min. (f) 45°C at 10 pl/min.

Figure 31: Results from temperature tests performed at 8 and 10 pl/min.
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6.3.4 Main Results

The dispersed flow rate tests at 8 and 10 ul/min contribute to the main results
from the microfluidic experiments. The former dispersed and continuous flow rate
tests were performed with demulsifier concentrations at 5 and 25 ppm. Considering
the bottle test measurements which were performed with similar chemical demul-
sifiers, the water cut was significantly much higher for these tests [97]. Therefore,
the concentrations were decreased to 0.5 and 2.5 ppm to obtain a similar surface
coverage by the demulsifier for the microfluidic experiments as for the bottle test

measurements [97].

At high dispersed flow rates at 8 and 10 pul/min, the coalescence behaviour was
studied by counting droplets of specific size classes. As coalescence was present early
at the main channel at such high water volumes, recordings were done only at the
inlet of the main channel. Compared to the dispersed flow rates at 3 and 4 pl/min
which were recorded both at inlet and outlet as the tendency of coalescence were
rather small at the inlet. Therefore, the procedure for detection and quantification
of coalescence changed by increasing the dispersed flow rate. Figure 32 and 33
shows a comparison of the different procedures in the software ImageJ to detect
quantification at the different flow rates at 3 and 4 pl/min, and 8 and 10 pl/min,

respectively.

(a) Inlet window. Width ~ 50um. (b) Outlet window. Width ~ largest droplet.

Figure 32: Droplet count for detection of coalescence for dispersed flow rates at 3
and 4 pl/min.
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(a) Inlet window. Width ~ 50um. (b) Inlet window. Width ~ 70um.

Figure 33: Droplet count for detection of coalescence for dispersed flow rates at 8
and 10 pl/min.
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The recordings included 11 147 frames at 2000 frames/s for approximately 7 sec-
onds for the 8 and 10 ul/min dispersed flow rates. The study involved analysis of
initially generated droplets (size 1) and two coalesced initial size droplets (size 2).
The size classes included a close to constant range of area at a constant flow rate.
The size 1 droplets involved areas between 800-1500 pum?, and the size 2 droplets
ranged between 2500 - 3100 um? which were specified in the Analysis Particles func-
tion in ImageJ. To obtain reliable data input, the detection window was decreased to
a minimum for counting the droplets in both size classes. As the maximum droplet
diameter for size class 1 and 2 was approximately 50 and 70 pum, respectively, the

width was adjusted to these values to eliminate duplicate count of objects.

By comparing the total volume of each size class with the total volume of water
flow in, it was possible to obtain information about the tendency of coalescence.
Considering the uniform depth of the coalescence chamber, some droplets in size
class 2 underwent squeezing due to a large diameter, which is visualized in Figure

34. The volume calculation is shown in Appendix B.

—
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(a) Droplet in size class 1. ~_ %

(b) Squeezed droplet in size class 2.

Figure 34: Droplets in size class 1 and 2.
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Based on the volume calculation, the percentage of total water droplet volumes
of each size class were found. The results are shown in Figure 35 for the dispersed

flow rate at 8 pl/min.
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Figure 35: Volume% of size class 1 and 2 droplets at dispersed flow at 8 ul/min.

The tests with dispersed flow rates at 8 ul/min indicate overall a relatively high
volume% of water droplets in size class 1 and 2. Pluronic PE8100 does not include
standard deviations due to certain problems related to minimization of the initial
generated droplets during testing of the two other parallels. The error was probably
caused due to fibres stuck in the meandering channels which disturbed the con-
tinuous water flow of water. One of the main findings when unexpected problems
occurred, was that even small particles could split the water flow and disturb the
overall tendency of coalescence. Such tests were not valid and frequently discarded.
It is also worth mentioning that the image analysis probably provided sources of
error as the editing of contrast and brightness had an impact on the size of droplet
film. Poor editing may have caused the droplet area to be miscalculated from the

image analysis.

Considering the different crude oil systems with demulsifier concentrations at 0.5
and 2.5 ppm, a significant trend is the decrease of water droplets at size class 1 and
2 when the demulsifier concentrations were increased. The results indicate that the
tendency of collisions between the initial generated droplets is high, and higher size
classes are present in the inlet of the coalescence chamber. According to the bottle
tests performed in earlier experiments [97], the Pluronic PE8100 and EB-8075 at
high concentrations have proven to be most efficient. The behaviour is reflected in

the microfluidic experiments. Overall, the original crude oil system without chemical

71



additives provides information about the highest fraction of small droplets compared

to the systems with demulsifier.

The volume% of total water flow of size class 1 and 2 at dispersed flow rates at

10 pl/min is shown in Figure 36.
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Figure 36: Volume% of size class 1 and 2 droplets at dispersed flow at 10 pl/min.

The results show a great tendency of coalescence for Pluronic PES100 at 2.5 ppm
with a volume% of total water flow at approximately 1.5 % for size 2. Number
of droplets for both size classes are significantly high, which indicate that higher
size classes are present at the inlet of the channel. The tendency of coalescence is
rather different for EB-8075 at 0.5 ppm. The values reflect high numbers of size
class 2, which indicate that low coalescence is present. While Brij-93 provide almost
equal fractions of droplets of size 2 for both concentrations, the amount of size 1 is

relatively lower for the higher concentration.

According to the optimum oil/water ratios for phase separation, systems with
high amounts of water become less stable compared to systems with a low water
fraction. High number of dispersed water droplets indicate a high probability for
efficient collisions. The tendency of collisions are greatly expressed in the dispersed
water flow rate tests at 8 and 10 ul/min as the fraction of size class 1 and 2 is

significantly lower at higher water flow rates.

The complementary IFT and QCM-D measurements provided valuable informa-
tion for verification of the microfluidic experiments. As the ability to provide sepa-
ration depends on several factors, the IF'T measurements gave necessary indications

on the reduction of interfacial tensions for all systems. By comparing the main re-
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sults from the microfluidic measurements with the IFT results, one see a clear trend
from both tests. Pluronic PE8100 at 25 ppm gives the lowest amount of droplets
in size class 1 and 2 for flow rates at 8 and 10 pl/min, which may be verified by
the IFT results which show that the system provides the largest reduction in IFT.
The results indicate that the system includes high tendency of coalescence as the
smallest droplet sizes are not present in the inlet of the coalescence chamber. It
indicates that high coalescence frequently occur early at the chamber, compared
to the other systems. Which may be due to fast adsorption of demulsifier which
improve the tendency of coalescence by among other things reducing the interfacial
tension between the two phases. The results do also indicate that the EB-8075 at 25
ppm has a relatively similar trend for both tendency of coalescence and reduction
in IFT which verify the performance of demulsifier in droplet coalescence detected

in the microfluidic experiments.

But as an assessment of the efficiency of a demulsifier does not depend only on
the ability to reduce interfacial tension, the QCM-D measurements were a suitable
complementary performance for verification to obtain valuable information about
the physical properties during adsorption of the surface-active additives to a hy-
drophilic surface, in addition to reaction kinetics, through a relative change in fre-
quency and dissipation. It is worth mentioning that some of the results indicated no
conformation to the microfluidic tests, but some significant trends are worth high-
lighting. From the behaviour of dissipation of the Pluronic PE8100, one assess a
rapid adsorption which may be reflected in the fast and large reduction in IFT, in

addition to the high tendency of coalescence in the microfluidic experiments.
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6.4 Complementary Bottle Test Results

The results from the bottle tests performed in an earlier study are presented in

Figure 37, 38 and 39 [97].
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Figure 37: Separated volume at 40% water cut.
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Figure 38: Separated volume at 50% water cut.
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Figure 39: Separated volume at 60% water cut.

The bottle tests were performed by varying several parameters such as temper-
ature, water cut and chemical demulsifier concentration. The performance of mi-
crofluidics was done in a similar way. The temperature was adjusted by the use of a
steel syringe with adjustable set temperature. The water/oil ratio was regulated by
varying the dispersed and continuous flow rate, and the demulsifier solutions were
prepared in oil samples with different concentrations. These three parameters which
concern the kinetics of the system have proven to be useful to study and assess the
separation of a crude oil emulsion. It is possible to draw several similarities from
the microfluidic experiments and the bottle tests. The main factors might be the
increase in chemical demulsifier which affect all the systems in an equal way, by im-
proving destabilization through phase separation and tendency of coalescence. The
variation of oil/water ratio does also affect the efficiency of demulsification in both
methods. The destabilization process got accelerated by increasing the water cut or

dispersed water flow rate.

By comparing the separation efficiency in the bottle test results for the three
demulsifiers with the original system without addition of destabilizing chemicals,
one can see that the Brij-93 demulsifier provided the less efficient separation. The
rate of separation is even lower than the original system for some systems with
demulsifier which is also reflected in the microfluidic experiments through a low

tendency of coalescence.
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The ability to improve phase separation and tendency of coalescence for the three
demulsifers is attributed not only to the high variations in surface activity, but also
the differences related to the chemical structures and the molecular weight which
is indicated in the results from both the microfluidic experiments and the bottle
tests. By studying the separated water phase as a function of time in the bottle test
results, one can notice that all of the demulsifier systems show a quite fast initial
separation. According to the theory about the chemical model demulsifier structures,
one can notice that the high molecular weight block copolymer Pluronic PES100
promoted a more effective separation compared to Brij-93 with a lower molecular
weight. Considering the tendency of coalescence in the microfluidic experiments, the
polymeric Pluronic demulsifier showed a much higher ability to improve coalescence
compared to the other two demulsifiers. The high surface-activity and fast ability
of adsorption of Pluronic PE8100 were also reflected in both the IFT and QCM-D

measurements.

As mentioned, the kinetic parameters are useful to study to assess the separation
efficiency of crude oil emulsions. Conventional separation methods such as bottle
tests may not be suited for stability analysis, as the systems do not include the
external flow field which will have a significant impact on the dispersed droplets.
However, microfluidic experiments have the possibility to take this factor into ac-
count. The latter method does neither include physical emulsion preparation such
as the bottle test. As the procedure included manual shaking, it will automatically
decrease the reproducability of such tests. The microfluidic methods does include
almost 10 times lower sample volume of oil compared to the bottle tests, which
provide the method health and safety benefits.
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7 Conclusion

As a main conclusion from the microfluidic experiments, the optimized method
seemed to provide reliable results as the significant trend conformed the results from
the IFT, QCM-D and bottle test measurements. According to the assessment of the
most efficient demulsifier, Pluronic PE8100 and EB-8075 at high concentrations have
proven to be efficient surface-active chemical additives for the studied systems. The
components have shown fast and effective phase separation in the bottle testing,
fast and high surface activity to reduce the interfacial tension between the systems
and high ability to adsorb on hydrophilic surfaces in the QCM-D measurements.
Overall, the efficiency is probably dependent on several physical properties such as

molecular weight, chemical structure and wetting properties.

Considering the results from the bottle testing, there are significant trends which
are important to emphasize. By comparing the conventional method with the quite
new developed technology, there are several benefits with using microfluidics to study
destabilization phenomena and testing different production chemicals. The method
requires much smaller sample volumes compared to the bottle testing, relatively
small sample preparation, fast analysis time and it serves a well established proce-
dure to study kinetic parameters. The procedure includes automatic functionalities
which enhance the overall procedure with automatic filling, cleaning and adjustment

of water and crude oil fractions.

This study included the assessment of coalescence of water droplets in a continuous
oil phase which involved the detection of the tendency of coalescence by calculating
the coalescence frequency and study droplet size distribution. According to the de-
termination of droplet size distribution, the study could get expanded by studying
higher droplet size classes to obtain a more detailed information about the actual
coalescence in each system. The procedures express the flexibility of the technology,
as determination of destabilization processes may be detected in several manners.
Compared to the bottle test procedure which focuses on the elementary phase sep-
aration and not include important factors which actually have a significant impact

on the destabilization process and the dispersed system, such as the external flow
field.

The basic principle behind the microfluidic method is easy to practice, but sev-
eral problems occurred during performance. Considering that the systems involve
dispersed water droplets in a continuous oil phase, unexpected problems took place.

Some of them probably originated from the multicomponent continuous phase. The
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unpredictable disturbances during performance were eliminated to a minimum to
implement modifications to the W/O systems which seemed to enhance the proce-
dure to a certain degree. It is also worth to mention that even though the method
is quite suitable for this specific crude oil, the procedure may not fit a crude oil
with a different composition. On the other hand, another crude oil might perform
an ideal flow behaviour for this flow setup compared to the crude oil included in
this assessment. Even though several improvements were implemented to facilitate
the procedure for W/O systems, the method expressed high sensitivity as a small

airborne particle could discard a test.

Despite fluctuations in performance, the method would probably serve highly re-
producible measurements if certain parts of the procedure got further improved.
Permanent hydrophobic coating and filtration of heavy components in the crude oil
could improve and progress the technology. According to the overall principle and
performance, it is a method which has several advantages compared to conventional
methods. If certain improvements and further development are implemented, the

technology would probably provide several benefits in the petroleum industry.
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Appendix A Chip Design

Figure 40 shows a scheme with dimensions of the top standard plate for the three

chip designs. The dimensions are given in mm.

Figure 40: Scheme of top standard plate.
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Figure 41 shows a scheme of the bottom plate of chip design 1.

Figure 41: Scheme of bottom plate for chip design 1.

O ) QO O
1 ] ! O |e
1O - o of

10 25 10

Figure 42 shows a scheme of the bottom plate for chip design 3.
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Figure 42: Scheme of bottom plate for chip design 3.
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Appendix B Calculation

Figure 34 shows the schemes of droplets in size class 1 and 2. The volume calculation

is based on these schemes.

Calculation of spherical droplet volume is shown in Equation 13.

3
‘/sphere 4;- <g) (13)
d=d (14)
d+d (15)

Calculation of squeezed parts of droplet is shown in Equation 16.

Verop = %h (30> 4 h?) (16)

a=dh— h? (18)

Calculation of squeezed droplet volume is shown in Equation 19.

VCroppedSphere = VSphere - 2VC7"op (19)
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