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Abstract

Enhanced oil recovery cabe obtained by flooding the reservoir with chemical fluids.
However, complex interactions between the crude oil components, floodwater composition
and reservoir rock minerology have to be comprehendearderto exploit the potentl

efficiency of theseechniques

This thesis willfocus onthe effect of varying the wat@omposition orthe crude oil/water
interfacial tensionThe pendantdrop method was utilized fodynamicinterfacial tension
measirements, where the equilibrium interfacial tensiwas estimated by twodifferent
calculatioamethods The aim of this investigation has betninspect whether differences in
interfacial activitycan be related to differences the composition for two medium density
crude olils, botlretrievedfrom the NorthSea.Organic analysis techniques imply that one of
the crude oils is highly acidic and biodegraded, while the other oil is high in asphaltene
content.Multivariate analysis methods have begitized in order tadevelop an experimental

plan and tadentify the most significant variables at different conditions.

At simulatedreservoir conditions, i.goH close to neutraboth crudeoilsdinterfacial activity

showed relatively low variance with respect to clenip ionic strength ancbncentratiorof

divalent ions At caustic conditions,tiwas discovered that the emulsion stability increased
drastically for the acidic oil dispensed in water at low ionic streagthin the absence of

divalent ions. Addition of C&* completely eliminated the high Bfacial activity.
Furthermore, it was found that the crude oil with the higher asphaltene concentration reacted
completely different at these conditions, and did not form stable emsisi@ the contrary,

high waterphase ionic strength promoted drastih ange s 1 n consigenay.r ude o |

Overall, pH appeareto be the most efficient promatdor reductions in the interfacial
tension. The variance in crude oil acidity and asphaltene concentration was hypothesized to be

the main sources of observedfeliences in interfacial activity.



Acknowledgements

First of all, I would like to thank Kristine Spildo faxcellent supervision during this thesis.

The many productive discussions and constructive feedback that she provided throughout
both experimetal work and data interpretation was greatly appreciated. Also, | would like to
thank Profes®r Tanja Barth andtaff engineerTerje Lygrefor always being available to
answer my questions, arfdr the many good suggestions and guidance during crude oil
characterization techniques. Also, thank you to Egil Nodland for answering my questions

concerning the efficient use of the Sirius software.

| would also like to thank Gine and Yvonne fogreat cooperation in pursuiogr common
interest within this thesiresearch. | wish you both the best of luck with completing your

thesis work.

| would also like to thank my extraordinary class mates that have made my time as a student
truly eventful and memorable. A special thanks to Hilde and Louise for keepiting gwod

spirit at he office during this last semester. Furthermore, | would like to thank my parents and
my siste for all the support they hayeovided.

Finally, I want to thankOle for his endlessupport,encouragemerdnd patienceéhroughout

this thesis work.

Thank you,

Tina Trydal Regnsberg



List of abbreviations and symbols

Abbreviations

EOR Enhanced Oil Recovery
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ppm PartsPer Million

SARA Saturates, Asphaltenes, Resins and Aromatics
NSO Nitrogen, Sulphur and Oxyger Norwegian Standard Oll
TAN Total Acid Number

BAN Total Base Number

EDL Electrical DoubleLayer

PRS Pattern Recognition System

CCD Central Composit®esign

FCD Face Centered Design

PCA Principal Component Analysis

PC Principal Component

PLS Partial LeastSquares

RSD Residual Standard Deviation

WOGC Whole Oil Gas Chromatography

FID Flame lonization Detector

UCM Unresolved Complex Mixture

FT-IR Fourier Transformation Infrared Spectroscopy
CO-Wet Crude Oil Wettability

OCA Optical Contact Angle

API AmericanPetroleum Institute

SG Specific Gravity

ATR Attenuated Total Reflection



rpm
Exp
AX
CP
DA

Symbols

%q:r—k

-

My
PKa
PKpb
[HA]o
[HA] w

-

o N & H

O & & =

rounds per minute
Experiment

Axial point
Centerpoint

Drop Age

Capillary number]

Viscosity [cP]

Velocity [m-s™]

Contact Angle ]

Interfacial Tension [mA\m™]

Capillary Pressure [kgi*-s?]

Radius [m]

Molecular Weight [gmol™]

Acid dissociatiorconstant ]

Base dissociation constant [

Total concentration of acids in oil phase [rtol]
Total concentration of acids in oil phase [rtol]
Partition coefficientq]

Equilibrium interfacial tension [mNn™]

Initial interfacial tension [mA\mM™]

Time [4, absolute temperature [ 3 ] or period of oscillation [s]
Interfacial reorganization time [s]

Surface potentigimV]

Stern potential [mV]

Zetapotential [mV]

Debye length [nm]

Dielectricconstant [Fm™]

Permittivity of free space [™]

Gas constant [hol*-K™



Elementary charge [C]
Avogadroomoithumber |
lonic Strength [mokg]

Valency ]

Concentration [moL™ or molkg™]
Predicted response
Regression coeffj]cient for
néth variabl e

Angle between vectors A and B [

Entity in matrix position (i, j) {]
Columncentered data matrix

Raw data matrix

Transpose of mean data matrix
Coefficient ofdetermination]

Density [gcm’]

Mass [g or kg] or molality [mokg™]
Volume [uL, mL or L]

Oscillation frequency [§

Shape parametet][or air pressure [mmHg]
Relative humidity [%0]

Weight per cent [g/100g]

Molar concentration [moL™]

Molar fraction of calcium]

Initial pH [-]

Final pH []

Diameter of the pendaitrop needle [mm]

Acceleration of gravity [ms?]



Table of content

Abstract
Acknowledgements

List of abbreviations and symbols

1. Background

1.1. Introduction

1.2. Enhanced oil recovery
1.2.1. Chemical injection

1.3. Mechanisms in chemical injection
1.3.1.  Effect of floodwater salinity
1.3.2.  Effect of floodwater alkalinity

1.4. Crude oil

1.4.1. Interfacially active components in crude oil
1.4.2. Biodegradation

1.5. Acid/base equilibria in CO/W systems
1.6. Interfacial tension

1.7. The electrical doubkayer

1.8. Thesis objective

2. Crude oil characterization

2.1. Whole Oil Gas Chromatography
2.2. FT Infrared Spectroscopy

2.3. Density measurements

2.4. Asphaltene quantification

3. Previous research on CO/W interfacial properties

3.1. Crude oil composition
3.2. Water composition
3.21. pH
3.2.2. lonic strength
3.2.3. Presence of divalent cations

4. Method

4.1. Multivariate data analysis
4.1.1. Experimental design
4.1.1.1. Screening experiments
4.1.1.2. Centerpoints
4.1.1.3. Central Composite Designs
4.1.2.  Principal Component Analysis

Vi

wWwoo~NooOGilabrWNEPEFL B

H

11

11
12
13
14

15

15

18
18
19
20

22

22
22
23
24
24
26



6.

7.

4.1.3. Partial LeastSquares Regression
4.1.4.  Preprocessing of data
4.2. Materials
4.3. Whole Oil Gas Chromatography
4.4. Infrared Spectroscopy
4.5. Density measurements
4.6. Asphaltene quantification
4.7. Interfacial Tension
4.7.1. Equipment
4.7.2.  Sample preparation

4.7.3. The Pedantirop Method
4.7.4.  Determining the equilibrated IFT

4.8. The COWet database

Results and discussion

5.1. Whole Oil Gas Chromatography
5.2. Infrared Spectroscopy
5.3. Density and asphaltene quantification

5.4. Preliminary studies
5.4.1. Validating the OCA20
5.4.2.  The effect of drop volume
5.4.3.  The effect of phasequilibration

5.5. Validation of method: equilibrium IFT
5.6. Screening experiments

5.7. Face centered designs
5.7.1. Two-dimensional FCD
5.7.2. Threedimensional FCD

5.8. The effect of ionic strength
5.9. The COWet database

Conclusion

Suggestions for further work

Literature

Appendix I: Calculations

Appendix Il: Water compositions

Appendix Ill: IR -spectra

Appendix IV: Multivariate plots and data

Appendix V: IFT results

vii

28
28

29
29
30
30
31

32
32
33
33
36

36

37

37
38
41

42
42
43
44

47
50

53
53
55

63
64

67

68

70

75

77

79

81

87



1. Background

1.1. Introduction

Approximately 60% of the oil is left behind in the reservoir aféemination ofconventional
production methodEl-3]. In orderto increase¢he recovery efficiengya variety of techniques
collectively denotedenhanced oil recovery (EOR) haveen developed and extensively
researched. This thesis will be concerned with the HE€2Rnique referred to as chemical
injection. The recovy efficiency of this method relies on tlspecific chemical composition

of theflood water thats injected into the reservdig].

Enhanced recoveryy utilizing chemical injectiorhas been reported by various researchers

[2, 4-6]. However, EOR demand a lotgrm commitment to higlost techniques without the
guarantee of immediate succe$he poblematic aspeamerges in the attempt to correlate

the observed recovery béné t s t o t he r e c o v-ghemycal toaditibne.i qu e 6
These conditions are governed by complex crude oil/water/reservoir rock intertimns.

Thus, identification of the mechanisnand optimum conditions for chemical injectibas

been thanainaim of this field of research, and will be the objective of this thesis.

1.2. Enhanced oil recovery

Conventional production methodsclude the exploiting ofnatural reservoir energy and
subsequent augmentation of the reservoir pressure by utilizing temalx source, e.g.
injection of gas or water. The two techniques substitute the primary and secondary recovery
staged3, 8]. Tertiary recovery techniques are initiatette primary and secondary recovery

no longer proves efficierf2, 3, 8]. The three main techniques implemented at the tertiary

stage are thermal injection, gas injection and chemical inje¢6p8&-11].

The efficiency of tertiary methods dependstloa ratio of viscous forces to interfacial tension

forces. This relationshipan be summarized by the cagill numberEquation 1-1) [2, 3].

o
(IKe) Equation 1-1
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Where N is the capillary numbet, is the dynamic viscosity of the liquid,is the velocity|
is the contact angle andis theinterfacial tensionIET). The capillary number has toe
maximizedto increase the mobilization and displacement of residual reservoiihalcan be
obtained either by increasing thedtwvater viscosity or by decreasing the IF[.

1.2.1. Chemical injection

Chemical injection utilizesdifferent compositions of floogater to aim at altering the
equilibrium conditions in the reservoifwo criteria must be met in order for this to be
obtained. The firsts related to thesweep efficiency of the injected fluid, i.e., its ability to
reach the r e slikerpgresiandoceme dnto contadt with ythe trapped oil. The
second criterion is the injected fluj3dés abi
The lattei s anal ogous t o t he IFT betweeh &rapped drudd ail ang t o
injected waterand ultimately increasinghe capillary numbefEquation 1-1). The IFT is

defined more precisely in Chaptel.6, but canbe consideredas a measure of the

immiscibility of two fluids[3, 12].

In a reservoir porspace confaing two immiscible phase®.g, crude oil and water, water

tends to wet the porealls at equilibrium conditiongFigure 1-1). Wetting is defined as a
fluiddos tendency t [8 13.@hisspeopertydsmuaatifies bylthie dontacu r f a ¢
angle between the fluid and the solichich can take on values from fg@ompletewetting)

to ° (completelynonwetting). In real crude oil/water/reservoir rock sysserthe contact

angle is an intermediary value.

Crude oll

| Water

Figure 1-1: An illustration of crude oil trapped in
capillary porespace in a permeable reservoir roc



A distinct interfacial film will form spontaneously between the liquid phases. Due to water
having a higher density than crude oil, the buoyancy force will position the oil at the inner
part of the capillary porepace, where it is inaccessible for oil gmotion. The crude oil
pressure immediately above the interface will be higher than the pvatsure directlpelow

the interface. This pressud#ference is denoted capillary pressujg. At capillary
equilibrium, the capillary pressure is directly proportional to the interfacial tension existing
between the two fluids, defined Bguation 1-2[3, 12].

90 o 0 q ﬂé)'l'j @) Equation 1-2

WhereqpP i s t he c ap isubscapts NWP and ¥R refers to pressures of the
nonwetting phase and wettiqghase, respectively.is the interfacial tension is the contact
angle between the wettifghase and the solid peveall and r is the radius of the pore throat
as displayed irFigure 1-1. In a permeable reservoioak, the capillary pressure is the force
required to displace the crude oil droplets through the pore thgpaBy reducing the
interfacial tension between the twghases, this force is correspondingly reduced, thus

allowing the trapped bto be displaced more readily.

1.3. Mechanisms in chemical injection

As early as 1925, P. G. Nutting concluded
completely destroyedybthe use of salts for a strong b§Sg Cooke et al[5] later suggested

the following mechanism for displacement of crude oils with alkaline water: (1) drastic
reduction in the crude oil/water IFT, (2) wetting of the matrix grains by oil, (3) formation of
water drops inside the oil phase, and (4) drainage of oil from theneohetween alkaline
water drops to produce an emulsion containing very little Tiis mechanism has been
supported by subsequent reports, and the general priscgsscribed by Speigf&, p126 as

IFT reduction followed by spontaneous emulsification or wettability alteration

Stable crude oil/water CO/W) emulsions can be obtainday adding surfactanter by
activating the natal surfactants in the crude ¢il3, 14]. The latter is facilitated bgdding
basic speciethat promote saponificain of amphiphilic moleculeso make their compounds

more hydrophilic. However, mixed injection fluids are often necessary for emulsification



alone to provide adequate sweep efficienidyis can involve alkaline or low salinity injection
water with added@ymer or surfactanfFigure 1-2) [8].

Production fluids

(oil, gas, water) Production well

separation and

storage facilities (7%,
. ° 0

1

?ﬁ\. ]

i

Injection Water
well injection

pump

Alkaline solution
from mixing plant 3

@ Residual oil zone @ Polymer solution
@ Softened water preflush @ Drive water
@ Alkaline solution

Figure 1-2: Oil recovery by chemical floodind 5.

1.3.1. Effect of floodwater salinity

Saline water is defined as water that contains a significant amount of dissolved saits. Low
salinity water (LSW) is usually characterized as water wihlaconcentration of 1 to 3 parts

per thousand (pptvhereas high salinity water (HSW) has a saltcentréion of 10 to 35 ppt

[16]. The ationscommonly used t@lter water salinityare thoseof alkali and eartkalkali
elements particularlysodium, calcium and magnesiuifhe recovery #iciency associated

with water phase salinity is commonly discussed asebectrostaticgohenomenon of CQY
emulsion stability{1, 4, 17]. In this case, the ionidrength of the watephase (defined in
Chapterl.7) is the conventional property of interest.

The EOReffect of LSW injection has been mosticcessful in combination with surfactant or
polymer flooding, where LSW is injected during secondaegovery[6]. EOR-effects at
tertiary recovery stages suggest that electrical ddalgbkr expansion is a dominant
mechanism[1, 4, 6, 18]. However, thelarge diversityof salts naturally present in the
formation water pose some challenges with respect to controlling the optimum salinity
conditions once they are identifi¢d, 7]. Rock minerology haslsobeen found to play a

central role in obtaining wettirglteration by LSW injectioil, 4].



1.3.2. Effect of floodwater alkalinity

Alkaline water contains negatively charged ion species that are associated with the alkali and
earthalkali group elements. Typical species found irahliwater are carbonates, oxides and
hydroxides. These species have basic properties and therefore elevate the pH [if6jvater

Caustic SodaNaOH) is frequently wused in the alkalin
used to denote the water ph§$@, 19, 20].

The effectiveness of alkaline flooding relies on the degfae situformation of surfactants
during the neutralization of petroleum acids in the crude oil by the alkaline chemicals in the
displacing fluids[8]. Severalstudieshave concluded on the positive E@Rects of alkaline
waterflooding[5, 10, 13, 19-23], and it has been utilized in fields containing crude oils of
high acid number§8]. However, it has been found that the responsible mechanism for IFT
lowering highly depend on the type of metal eas present in the formation waiér 10, 18

20, 23, 24].

1.4. Crude oll

Petroleum is defined as naturally occurring migtof hydrocarbons, which may also include
compounds of sulfur, nitrogen, oxygen (heteroatoms), metals and other el¢gtgniche
composition of crude oil varies with geographical location, depth and age of the field, but can
be categorized in terms of main group compoundsaations.Figure 1-3 [26] provides an
overview of the mosbccurring components found in crude oils. Other common groupings are
based on fractions of saturates, aromatics, resins and asphaltenesf(aétiAs)[8].

a) b)

Hy CHa

CH, =

CHy-(CH),-CH, CHyCH-(CH;),CH,  CHyCH, CH-(CH,),-CH, R 2 ‘
n-akanes iso-alkanos antoiso-alkanes O O

/k/\/k/\)\/\/k i

pristano /\\/\/‘\/\)\/\*/ alkylbenzenes akyinaphthalenes alkylphenanthrones

b)
o oo ol o

Figure 1-3: An overview of the most abundant species found in crud¢2f]sa) Paraffins, b)
naphthenesc) aromatic hydrocarbons and d) sulpbantaining aromatics.



1.4.1. Interfacially active components in crude oil

The crude oil components of main interest to this thesis are those which are interfacially
active. In physical terms, these are $pecies that gain a free enemygfit by migrating from

the crude oil bulk to the interfacial area. In chemical termsgetles the components that

possess an amphiphilic structur&n amphiphilic compoundis composed of a polar,
hydrophilic part and a nonpolar, hydrophobic ga&]. The hydrophilic part cahe alcohols,

amides, ethers, electronegative heteroatoms (NSO) ar draacidic functional groups.he
hydrophobic part is nonpolar hydrocarbons that can be structured in a large variety of simple
chains or cyclic arrays with allkegroups[8, 14, 27]. These moleules are commonly referred

to as MAsurfacesudactaniy e dageritos ot her ril spont ane

interfacial regiorf12].

The most common interfacially active molecules in crude oil are asphaltenes, resins and
naphthenic acid§s, 8, 14, 27-29]. The latter is used as a collective reference to carboxylic
acids present in crude qi29-31]. Naphthenic acids thus have the general formula RCOOH,
where R is a cycloaliphatic sttwre [31]. These are quantified by the crude oil total acid
number (TAN), while the basicity of the crude oil is quantified by its total base number
(BAN) [13, 28].

Asphaltenes and resins areafig, naturally occurring molecules in crude oil with, MOO T

2000 gmol™ [13, 32]. Asphaltenes molecules are polyatomic sheets of cyclic alkanes
surrounded by aliphatic branches containing some heteroapmias groups (esters, ethers,
carbonyls)and/or functional groups such as acids and b&ds, 14, 32-35]. Van der Waals
attraction and hydrogen bonding between these shaesggorm aggregates in the order of
My 10*1 10°g-mol™* [33, 34].

1.4.2. Biodegradation

Crude oil biodegradation is the process obheror anaerobe microbial degradation of light
hydrocarbons in the oil. The consequence is an increase in crude oil density, emulsion
stability and increased concentrations paflar NSO compounds and acidg36]. Higher
concentrations of acids maysalresult from products of the degradation processyi@®bial

growth is found to be promoted by orgaracids as well as shechained saturate3.hus,
biodegradation entails an increase in interfacially active components, which are commonly

denotosdu rifba87t ant s o



1.5. Acid/base equilibria in CO/W systems

Several equilibriaare involved in CO/W systems that contain naphthenic aagldlustrated
by Figure 1-4. The most important of these is consate to be the partitioning of nen
dissociated naphthenic acids at low pH, the dissociation ota@xylic acid at pH above
t he a glamddhsconpnkousadsorption and desorption tae interface.At high pH, the
formations of micelles in the watphase and reverse micelles in the ghlase are also
thought to affect the equilibriu29, 31]. Dissociated acids may also fomretal soaps with

divalent salts, which tend to solubilize in the aqueous pi2zke

Crude oil pH <pKa | pH > pKa
HAo HA, 2 reversed micelles
| A1

HAyw 2 A, +H* HAw 2 A, +H

N

1
|
|
|
|
|
|
|
1
RS Lz
1
1
|
|
|
1
: micelles

Water

Figure 1-4: Schematic illustration of the mass transfer of basic and acidic spe«
across the CO/W interface. Adapted frisd].

The ratio between the total acid concentratiantifjoned in the oil phase ([Hf) to that
patitioned in the water phase ([H#) is quantified as the partitioning coefficieliquation
1-3),whichis a measure of an aci dinthesgsiemf act ant 06s

(!

0 1 Equation 1-3

It has been found thaqual partitioningcorresponds to theminima in the IFT[13, 24, 31].

Thus, optimum conditions for interfacial activity have often been estimated based on these
parameters, with IFfeasurements at varying watghase pHand salinityas enpirical
evidence for the modeThe effect of the watgshase salinity on the solubility of amphiphilic
organic molecules is denoted the sakmg effect. This effect is due to the disturbance in the
solubilizing waterstructue surrounding petroleum speciesaused by thenterference of
dissolvedinorganic saltsThe following decrease in the solubility of petroleum species cause

them to rather arrange at the interface, which allows for amphiphilic struf24r&8, 39].

r



1.6. Interfacial tension

The intermolecular forces existing in a system of two immiscible liquids will differ between
bulk and the interfacé8ulk molecules will experience an equal pull of forces in all directions,
while interfacial molecules experience a net pull towards the interior, which consequently
create an environment of higher energy for the moleculéss resistance to mix is
manifested in the interfacial tension that forms in the interfacial layer separating the two
liquids. This value is proportional to the energy required to bring a molecule from the bulk
phase to the interface. More precisely, the interfacial tension isnt#whaical erergy

required to create a new umiterfacial area between two immiscible liqu[d2, p2§.

The IFT( 2, -mM I$ proportional to theapillary pressuré o Rnd inverse proportional to
the degree of drojurvature defined by radiiR; and R), as is displayed in th&oung
Laplace equationEquation 1-4, [40]). This equation aa be deriveddirectly from the
capillary pressure equation modelling the reservoir gpece, as displayed Wyigure 1-1

andEquation 1-2.

v P P
Yo r > 2 Equation 1-4

IFT is a timedependent properfyL0, 18, 22, 23, 27, 29]. By monitoring the IFT as a function

of interfacial age, information about the extent of various dynamic processes can be extracted
and compared to variams in the CO/W combinationd’he decay of the IFT as a functioh
time-dependent reorganization at the interface has been proposed to follow the
monoexponential decaynction inEquation 1-5[13, 23, 29, 32, 41].

¢ 4 r ( r AT Equation 1-5
where T is the drop a gecorstard forlhteifase reorgamizatioh a r a c
and subscripts eq and o refer to theThequililb

most widely accepted dynamic mechanism for interfacial equilibration is that the rate
determining step is diffusieoortrolled, i.e., the rate of diffusion t@nd across the interface

is slower than the rate of interfacial reactigh8, 19, 29, 32]. It has also been reported that
the dynamic IFTmaypossess characteristic minimum value, followed by a gradual increase
towards a platea{d0, 18-20]. This behavior has been attributed to the onset of convective
diffusion across the interface, esjadly in the case oéausticCO/W systems containinga*

or surfactants, which may promote the hydrophilic character of crude oil species.

8



1.7. The electrical double-layer

The electrical doubliayer (EDL) is the structure that is formed in the vicinity of the
interface. It is described in terms tfe electrical surface potentiaf () relative to the
potential in the bulk solution. The surface potential is modeled as a concentration profile,
[ (), where xis the distance from the interfacial fil(Equation 1-6). The inner layer(at
distance XF) is modeled as a monolayer of counitats that isalmostequal to the amaont of

ions required to neutralize the surface chgigjgure 1-5). Thisis denotedhe Stermplane

and has a potenti&l . This is often taken to be more os$eeqal to the zeta potentiat,

which is the conventional masure of electrostatic emulsistability [12].

At distance x P, the GouyChapman model for the diffuse layer explains the potential
profile, in which the remaining surface charge is neutralized by-ibulk moving freelyback
and forth across the EDThe thickness of the EDL is governed by tebyelength({ |,
Equation 1-7). The Debyelength decrease as the ionic strendgifjuation 1-8) of the bulk
phase increasgl2]. Thus it provides an importartheoretical background for inspecting the

colloidal stability of emulsions.

|
R o
1 ©)
> © c@ ¢A
A %/ Stern plane 5 Equation 1-6
+
+@ © ¢
+[@ g —
- =9 X A
Figure 1-5: The Steramodel for the electrical double
layer[12, p480.
{ R;m Equation 1-7
CTMRAT )
) P Ui Equation 1-8
C

Where U is the di el e colisthe permitivity of free sgacefRoisthet h e ¢

gas constant, T is the absolute temperature, e Bléhgentary charge andNi s Avogadr o0



number. | is the ionic strength, where and m are the valency andholality of ionic

component,irespectively.

1.8. Thesis objective

The objective of this thesis is to correldie crude oil composition tehe IFT in a CO/W
system.Two crude oils will be characterizdxyy seleted organic analysis techniques, and the
pendaridrop technique will be used for IFfheasuremest The experimental domain of
main interest to this thesis that of reservoir conditions, where the pH is close to neutral, and
caustic conditions, where NaOH is introduced to increase the pH. Both conditions will be

investigated at varying ionic strefgandCa’* concentrations.

The ionic strength will be modeled as displayedEiquation 1-8, while the presence of
divalent cations will be evaluated as the degs molar fraction of&*, as displayed in

Equation 1-9.

' Equation 1-9

—)
—)
—)

Where X-a2+is the molar fraction o€&* and n is the amount of ion specie X prese@&(,

Na" and CI) in units of mole.

The experimental plan will be developed and interpreted in a multivariate frameWoek
rationale for utilizing multivariate design methods in this thesis is to obtain as much
information as possible from the experiments performed. Additionally, multivatesigns

offer a good assortment of graphicapresentation®f the underlying structure in the data.
Univariate interpretations of data will also be utilized in cases where this is best suited for the

information of interest.

Also, data from a more compth e nsi v e st u thquiryopérformédibyBudklbyees i s 6
al. [23, 41-44], will be interpreted in a multivariate frameworkhis database isufficiently

large for exploiting the full peential of multivariate methods he crude oils utilizedni this

thesis will also be integrated in this dataset.

10



2. Crude oil characterization

2.1. Whole Oil Gas Chromatography

Gas chromatographyG(C) separates mixtures into individual components by vaporization,
which allows for the identification of each componprgsent, as well as their concentration.

The separation of mixtures in GC is tirdependent, i.e., the vaporize mixtw@mponents

pass through the column at different rates.
affinity for the stationaryand mobile phas@45]. The mobile phase used in this thesis is
Helium gas, while the stationary phase is a fused silica column. Thus, polar components will
be slowed down by electrostatic association with the silica coating on the columnwhidés,
nonpolar components wilhssociate with the inert Helium gas and flow through the column

more quickly.Figure 2-1 shows the components involved in the-G@paratus.

In this thesis the samplaaterial is nordiluted crude oil, which is referred to as Whole Oil

GC (WOGC). For high sample concentrations (the analyte constitute >0.1 % of the sample),

like that of WOGC, it is necessary to use high sglitos (70:1' 100:1) and/or low injection

voo umes (O 10OL) to obt ail[#6]. he splitratiqQ coadsgoridyothe h r o ma
portion of the sample that does not reach the column, i.e. a 100:¥a@itmeans that one

part reaches the column while 100 parts does not (1 %).

Detector
FID

Variable

I lith .
njector/Splitter spii Al
Syringe Ha
Septum
purge Make-up He

Pressure
o O
carrier gaugse

In
&
Figure 2-1: Schematic of gas chromatography instrunjdtt p143
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The end terminal of the column is equipped with a Flaomézation Detector (FID) that has
high sensitivity towards organic components. The FID is a smalliHflame that is warm

enough to produce CH@ons from the CHadicals following with the Helium gd46]:
#( 1o#(¢ A Equation 2-1

The flow of the produced ions cditates a small current which is amplified and sent to the
data acquisition system. The resulting chromatogram consists of peaks in which their
placement in time corresponds to a characteristic mbdongoonent and the peak size
(height or area) correspondskoé component 4. concentrati on

WOGC isalsoan efficient analysis techniquerfrecognizing biodegradation in crude oils.
This is visible in the form of broad inclinations in the baseline of the chromatogram, which

aredenotedunresolved complex mixtures (UCMg)7].

2.2. FT Infrared Spectroscopy

Infrared spectroscopy is an analytical technique in organic and inorganic chemistry that takes
advantage of the fact that molecules adsorb infrared light at frequencies that are characteristic
of their structure. A molecule consisting of N molecules wiré 3N 6 vibrational modes,

where each vibrational mode is characterized by a discrete value. This value is equal to the
energy difference between two adjacent energy levels, i.e. the discrete quantity of energy

sufficient to cause the atomic bond tbnate, bend, stretch or rot448].

When the molecule is subjected to infrared radiatiathiatexact intensity, the molecule will
adsorb the energy, thus reviling the atomic bonds it possesses. However, only bonds with a
significant dipole moment will adsorb enough energy to be visible in thepé&gtra.
Adsorption bands are measured in fregpyeunits denoted wavenumbers (in units of 9m
Infrared light expands the region from 40@000 cni [49].

The IRspectrometer utilized in this thesis applies a Fourier transformation (FT) to the sample
scan, which allows for a computerized summation of scans to increase thetigoiak
ratio. The Fourier transformation coverts the digitalized signals to a signal that is a function of

frequency, which is proportional to the wavenumber reported in the spéfitra
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2.3. Density measurements

The density of a mat er i als(m)divdedibgitslirhei(Med as

I ion 2-
M 5 Equation 2-2

The density of crude oil is usually given in units of API gravity (American petroleum Institute
gravity), which is related to the fluid density through the following equation:
pPI®

Equation 2-3

Where AP? is the API gravity, S&i s t he s pe ciofa ncdagpreatheifllidy and
density of oil and water, respectively. This specific gravity thus gives the density of a
petroleum liquid relative to that of water. API gravity is used to classify crude oils in three

different categories, as shownTable 2-1.

Table 2-1: Cate@rizing of petroleum liquids with respectAd| gravity [50].

. Fluid densit
Catego API gravit -
Light >31.° <0.870
Medium 22.371 31.° 0.8701 0.920
Heavy <223 0.9201 0.100
The method utilized for density meas-tubeement s

me t h [®1. d'he tube is electronically excited to oscillate at its characteristic frequency
(Equation 2-4). This frequency changes in resperto the density of the sample.
E

0P _E
C A

P

Equation 2-4

Wherefi s t he oscill ation frequency, k is a pow
and V are the mass and volume of the oscillator, respectively. T is the period of the
oscillation. By squaring and rearranging the equation and setting the mdus axfctllator

equal to zero, we get the following:

A 6 4 e Equation 2-5

M M 1 4 4 Equation 2-6



A is the instrumental constant, and is determined by rearrafg@jogtion 2-6 and using a
reference system consisting of fluids with known densities, e.g., for a/amatrstem i(=
water). The density of water at 298,15 K is 0.995h%° [52]. The density of air is dependent
on atmospheric pressure (Blemperature (T) and relative humidity )(Fwhich can be

expressed as the following:

o8ty wyPx &
M ™ @1 @*F 7 pT Equation 2-7

The density of = crude oil is calculated frofiquation 2-6 once the instrumental constant is

determined.

2.4. Asphaltene quantification

Asphaltenes are defined as the crude oil fraction that is insoluble in alkanes, but soluble in
aromaic solventg14]. Alkanes that have the ability to precipitate asphaltenes are referred to
as flocculants when utilized for this task. In teiperimental work, thasphaltene&ontent is
quantified by precipitation with-heptane, i.e., the content of a@sphaltene.

The quantitative results from asphaltgmecipitation depend both on the type of flocculant
and the volumeatio between crude oil and flocculd®i3]. For a volumeatio of 20:1 fom-
heptane and crude oil, the volumersheptane (Mnep for precipitation of a crude oil mass
(mco) Wi t h Kk n ocy) san Heecalcalated yiyguatjon 2-8.

p |
C_T[ M Equation 2-8

14



3. Previous research on CO/W
Interfacial properties

3.1. Crude oil composition

Many attemptg2, 18, 23, 31, 41, 43, 54, 55 have been mad® correlag¢ the crude oil
composition to the IFRnd emulsion stability of the CO/W systeWfaradaraj and Bronfb4,

55] investigaed both theeffect of asphaltenesn d napht heni onimeedacial6s st |
activity. It was hypothesized that basic nitroggmtaining asphaltenes and crude oil
naphthenic acids interact to form atidse complexes that aggate at the intéace to reduce

the IFT[55].

To the contraryBuckley et al.[23] repored that the wt% of asphalteness a crude oil
property that showed positive correlation with the IFT, independently of variations in water
phase pH and gaity. No explanation for this observation was presented, despite the
conclusion that asphaltenes did not act as surfactants in the CO/W system.

Poteau and Argillie[13] reported opposite results from IFieasurements between different
concentrations of abgltenes dissolved in toluene, where it was found tietRT decreased

with increasing asphaltersncentration. Thee result@lsoshowed indications of synergistic
effects between asphaltenes and acids mixed composition of % maltene (the
deasphalteneddction) and 1% asphaltenes haal overall lower IFT than aifractions of

either 1% asphaltenes o¥bmaltene. Thus, the combined interfacial activity of asphedte

and naphthenic acids present in the maHeaetion was higher than the two fractions acting
alone Emulsion stability tests also indicated a stabilizing interaction between asphaltenes and
naphthenic acids. This effect was different from the ‘ketwn interactions fand between
asphaltenes and largerresmo | ecul es, which are assumed to
activity by solubilizing them in the ophase[14, 27]. The conclusion was, similarly as
reported by Varadaraj and Brongb4, 55|, that asphaltenes @drissociatd naphthenic acids
co-adsorb at the interface at high jd reduce the IFT13].

Several studieBavealsobeen devoted tstudyingthe correlation between crude oil acids and
CO/W IFT. Many of these have focused on the correlation between crude oil TAN and IFT
[10, 20, 41], while otherssuggest that the acid structure is more important with respect to
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interfacial activity[31, 54, 56]. It should also be noted thatude oil TAN has been found to
increasewith crude oil BAN [41, 57]. Thus, many of the same mechanisms have been

reported for crude oils with high BAN.

Buckley et al[23, 41] found that BAN and viscosity weranostimportantfor predicting the

IFT at acidic conditiongpH ~3) At strongly basic conditions (pH >10)AN was the most
determining variable in pdicting IFT, and the IFT was too low to be measured by the
pendant drop. This conclusion was baseamae oils with TAN >0.1 mg KOH/g oiCrude

oils with low acid numbers (TAN <0.1 mg KOH/gpil and varying base num
O 2 m§ KOH/g oil) were measurable at all pthluesinspected, buhad an abrupt decrease

in IFT upon increasing the aqueous pH 1dMThus, crude oil properties other th&AN are

necessarily affectinmterfacial activity at high pH43].

Jenningq20] reported a similar conclusion upon investigating 164 crude oils gathered from
78 different fields. At caustic conditions, the surface activity was found to correlate to TAN,
API gravity and viscosity of the crude oil. An IFT of <0.01 miN' was measured for all
crude oils with API gravity of <20in caustic solution, and 90% of these aisched a

maximum measurable surface activity at a caustic concentration of ~0.1 wt%.

It is however important to note that both of these stud8s41] also reported considerable
scatter between crude oil properties and the measured IFT. Correlations that were included in
the conclusion may not necessarily be finite, but gives an indication as to what crude oil

propertieghatpromote IFT lowering, versuwhatproperties thabppose it

Trujillo [10] concluded that TAN only provides a qualivatindication of crude oil reactivity

in caustic solutionThis was cacluded upon fitting dtvity coefficients of the crudeil to
increasing aqueous pH, and observing that the no correlation could be made between TAN
and the activity of the crude oifhus, the interfacial activity at increasing pH was considered

to be a combined effect of many different interfacially active spe€ies.especially high

TAN oils (~2.0 mg KOH/g oil), however, there was a significant decrease in IFT at caustic

conditionscompared to oils with TAN <1.0 mg KOH/g oil.

At neutral conditions, i.e., in netaustic solution, crude oil aciasay affect the IFT as well.

This is reported in studies where the IFT is correlated to the partition coefficient for CO/W
systemq18,24,31,56. Thus, the difference in crude oi
hydrophlic componentswhich are ofteimodeled ascidic speciesnay influence the IFT of

the systemHavre et al.[31] reported correlations between the partitioning of crude oil
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naphthenic acid structures in acidic model oil/water systems and interfacial activity. A typical
pKa of 4.9 was reported for the extracted ninic acids with two to three rings. This value

has also been used by other researchers to model the diffusion and mass transfer in acid
containing CO/W systemg28, 29|, and is the same as the pkr watersoluble aliphatic

acids like cyclohexane carboxylic acj82]. Additionally, Havre et al[31] reported the
naphthenic acids with threeng structures were most hydrophilic, and that in general, the
logarithm of the partition coefficient varied linearly with the n@ntof carbons in the
naphthenic acid molecule. The proposed matielweda misfit at pH>8 This was suggested
tobedue to the naphthenic acidbdés ability to
phases once a sufficient concentration of the alc@@ been dissociated. The model was
coupled to IFfmeasurements, which revealed minimum values to be presentzlpes

almost twice the size of the pK31].

Hoeiland et al[56] studied three different model oils with various naphthenic acids extracted
from crude oil. It was found that the most interfacially active oil was dominated by
complicated ring structures of high molecular weight, while the least ioigifaactive oil

was mainly composed of cyclohexan&lopentane acids. Also, the IFAs a function of
aqueous pH was not lowered much upon diluting the oils. Thus, it was concluded that

interfacial activity possibly is more dependent on acids strudtaredcid concentratid®6].

Interfacial activity in asphaltergystems have been studied Jeribi et al[32], Langevin et

al. [14] and Pteau and Argillier[13]. Al r eport ed for mations of
aggregates of asphalterthait form irreversiblyat the CO/W interfaceLangevin et al[14]
proposed that in stable emulsions with dense, elastic and viscodgslsarface layers, the
surface rheology is more important than the interfacial tendtmteau and Argillief13]
measuredhe elasticity of the CO/Mhterface (measured as the compression elastic modulus)
as a function of pH, and found thatinicreasd along with a decreasingT. Thus, it was
concluded thatespecially for high asphalteencentrations, interfaces are more rigid at high
and low pH, compared to neutral pBeribi et al.[32] proposed thathe size, growth and
stability of these aggregatdepended n t h e ¢ r u doesolubilizé theasphalteres. i t y
Poor solulility led to larger aggregateiie to their preferred interaction with each other rather
than with the oHphase It was also found that interfacial reorganization was more rapid at

high asphalteneoncentration§32].
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3.2. Water composition

3.2.1. pH

The | F-dependeqgy id CO/W system$as been confirmed in various literatige 10,

18, 19, 21-23, 28, 58]. The IFT isgenerallyreported to be highest near neutral pH, whereas it
decreaseat low or high pH due to the increased concentrationnbérfacially activeionized
specieg 13, 24].

Farooq et al[18] reported pendardrop measurement between-pégulated water and three

different oil phases: one where acidic spgewere extracted, one where basic species were
extracted and one ndahreated crude oil. The neacidic fraction had consistently higher IFT

at basic pH contons, which was attributed to the lack of acid dissociation. However, the
acid-containing crude oil also had a lower IFT at neutral pH, indicating that also non
dissociated acidic components are interfacially active. Thebnars i ¢ f racti onds

slightly higher at low pH, which was attributed to the lack of base protondtgn

It has been reported that more than one optimum occurs in the modeling of IFT asaa functi
of pH. One optimum may be recognized at the onset ofadrhsedissociation. This pH is
related to the pKor pK,, respectivelyFor naphthenic acids, the pKasoftenbeen estimated

to a typical value of $28, 29, 31].

Kelesoglu et al[29] found large differenceis the dynamic IFT for pH<Sompared to pk5

when utilizing model oilscontaining naplitenic acids withthis pK,. Complementary zeta
potential measurements revealed that the negative charge increased abruptly as the pH
increased from 4 to 5A further increase in pH caused a slow decrease irpmagatial,

before another abrupt decrease vedserved as the pH increased from 10 to[29].
Hoeiland et al[56] foundsimilar patterns upon inspecting various aqueous pH for models oil
containing different concentrations of naphthenic acid. For the crude oil with the highest TAN
(2.84 mg KOHy/g oil), a smooth leveling of the IFT was found as the pH was indreaSe
followed by a sharp reduction at pH>8.

A possible explanation ohis trend in pHdependence has beprovidedby Havre et al[31].

It was suggested that the trend can be attributed talifference between bulgH and
interfacial pH in saline CO/W systemA. quantitative measure of this phenomena was
adapted from thenathematical model derived l&ratin [59]. This model approximated the

interfacial pH as a fuction of bulk pH and EDL effects, where the EDL was modeled as a
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Boltzmann distribution of counterions. The consequence of this relation was that the
interfacial pH was lower than the byt for negatively charged interfaces, which is the case

at high pH This means that the concentration of dissociate acids is higher in the bulk phase
than at the interfac&alculations of the partition coefficierEquation 1-3) showed that P =

10° at the pK of the acidThus, @  p pK,, dissociated acids will be present and adsorb at
the interface, but invery low concentrations. Consequently, the total concentration of
dissocided and nosdissociated acids was found be@ equbonce the pH reached 5 units
above the pK accordi ng t d@his@p@iximatod was watidatedl by HT
measurements that showed an abrupt decrease occurred after the pH was raised. to 9
despite pK-values being closer to[31]. This would also explain th@onsecutiveptimum at

pH 107 11inKe | e s 0 gl u -paentialaneasuesnentseat they also utilized naphthenic
acids with pK 5[29.1't woul d al s o edxeppl eani dne ntchee ilnF THocse ip |
study, which also assumed average, pilues of 47 5 for naphthenic structures of
monovalent alkyls, cyclic and aromafsg].

3.2.2. lonic strength

Standal et al[24] investigatedthe connection between the partition coefficient and IFT for
polar organic species in contact with various aqueous compositions. In general, lower IFT
values were observed when monovalent ions were preBeistwas attributed to thealting

out effect which evidently caused an iease in the partition coefficiemd promote lower
portions of interfacially active components to solubilize in the aqueous bulk.phase
saltingout effect was significantly higher for 0.5 M NaCl comparegurewater, but not as
pronounceadvhen increasing the salinifpom 0.5to 1.0 M NaCl This was attributed to EDL
effects, i.e., an optimum screenimd the interfacial chargenay exist between an ionic
strength of zero and 1.0 M Naf24].

Lashkarbolooki et al[38] reported a decrease in the IFT between crude oil ancesahter

once the concentratioof monovaleh salts wasincreased past 1000 ppm. A subsequent
increase was observed once the coneéintr was raised to 180 ppm Alotaibi et al.[2, 4]

have also reportetthe existence adptimums in the IFT as function of aqueous ionic strength.
This is thought to be caused by EDL-effect related to the optimum screening lendth (
Equation 1-7) allowing the maximum concentration of charged species to be accumulated at
the interface. At this optimum, repulsion between charged interfacially active species is

minimized, while simultaaously lowering their solubility in the bulhases to further
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promote interfacial accumulation. Thus, further compression of the-tBidkness past this
optimum lengthmay be related to some saturation of tiierfacein terms of available
adsorptiorarea or charge neutralizatiomhis mechanism is however highly debated, and is

also considered to rely on the rock minerology of the reservoir sydtén/].

Farooq et al.[18] found that IFT reduction at caustic conditions was promoted by the
presence of electrolyte, while pure water did not show any significamteplendence ithe

IFT. The explanation that was suggevas similar as that by Havre et @1], I . e. Cart
model [59] for the interfacial pH. In pure water, only kbns are available for screening of

the negative interfacial charge. Thus, they aadate at the interface and lower the interfacial

pH compared to thbulk pH. Consequently, théissociation of acidat the interfacavill be
suppressed, and the IFT is not lowered as drastically. However, by increasing the ionic
strength of the aqueouslkiphase, the Hions can be partitioned more uniformly instead of
being accumulated at the interface. This will decrease the difference between the inierfacial
and bulk pH, thus allowing more acidsuondergo saponification at the interfae®ed lower

the IFT[18].

3.2.3. Presence of divalent cations

Trujillo [10] reported that theconcentration ofC&* ions was thedeterminingfactor in
obtaining ultralow IFT(<10° mN-m™) betweencrude oil with caustic solutiorAlso highly

acidc crude oilswere insufficient if{Ca®'] O 2 0 fennmgg 0] reported that [CE] =

25 ppm wassufficientto increase the IFT considerably, whereas’[ICa 250 ppm disabled

the IFT-reduction completely for all caustic concentratidi [20]. Sharma et al[19] and
Jenningq20] found that the IFfreduction in caustic solution was observed at lower NaOH
concentration if large concentrations of NaCl were present. The IFT was too high to be
measured (by the spinning drop method) whefi was added, even at trace concentrations

of <100 ppm[19]. Jennings[20] found that 131 of the 164 crude oils studied showed a
marked surface activity against caustic solution. 90% e$dahcrude oil samples reached a
maximum measurable surface activity at caustic concentrations of ~0.1 wt%. However, these

effects were lost once divalent ions were introduced to the system.

Farooq et al[18] suggested thata’ cations andCa&* cations have two separate effects on the
interfacial activity between crude oil and aqueous solution at elevateidepHn the presence

of charged speciesligh Na'-concentrationsvere considered toompress the diffuse layer
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surrounding the interface and result in more efficient screening of the repulsioretetwe
neighboring negative charge®n the other handza” will accumulate effectively at the
interface and fornstrong omplexes with dissociated acidhe complexe$sormed areeither

positively chargedEquation 3-1) or neutral complexe&€uation 3-2) [7, 1§].

2 #I #A z 2 #1 | #A Equation 3-1
cC2 #I #HA z 2 #I | #A | #2 Equation 3-2

Some researcheridl8, 24, 30] have also found that Ca(OHprecipitation destroys the
possibility of obtaining IFTresults at sufficienconcentrations of NaOH due to t he s
emulsifying effect Ca(OH) particles arebasic and can stabilize CO/W emulsions by
interaction with acidic groups in asphaltenesjng and/or naphthenic acids adsorbed at the

interface[14].
#A AN ¢/ ANz #A ( O Equation 3-3

Whereasseveral studies have found highly significant IFTeffect of C&* ions at alkaline
conditions, mixed reports have been presented on the effect at neutahgitions[18, 24,

38]. This may be attributed to the varyinggdee of dissociation constanthat exist in the
crude oil mixtureC&*-comgexes may form as long as dissocihgeidic species are present.
However,if the pK, value is >7it is necessary tacrease the agueous pH. Farooq eftla]

did not observe€a*-complexation at high pH for crude oil where the acittion had been
removed prior to measuremeng,. the presence of dissocidtacids appeadto benecessary
Others[4, 38| have reported that €aalso have efficient ionic screening abilities that served
to enhance the effect of EBtompression and interfacial accumulation of charged

surfactants.
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4. Method

4.1. Multivariate data analysis

Multivariate data analysis may be executed by utilizing pattern recognition systems (PRS)
PRS is the scientific discipline of machine learning that aims at classifying data into a number
of categories or class¢80, p169. This involves the conversion of the original multivariate
data intolatent variables,e. fundamental factors that reflect the most important patterns from
the original dataset, while reducing noise. Latentades are, in other words, compressed
variables and therefore more readily interprefguis thesis will mplement the PRS in the
Sirius 90 software packagé&irius offers a range of graphical outputs to represent this data

compressioifi6l, 62].

4.1.1. Experimental design

Experimental designs offer a way iotroducing consistency and aim to your experimental
data gathering proceduf@&3]. The aim is to extract the most relevant information by carrying

out as few experiments as possible within the experimental domain.

The variables (xx,,  é,) areset toone is highevel (xj = +1) and one is lodevel (x; = -1).
This constitutes a factorial design on two levels, in which variables are referred to as factors.
The number of experiments needed for a full design with n variables is 'tfi6d] 2The

variation in the response at varyingtiar-levels is summarized in an empirical model:

U r BZ [ 99 - Equation 4-1

Wherewis the predicted response as a functiom aidependent variableg,xx, €n,and x

bo, b1, by . by are the regression coefficients. The third term from the left is the interaction

term, whichaccouns for two-factor effects onthe response and U is ®hoee resi
Regression coefficients can be obtained directly from the experimenigh aeatrix through

applying Ya'{6glos al gorit hm

L for an elaboration on this method, visttp://www.itl.nist.gov/div898/handbook/eda/section3/eda35i.htm
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The choice of variabkevels s of crucial importance to the resultant response. If the two
levels are too close in magnitude, the variation in response values will not be significant,
whereas if they are too far apart, optimum configurations that might exist in between the
levels canbe missed. Extreme values can also cause the response to move away from the
smooth area of the response surface, and onto areas that are beyond[@&né@}l The
response&variable is most likely not a line or plane, but a curved surface. Therefore it will
contain a set of variablgettingsthat define its optimal response which may be surrounded by
local maxima and saddfgoints. If variablesettings fall intoone of these configurations,
important information about the system will be lost. This may be avoided by initiating the
research plamith a screening design, by adding centerpoints to the design and by utilizing
central composite designs (CCD) instead of factorial de$Gfh$5].

41.1.1. Screening experiments

Screening of variables can be carried out many different ways. The method used in this thesis
is a screening of factors in twactorial designs with five independent variakles5) at three

levels (3 experiments). This design is reduced to only model twihefariables per dign,

thus reducing the number of experiments 5.3 i 5 parallels were performed for each

experiment in order to determine thtandard deviation.

For the first screeningr@ble 4-1), the ionic strength and pH are threated analogously to a full
threelevel factorial designwhereas other variables of interest were held constant or varied
parallel to the ionic strength. The second set of sangeexperimentsTable 4-2) was also
performed with a thretevel reduced factorial design, but executed for both crude olls.
However, some variable combinations were excludeduitinér reduction of the design.

Table 4-1: The experimental design for the first screening of variables. lonic strength and pHi a
factorial variables while the molar fraction©&" is varied parallel to the ionic strength.

Exp# Crudeoil Xca®" | [mol-kg™] pHi
1 A 0.13 0.40 3
2 A 0.13 0.40 7
3 A 0.13 0.40 11
4 A 0.65 0.23 3
5 A 0.65 0.23 7
6 A 0.65 0.23 11
7 A 0.00 0.09 3
8 A 0.00 0.09 7
9 A 0.00 0.09 11

10* A 0.02 0.09 11

*I ncluded to inspect the effect of adding trameounts ofC& " at basic coditions and low ionic strength
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Table 4-2: The experimental design for the second screening of variables. The molar fra@&h of
andionic strength are varied between three levels, but not in a complete factorial design.

Exp#t Crude oil K | [mol-kg™] pH
1 A 0.06 0.09 7
2 A 0.24 0.41 7
3 A 0.00 0.36 7
4 A 0.26 0.10 7
5 A 0.00 0.24 7
6 A 0.06 0.24 7
7 B 0.06 0.09 7
8 B 0.24 0.41 7
9 B 0.00 0.36 7
10 B 0.26 0.10 7
11 B 0.00 0.24 7
12 B 0.06 0.24 7

4.1.1.2. Centerpoints

Centepoints (CP) are added to the design if one suspects the response surface to be curved.
An indication of this is when center points are not distributed evenly around the mean
response for the design. For tlavel designs, center points are chosen midway between the
levels, i.e. p = 0 for all factors[63]. Centerpoints may also be used as a measure of the

uncertainty within measurements.

4.1.1.3. Central Composite Designs

CCDs are quadratic model design where axial pgiu3 are added to the faarial design to
estimate the curvature of the response surfébe The CCD used in thithesis is the face
centered design (FCD). This estimates the curvature within the main design by inspecting the
center of each face for the factorial spaémg\re 4-1). Hence, the axial points are chosen to

be % = £1. This is analogous to modeling three levels for each fg&4065].

The disadvantage of the FCD is its inability to retatound the center. Rotatability allows for
the variance of the predicted response to be determined at any distesroethe center point
[67]. To maintain rotatability, axialgints for n factors are set atoc [24[69].

The main experimental design consisted of two face centered designs for two (t20d X
and three (I, ¥a2+ and pH) independent variables and one dependent variable (equilibrium
IFT). The red parts ofable 4-3 refers to experimental points that were included in both the

two- and threaedimensional FCD.
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Figure 4-1: Visual representation of face centered design for a) two factors and b) three f¢
The black points are thexperimental points and center point from the factorial design. The
points are the axial points.

The designs were executed once for each crude oil. Four center points were included, to
decide the reproducibility of the experiments, and to inspectuheature of the response
surface. Regression coefficid6Bts TWwereoedéflcuol

significance on the model was determined based on their distribution in a normal plot.

Table 4-3: The fulFCDf or t hree vari abl es o n utcenerpbirasEP)
and axial points (Ax).

Exp # | [mol-kg™] Xcap+ pH
Expl 0.03 0.00 7
Exp2 0.65 0.00 7
Exp3 0.03 0.09 7
Exp4 0.65 0.09 7
Exp5 0.03 0.00 11
Exp6 0.65 0.00 11
Exp7 0.03 0.09 11
Exp8 0.65 0.09 11
Ax1 0.03 0.05 9
Ax2 0.65 0.05 9
Ax3 0.34 0.00 9
Ax4 0.34 0.09 9
Ax5 0.34 0.05 7
Ax6 0.34 0.05 11
CP1 0.34 0.05 9
CP2 0.34 0.05 9
CP3 0.34 0.05 9
CP4 0.34 0.05 9

25



4.1.2. Principal Component Analysis

Principal Component Analysis (PCA) describes the dataset in terms of uncorrelated, new
variables called principal components (PCs). These are linear combinations of the original
variables, decomposed into orthogonal variables. Principal components arrange in the variable
iand objecspace according to the direction of maximum variations aksplayed irFigure

4-2. The biggest advantage in using PCA is the intuitive interpretation of the resultant visual
graphics, and the ability to easily inspect covariance between interacting vaj&thleshe
mathematal background for PCAwill not be elaborated on irhis thesis, but the reader is
referred to the works obalsson and Nee69].

The decomposition of the original data into latent variables can be illustrated as shown below.
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X is a N M matrix composed on N objects and M variables. This is the raw dataset that is
being decomposed into two parts; one which carries the informaf®) &nd one which
carries the noiseE(). TheT-matrix consist of thecore vectorand theP-matrix consist of the
loadings vectors A loading plot represert the projection of the object space onto the
decomposed PGshile the scorelot represergthe projection of thevariable spacento the
decomposed PCsThese plots can also be combinedairbiplot to show the relationship

between objects and variab[&g)].
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Figure 4-2: A visual representation of a loading plot.
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The explanaty powers of the PCs are dictateg the ratio of explained variance in the

decomposed dataset as supposed to the original dataset. If the explained variance is low, then

the PCs carry little informatiop69]. A possibility could be to include more PCs until the
variance explained has reached a threshold value. However, the aim of PCA is to decompose

the dataset to consist of as few variables as possible.

The score plocan be interpreted with respect to the similarity between objbets.criteria

decide this: (1)The closer the objects are spaced, the more similar they are, and (2) the
smaller the angle between the object vectors (measured with respect to the thegmdre
similar they are[61]. Similarity between objects may also be inspected in a scores
dendrogramThis presents the similarity between objects by comparing the euclidian distance
bet ween the object 0s s that are dosely spaded ares similag ardr e

hence are connected at the bottom of the dendrogram hiefa@thy

The loading plotan be interpgted with respect to the covariarimetween variablesn which

the following criteria apply(1) the smaller the angle between the variable vectors (measured
from the origin), the more positively correlated they are, and (2) the larger the angle, the more
negatively correlated they afé1]. These are theeasure of the reproduced correlat{ch)
between the variables. The reproduced correlation betlwadmgvectors A and B is found

by the dot product, as displayediquation 4-2.

@ @ Equation 4-2

AlTO B E AD A

The distribution of objects and variables in scoaed loading plots may also be interpreted
in terms of the contribution of an object or variable to the P@hAlel. Hence, this gives

i nformation about the object or variabl eds

dataset.The principle for deding this is that the larger the score/loading, the more the
object/variable contributeft.is however unfortunate if one object contributes too much to the
total model. Objects with large scores can be inspected in a RSD vs. leverage plot, where
RSD is e residual standard deviation of the object. Objects with large RSD compared with

leverage, or vice versa, should be considered removed from the [Gjdel
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4.1.3. Partial Least-Squares Regression

While PCA is effective in extracting fiormation about the variance X partial leassquares

(PLS) is effective in extracting information about the covariance betXeenly [71]. Thus,

the PLSregression model decomposes the raw dataset into latent variables that explain as
much as possible of the interdependence between the resfoizde and tb independent
variables. Te resultant PL$nhodel predicts the responge) analogously as for the

experimental design model Equation 4-1, but without considering interactigerms.

4.1.4. Pre-processing of data

The raw data matrix is moskely subjected to noise, baseline drift, dominant variables and
other interferences due to instrumental drift. These effects can lead to a biased view of the
data if not processed prior to analy§i®]. This can be eliminated by standardizing the
variables Equation 4-3). However, n the case of chromatographic or spectroscopic data,
standardizing will eliminate the information of interest by attributing each-palale an

equal variance.

g o
0 Equation 4-3

U

Where z is the standardized objectin variablej, x; is the nomstandardized objedt in

variablej, @ is the mean value of variajl@and sis the standard error of varialjle

In PCA, theraw data matrixalsohas to be centered relative to the meathe decomposed
objecti and variable space. This allows objsthilarities and variableovariance to be more
readily interpreted by their relative placement around the malue ofthe datasetThis is
executed as displayed iBquation 4-4, whereny is the centered matrix andl is the
transpose of the data matrix containing the mean obghots.o0 is multiplied with a Nx1

unit matrix and subtracted from the original data maXix69|.

Equation 4-4

b}
o

i
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4.2. Materials

Table 4-4 provides an overview of chemicals utilized in the experimental meffosl two
crude oils were supplied by Statoil A&nd originate from thdlorth Seabut from different

fields. The crude oils are denoted crude oil A and crude oil B.

Table 4-4: Overview of chemicals.

Name (IUPAC) [g-l\r:lmgl'l] Structure Supplier E/vutr;?]/
Sodium clhoride 58.44 NacCl SigmaAldrich >99.8
Calcium chloride 47 o, CaCh-2H,0 Merck >99.5
dihydrate
n-decane 142.29 NN SigmaAldrich >09.5
n-heptane 100.21 NS SigmaAldrich >99.5
Hydrogen chloride 36.46 HCI SigmaAldrich >99
Sodium hydroxide 40.00 NaOH SigmaAldrich >98

4.3. Whole Oil Gas Chromatography

Both crude oils were measured with a WOGC apparatus form the 5890 Haad&trd
series Il. The apparatus was equipped with a-UHHPRA 2 column from Agilent
technologies, with dimensions 25mx0.20mmx0.33ime output chromatogram was logged
by the chameleon integrated software (v. 73}.

The crude oils were homogenized by heating t8C5prior to measurement. A Hamilton
syringe (10 pL) was utilized for injection of the warm sample. A sample volume of
approximately 0.5+0.1 yL was injected trough the FID flame, which held an injection
temperature of 26C. Each measurement was done using a split injection with a 75:1 split
ratio. The temperature program is displayedTable 4-5. The syringe was washed three

times with a 30:70 mix of DCM:MeOH, and then three times with hexane.
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Table 4-5: Overview of the temperature program for WOGC.

Temperature / temperature Hold time Ramp Time
interval [°C] [min] [3 /min] [min]
30 10 - 10
30 Y 60 - 1.5 20
60 0 - 0
60 Y 300 - 4.0 60
300 0 - 0
Total measurement time: 90

4.4. Infrared Spectroscopy

All samples were analyzed with a Nicoletotegé 380 FTR instrument equipped with an
Attenuated Total Reflection (ATR) diamond crystal. The crude oils were homogenized by
heating to 58C prior to measurement. A background specter was recorded to determine if the
crystal was cleaned properly bed applying the crude oil samples. The sample spectra were
recorded with a 3bit scan, and the average peak values were reported in the OMNIC
integrated software (v. 7.3). The crystal was carefully cleaned with ethanol before, after and
in between each easurement. Four parallels were measured for each crude oil, and the mean

specter was analyzed Sirius[61] by means of PL®vith discrimination analysis.

4.5. Density measurements

The density was measured using a DMA 60 density meisr Anton Paar which is measures

the fluid density based on Anton Paarodos | aw
equipped with a DMA 602 hollow, glass-tube which holds 1 mL of fluid. The tube is

placed inside a stainless steel tube that isoanded by constastemperature watefrom a

connected water batfithe sample was injected into the hollowtiwbe using a plastic syringe

(5 ml). The oscillator was washed with the sample due for measurement prior to each
measuring cycleThe sample is imcted continuously until no air bubbles can be seen in the

tube. The temperature can be assumed to be stable oncernpadots are not fluctuating

more than +110°,

The first measurement was water/air, to determiedrtbtrumental constanEquation 2-6).
The crude oil samples are then measured analogously, by utiEgogtion 2-6 and

Equation 2-7 for the density of air. A consecutive measurement for air is performed before
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and after each measurent to validate the accuracy of the instrumdrte oscillator was
washed with toluene, ethalnand acetone before, after and in between measurements.

4.6. Asphaltene quantification

This method was adapted from the method reported by Fg¢idesThe crude oil samples

were homogenized by sleteating minor samples on a wabath. The samples were shaken
vigorously every 15 minute until they reached a temperature of approximat€ly Sample
masses of approximately 1 g homogenized crude oil was then weighed (x0.0001 g) in tared

centrifuge glassubes. Four parallels were prepared for each crude oil.

The n-heptane volume was measured witglasspipette (10 £0.006 mL)equipped with a
peleus balloon. The appropriate volumenefieptane (calculated fromaquation 2-8) was
immediately added to the samples. Slow additiom-beptane ad continuous stirring will
avoid high local concentration of precipitgfS]. The samples were immediately sealed with
a Teflonlined screw cap and placed in a heating cabinet 8€ 4d@vernight. Higher
temperatures were avoided due to the existence ofchairt alkanesdund tobe present by

WOGC, which would pose problems with pressure bujd

After being left to cool down to ambient temperature, the samples were put on a centrifuge at
2000 rpm for 10 minutes. The maltene fraction was then removed by apiglatte. The
following additions ofn-heptane serve to wash away residue of the maftangon, and is
not though to promote any further asphaltene precipitaliba.washingprocedure (addition
of n-heptane, heating to 20, centrifuging and removal of maltefraction) was repeated

until the addition oh-heptane no longer obtained a colg from the asphalteneesidue.

After complete washing, the asphaltene precipitate and a small/Efimaltene fraction from

the last washing was left in a fume hood for two days, to allow-imeptane solvent to dry

off. The samples were then weigheplaced in an exicator for further drying, and then
weighed again. Once the exicator had no further effect on the weight, the dry asphaltenes

were quantified by means of weight pentef original crude oil sample.
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4.7. Interfacial Tension

4.7.1. Equipment

Measurements were carried out on thieleo-based optical contact angle measuring
instrument(OCA20) from DataPhysicgr5]. The OCA20utilizes the SCA20integrateddata
acquisition systemDue to the surrounding phase (water) being denserttteadropphase
(crude oil), an inverted needle is necessarfhe inverted needleF{gure 4-3a) has an
inner/outer diameter of 1.65/1.19 mm and is 18 m length. The glass cuvettas a inner
volume of 8 crii. The OCA 20 is equipped withtagh speedCCD camera, a light source and

an automatically controlled piston for connecting the syriffgigure 4-3).

Figure 4-3: a) The stainless steel inverted
dosing needle (dataphysics, top) and the 50
ML syringe (Hanilton, bottom), and bthe
glass cuvette (OG Hélima)) The OCA20
apparatus and its three main components; 1
CCD Camera, 2: lllumnation and 3:
measuring cell.
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4.7.2. Sample preparation

Appendix Il conins tabulated values for wateompositionsfor each experimental design.
The desired water agposition was prepared by weighting (x0.000kgl then left to stir for
271 3 hours unt all the salt was dissolvedhe initial pH (pH) of the water phass regulated
using 1 Munbufferedsolutions of KCI and NaOHThe concentration of NaOBhdC&* was
kept below the solubility product in order to av@d(OH) precipitation

The aude oilwashomogenized by heatingan a water bath. The lid was loosened slightly to
avoid pressure buitdp upon heating. The glass bottle was carefully shaken fidens side
and up-sidedown every 15 minutes until it reachademperature &0°C. A COMW emulsion
was prepared iy adding 1mL of crude oil, followed byl5 mL of water to produce 7%
CO/W emulsion.The watefphase was added to thé-phase in portins of ~1 mL by a glass
pipette, which allowed the two phases to mix. Biditional shaking or stirring was
performed.For all emulsions except for certain basic pH compositions¢riide oil staed
creaming momentarily after adding the watbiase, angn unstable emulsion is obtained

within seconds

The CO/W system is left to equilibrate for 24 hours beftine IFT-measuremenin cases
where the pH was included as a variable. The water phastherasxtracted inta beaker by
penetrating the oiphasewith a glass pipge. A consecutive extraction wagecessary to
obtaina clea waterphase. The finavaterphasepH (pH) wasmeasured with a metrohm pH
meter equipped with mmetronmCI-Ag calomelelectrode. The electrode wealibrated prior
to measurenmgs, usingmetrohmbuffer solutions in the range p2li 12. The waterphase

wasthen transferred to the measurementaedl the oil phase idrawninto the syringe.

4.7.3. The Pedant-drop Method

The Pendantirop method determines the profile of the drop oé diguid suspended in
another liquid at mechanical equilibriufd2, 43, 75-77]. The pendantlrop is a transient
method, i.ethe ratioof mass tointerfacial area is set at the beginning of the experiment.
Thus, changes in the interfacial area can be modeled as a function of interfagd] agke

shape of the pendant drapinfluenced by two main foes; (1) the gravitational force and (2)

the IFT between the drop phase and the surrounding phase. The relationship between these is
quantified by the shape parametEgqation 4-5), derived by Bashfordnd Adamg78]. For

B ~0, IFT dominates the force acting on the drapd the drop is almost spherical. For
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0<<B<1, the gravitational force deforms the drdpe extent to which a spherical form is
obtained is proportional to the IFT between the drop and the surrounding phase. This

technique is denotedtop-shape analysig5].

. 2 Om

r

Equation 4-5

Where B is the shape parametes,ifRthe radius of curvature at the apex of the drop, g is the
gravitational Cc o Adsitfaf netr,e ngpje ibse ttwreee nd @ rhei ttywo
Additionally, the IFT can be modeled as displaysdthe Harkins and Brow[79] equation
(Equation 4-6).

6YNG _

& Equation 4-6
Where V is the dropolume, d is the diameter of the needle and F is a dimensionless
empirical correlatiorconstant fitted by thelrop shape analyzer. The remaining parameters

are analogous tBquation 4-5.

The procedure for IFT measurements with the pendant drop method was adapted from the
OCA20user manual available at the laboratpry]. The integrated SCA280oftware seved

as a digital interface for dispensing the drop and logging the dynamig-I§lre 4-4 a and

b). The IFT ofn-decane was used as a standard reference for validatingégSurements of

the crude oils. The IFT oh-decane was sasured prior toiand after allcrude oil

measuremds.

Some test runs were performed initially to determine the best suitedvaliope. By
checking the box for Acontinuous dosi ngo, tr
ultimate drop volume is that in which the drop is stable with respettetdioyancy force

(does not slip the tip of the needle) but as large as possible. After this volume is decided, the
drop di spense rate can be set to AVery fasto

The lines depicted iRigure 4-4a are set a&he far ldt side of the dropeachside of the needle
tip,andt he far right side of the needl e. Prefer
for maximumdrop coverage of the screefl. h eDynamic Trackingo-setting is enabled at 2

frames pr. minute. This setting allows for an automatic -dtopature detectioand Young

Laplace fitting Equation 4-5) every 30 seconds. The dynamic tracking was enabled
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immediately after the drop was dispensed, and continued for 60 nfinlitesglass cuvette
and needle (and syringe, if the oil phase is to be changed) was washed three times with

toluene, ethanol and watbefore, in between and after each experiment.

a) GUE e @ 1R FES b) —
O Ferdart o lgt) v Yy d Sl ® My |- G Dispense Units
Dosing volume [uL]
| - 0.200
1]
"] Continuous dosing
Dosing rate [pL/s]
2.00 fast v
= =
l;
el »
ARCA.. v
Syringe - Liquid
Hamilton 500 pl
Crude oil
) 1 Grabbing s B

Figure 4-4: a) the drop as displayed in the
SCAZ20 integrated software, b) the dosing
display, and c) the pendaditop dispenced

in water.

It is important to note that the IFT of all samples were evaluated exclusively in terms of drop
curvature.The densitydifference between the crude oil and water phase was kept constant at
o} = 0 .-cnB forghe IFT-calculation by the Youngaplace fittingfor all samples The
consequence of this is that tbalculated IFTwill only be affected by the relative changes in
the independent variables, recorded exclusively as their effect orcdregture. Howver,

this thesis is also concerned with the actualvalues between the crude oils and water. This

property is of interest in comparative studies, which is carried athisrthesis as the meta

2 Only applies to mia experimentsScreening experiments continued urgdAT/cpD A| < O . -®5for atN
least 10 consecutive minutes, which resulted in measurement times varying from 0.5 hours to 3 hours.
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anal ysis of B u éNet datgbasa. Tltus, ENbétveeen@i@de oil anpure
water, and crude oil and 0.1 M NaGijll be measured with the actual it densities

measured fothe crude oils

4.7.4. Determining the equilibrated IFT

Failing to apply a systematic method fdecidingthe equilibrated IFT camtroduce biased

data, and is hence an importanttpd the experirental method. The most commorethod is
choosing a sufficiently long equilibration time, and therefore letting the mass transfer across
the interface run its course. Thime-scale variebetween 2000 seconds and 24 hours within
the inspected literaturébut equilibration of the IFT is considered obtainable within 1000
seconds for most CO/W systefi®2, 29, 41]. In this thesisa method hs beenproposed for
calculating anestimateof the equilibrium IFT after a 1 hour experimental run. A calculated
example of the method is given Appendix l,and a validation of the method is discussed in
chapteb.5.

4.8. The CO-Wet database

Buckley et al.[17, 23, 42, 43, 80, 81] have, in cooperation with the US Department of
Energy, developed a Crude -¥ilettability (COWet) databaseAll IFT measurements were
recorded with the Pendadtop methd. The experiments utilized the OCA20 apparatus, by
fitting the drop shape to the Yowhgplace equatiorEguation 1-4). The IFT was estimated
by using a modah Equation 1-5 with a total measurement time of 2000 seconds.

IFT measurements with varying pH and brine salinity were carried out for 41 crude oil
samplesto inspect whether crude oil properties are predictive of IFT, and vice versa. This is
meant to facilitate core analysts in the task of relating capillary pressure measurements to
different fluid pairs, or to design core floods with model fluids. Thitalolse ishighly
relevant to this thesis, due tioee comprehensiveet of variables and crude oils utilized, thus
exploiting the full potential of multivariate methodsble A-8 in Appendix IV reviews the
variables included in the teset In this thesis, the CAVet database has been fitted to a PLS
regression model, to inspect whether findings in this experimental work can fit into the
correlations found in the G@/et database. Variable covariance has also been inspected by

extracting a PCAoading plot. Both analysis were performed in the Sirius 9.0 soft\@afe
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5. Results and discussion

5.1. Whole Oil Gas Chromatography

The chromatogram for both crude oils was interpreted by comparing it to the chromatogram
obtained fo Norwegian Standard Gi(NSO)[82].
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Figure 5-1: A comparison between the WOGtromatograms for Norwegian Stand&@itl (NSO, top)
and crude oil B (bottom). Theaxis is in units of mV, while the-axis shows time in units of minutes.

It can be seen frofigure 5-1 that crude oil B is highly comparable to NSO. The presence of
short hydrocarbons and small naphthenes can be seen by theepdghbe temperature
program. Larger hydrocarbor{eC.) in the characteric normatdistribution start at37
minutes, unti the reference doublpeak for pristane occur at 65 minutes. The following

peaks are high boiling point waxes @@ that elute slowly at temperatures close t0°800

Crude oil B contains a quite large unresolved complex mixture (U&MD i 70 minutes
This indicates biodegradation of the oil. However, smaller hydrocarbons are essénpr
which implies thathis process is most likely in the starting phase. To the contrary, the UCM

observed in crude oil AFjgure 5-2) is accompanied with a very low abundance of small

% A full chromatogram of NSO from the Norwegian Industry Guide to Gigdnalyses (NIGOGA) can be
found athttp://www.npd.no/engelsk/nigoga/default.htm
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hydrocarbon components. This is a clear sign of biodegradation, due to microbial degrading
preferring shorchained hydrocarbons while leaving largeoleculed83]. The peak at 1.880
minutes is the ngpeak from hexane, which waseadksfor washing the needle. Therefdres

not likely to bea part of the composition iorude oil A. However, the four shorter peaks
following the nG-peak may be recognized as benzene and cyclohexane, followed by the more
separated peaks that may be toluene. Larger hydrocarbons) (@@ waxes (nf.) can be

located from 45 minutes intoghtemperature program.

Figure 5-2: A comparison between the WOGBromatograms for Norwegian Standard Oil (NSO, tc
and crude oil A (bottom). The-gxis is in units of mV, while the-axis shows time imnits of minutes.

5.2. Infrared Spectroscopy

The results from IRspectroscopy were analyzed by Piggression, where the IFT was
chosen as the dependent variafilee IFT value of choice was the mean of the centerpoints
from the FCD, which was 24.4 +0.9 mN* and 27.6 +0.4 mNn™ for crude oil A and B,
respectively. Four parallells were executed for each crude oil. The scores dendrogram from
discrimination analysisHigure 5-3) clearly shows that two separate classes (i.e. crude oil
sanples) are modeled. The mean of the four parallels were used for tharalySis.Peaks

were characterized in accordance with cbinastic vibrational frequencies reported by Pavia

et al.[49].
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