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ABSTRACT: For decades now, low salinity water flooding (LSWF) oil recovery has emerged as an
environmentally benign and cost-effective method for improved oil recovery, where research findings
have reported pH and interfacial tension effects. Considering the effect of oil chemistry on interfacial
tension and the potential of this chemistry to have a direct relationship with LSWF, we measured the
interfacial tension of four crude oils with composition varying from those of conventional to
unconventional ones. We also characterized the crude oil samples using infrared spectroscopy and a wet
chemistry method based on asphaltene precipitation. Our research approach has enabled us to relate the
composition of crude oil to the interfacial tension trend at pH encountered in improved oil recovery
schemes. Our research methodology, based on an integrated approach to using infrared spectroscopy
and interfacial tensiometry, has also enabled us to propose a more robust theoretical explanation for
current observations in LSWF related to pH and interfacial tension. In this regard, oil−water interfacial
tension depends on the concentration of polar components, such that the higher the concentration of
polar groups in crude oil, the higher the interfacial tension at a given pH of aqueous solution. We have
also shown that the acid-base behavior of polar groups at the oil−water interface provides a theoretical interpretation of the explicit
relationship between oil−water interfacial tension and the electrostatic components of interfacial tension as given by the energy
additivity theory.

1. INTRODUCTION
Crude oil is a naturally occurring hydrocarbon consisting of a
complex mixture of coexisting hydrocarbons and polar organic
compounds,1,2 and their physical properties are found to be
dependent on the chemical composition.3 The composition of
a crude oil is classified subject to its SARA content (saturates,
aromatics, resins, and asphaltenes) where waxes make up
around 14%, with branched and cyclical (naphthenic)
compounds accounting for 16 and 30%, respectively, while
aromatics make up around 30% and asphaltenes and resins
10%.4,5 Consequently, the polar fractions of crude oils have
been determined using ambient mass spectrometry and gas
chromatography mass spectrometry.1 The polar components,
such as asphaltenes, have also been studied based on Terahertz
spectroscopy, which has a feature for measuring the amplitude
and time delay and consequently the refractive index and
absorption coefficient spectra simultaneously.6 In light of their
nonsolubility in lower-molecular-weight paraffins, the asphal-
tene content of crude oils has been fractionated using n-
hexane.7,8

Apart from impacting the bulk physicochemical properties of
oils, the polar components have been found to be related to
several physicochemical processes. For instance, the asphaltene
content has been found to stabilize water-in-oil emulsion,
which forms upstream during the production of crude oil from

petroleum reservoirs, introducing technical challenges relating
to quality.9,10 Wettability evolution in siliciclastic petroleum
reservoirs due to reversible adsorption of asphaltenes has also
been reported11 as it has effects on both wettability and
permeability.12 Alvarado et al. (2014)13 have shown that a
good relationship exists between polar component contents
and interfacial viscoelasticity, and consequently with oil
recovery factor, in smart water flooding oil recovery.
The interfacial tension (IFT) between oil and water is a

fundamental parameter arising from intermolecular interac-
tions at the interface14,15 that controls capillary forces,
wettability, and oil recovery in secondary oil recovery
schemes.16 Among the intermolecular forces are van der
Waals and non-van der Waals or apolar components, with the
latter components being electrostatic in nature.17 Therefore,
the energy additivity theory of IFT explicitly links the IFT
between oil and water to the van der Waals and non-van der
Waals contributions.14 Non-van der Waals components are

Received: July 25, 2022
Accepted: November 7, 2022
Published: February 28, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

9086
https://doi.org/10.1021/acsomega.2c04698

ACS Omega 2023, 8, 9086−9100

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adango+Miadonye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+J.+G.+Irwin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mumuni+Amadu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04698&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04698?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04698?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04698?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04698?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/10?ref=pdf
https://pubs.acs.org/toc/acsodf/8/10?ref=pdf
https://pubs.acs.org/toc/acsodf/8/10?ref=pdf
https://pubs.acs.org/toc/acsodf/8/10?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


electrostatic in origin, and therefore ionization of the polar
components of crude oil at the oil−water interface18 as well as
the pH dependency19 of this ionization will provide electro-
static contribution to the oil−water IFT. Accordingly, Abdel-
Wali (1996)20 has investigated the effect of polar fractions and
salinity on oil−water IFT and wettability characteristics of
rock/oil/brine systems. In this study, the concentration of
polar compounds in the crude oil was varied by adding
different amounts of oleic acid and octadecylamine to the
crude oil. His results showed that the IFT between crude oil
and brine was lowered to a minimum value when oleic acid
concentrations of 0.028 g mol/L and brine salinity of 40,000
ppm NaCl were used. One type of crude oil and core samples
from Safaniya formation in Saudi Arabia were used in the
study. Apart from asphaltenes, the surface-active components
of crude oils, such as naphthenic acids (NAs) play a crucial
role in controlling IFT behavior at the oil/water interface in
addition to stabilizing in situ emulsions that pose operational
challenges. Mahavadi et al. (2022)21 have used 22 crude oil
samples from different fields to develop a model that can
potentially be used for downhole IFT measurements, which is
expected to improve saturation height function modeling and
enable more informed decisions on field development planning
for newly drilled wells. In line with their polar nature,
asphaltene molecules are similar to water molecules and are
interfacially affected by water while they are absorbed at the
interface, and this effect has been investigated using deionized
water and dead-crude oil samples.22 The results show that oil/
water IFT changes with pressure, exhibiting oscillations. Such
an oscillating behavior of IFT trends was related to asphaltene
surface activity as the oil samples used did not contain other
impurities.
Bai et al. (2010)23 have studied the interaction between

heavy oil components and petroleum sulfonate (NPS) where
the effects of pH, NaCl concentration, and NPS on the oil−
water IFT of Gudao crude oil and its polar components were
investigated. They concluded that the amount of NPS required
to obtain lower IFT was less than the critical micelle
concentration, and this is a synergetic effect between NPS
and the active substances of crude and its components. In
addition, they demonstrated that in a simulated system of
crude and polar components with 0.1 wt % NPS, at higher pH
conditions, the acidic substances in the polar components
create naphthenates (sodium salts of NAs), leading to lower
IFT. However, while the effect of polar components on oil−
water interfacial behavior has been studied, emphases have
been on specific aspects rather than on the effect of bulk
components. For instance, the research work of Mahavadi et al.
(2022)21 was specifically designed to investigate the effect of
NA. The study by Bai et al. (2010)23 was also designed to
investigate the effect of naphthenates formed from NA. Also,
while Moghadasi et al. (2018)22 studied the effect of
asphaltene on interfacial behavior, the emphasis was on
adsorption at the oil−water interface. Recently, a new surface
complexation model of the oil−water interface was proposed,
taking into consideration the effect of oil chemistry (Bonto et
al., 2019).24 Validation of the optimized model against
different experimental data sets shows good performance in
predicting the surface charge of oil in different brines with
different pHs. Most importantly, they showed the role of the
acid and base components of crude oils in determining surface
complexation which has a bearing on IFT. Similar to Bonto et
al. (2019)24 who contend that previous surface complexation

models did not consider the chemistry of crude oil, we also
contend that studies of the effect of polar component fractions
have not considered the combined effects of such components
as mentioned above. In this research work, we show the effect
of the concentration of polar components of crude oils, notably
acidic, basic, and asphaltene contents, on IFT trends under pH
conditions encountered in petroleum reservoirs and smart
water flooding schemes. Accordingly, we measured oil−water
IFT of four oil samples, with API gravity varying from those of
light oil to those of heavy oil under different pH conditions in
addition to using infrared spectroscopic data to correlate polar
fraction absorbances data with IFT trends.
Andersen et al. (2016)25 showed through an infrared

spectroscopic analysis of the crude oil/water interfacial film
that the concentration of carboxylic acids is higher at the
interface. In this study, we correlated infrared spectroscopy
data with asphaltene, basic, and carboxylic acid absorbance.
The approach enabled us to perform two noble tasks, namely,
explanation of the pH dependence of the oil−water IFT and
the explanation of this trend in accordance with the energy
additivity theory.14 Recently, low salinity enhanced oil recovery
(LSOR) has emerged as an environmentally benign and cost-
effective alternative for improved oil recovery. Two exper-
imental observations of LSOR include the IFT and pH effects
on improved oil recovery. Our approach in this research work
has also enabled us to theoretically explain these two effects.

2. BACKGROUND THEORY
2.1. Relationship of Oil Quality with Oil−Brine IFT.

The IFT between two immiscible phases is the thermodynamic
work required to create unit interfacial area at a given
temperature and composition of the phases,26 and the work
reflects the force of attraction between the molecules at the
interface.27 Some of these forces are intermolecular in origin,
being electrodynamic and consisting of randomly oriented
dipole interactions, randomly oriented dipole-induced dipole
interactions called Debye interaction, and fluctuating dipole-
induced dipole or dispersion interaction described by London
(Oss, 2006).28 Dispersion interaction is universal. The first two
were later found to be similar to the third one following which
the three electrodynamic forces have been jointly called
Lifshitz−van der Waals (LW) forces.28 In addition to van der
Waals intermolecular forces, non-van der Waals forces arising
from hydrogen-bonding and non-hydrogen-bonding compo-
nents called acid-base or electron acceptor and electron donor
components,29 respectively, contribute relatively to the
magnitude of surface tension or IFT. Consequently, the
molecular composition of the surface/interface which reflects
the bulk plays a vital role in IFT quantification. For the crude
oil−brine interface, intermolecular forces result predominantly
from two sources: the attractive van der Waals forces of the
two phases and the acid-base contributions due to the
interaction between polar hydrogen bonding of brine and
ionizable acid and base components of crude oil, which
constitute the heteroatom fractions.
Since NAs are hydrophilic, they tend to adsorb at the crude

oil−brine interface and dissociate in water. The partitioning
phenomenon of NAs through equilibrium reactions can be
described as30

+ +

RCOOH RCOOH

RCOOH RCOO H

(o) (aq)

(aq) (1)
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where RCOOH(o) represents neutral NA species in crude oil,
RCOOH(aq) is the aqueous form of NA, RCOO is the
deprotonated form of NA, and +H is the hydrogen ion.
In the context of our paper, we consider protonated or

deprotonated species of NA to be on the surface of crude oil
and presenting its electrostatic non-van der Waals interaction
to brine at the interface. Therefore, eq 1 will be written as

+ +

RCOOH RCOOH

RCOOH RCOO H

(o) (aq)

(aq) (2)

where indicates a species on the surface of oil
For basic nitrogen groups, the following dissociation

reaction is possible31

+ ++R N: H O R NH OH3 2 3 (3)

Accordingly, eq 3 can be written for surface species as

+ ++R N: H O R NH OH3 2 3 (4)

The acid-base contribution to IFT from brine results in the
measurable electronegativity differences between hydrogen and
oxygen atoms which leads to molecular polarity causing partial
positive and negative charges.32

The surface free energy or IFT of a chemically
heterogeneous surface is often treated as an approximate
additive quantity through the Cassie equation,14,33 and this is
applicable to IFT. Accordingly, the energy additivity theory of
IFT links the IFT between two immiscible phases as15

= + ++ +

+ +

(( ) ( ) ) 2(( ) ( )

( ) ( ) )
12 1

LW 1/2
2
LW 1/2 2

1 1
1/2

2 2
1/2

1 2
1/2

1 2
1/2

(5)

in which 12 is the IFT between phase one and phase 2, 1
LW

is the dispersion force contribution to IFT due to phase 1, 2
LW

is the dispersion force contribution to IFT due to phase 2, +
1 is

the electron acceptor contribution to IFT due to phase 1, 2 is
the electron donor contribution to IFT due to phase 2.
For oil−brine system, eq 5 can be written as

= + ++ +

+ +

(( ) ( ) ) 2(( ) ( )

( ) ( ) )
ow o

LW 1/2
w
LW 1/2 2

o o
1/2

w w
1/2

o w
1/2

o w
1/2

(6)

In eq 6, the subscripts o and w refer to oil and water,
respectively.
Sulfur content and weight are the two qualities that generally

determine the quality of crude oil,34 such that high-sulfur,
heavy oils are the lowest quality and the least expensive on the
global market. On the other hand, crude oils can be further
divided on the basis of sulfur and acid contents, given the
relationship of acid content to corrosivity.35 Consequently, in
light of the effect of asphaltene content on the weight of crude
oil and its heteroatomic nature, the different components of
surface tension/IFT discussed above have direct correlations
with the quality of crude oil, and the theoretical basis will be
discussed in the following section.

2.2. Relationship of Oil Quality to Oil−Brine IFT. The
quality of crude oil depends on the extent of biodegradation
which targets lower-molecular-weight fractions, as has been
confirmed by stable isotope studies,36 resulting in higher
concentration of heteroatom molecules and lower quality.37

Considering the ionizable group model, ionization of acidic or
basic groups of crude oil will lead to surface complexation at
the oil−brine interface.38 Consequently, the number density of
acid and basic sites of crude oil will regulate surface
complexation at the interface for a given chemistry of
brine.39 The number density of acidic and basic sites is given as

= × ×
× ×

= × ×
× ×

N
a

N
a

0.602 10
TAN

1000 MW

0.602 10
TBN

1000 MW

S COOH
6

oil KOH

S NH
6

oil KOH (7)

where NS COOH [#/nm2] and NS NH [#/nm2] are the number
densities of acidic and basic sites, respectively, TAN [mg/g]
and TBN [mg/g] are the total acid and base numbers,
respectively, aoil is the specific surface area of oil [m

2g−1], and
MWKOH [g/mol] is the molar mass of potassium hydroxide.
Since electrostatic phenomena at the oil−water interface

depend on heteroatom fractions, their number densities given
by eq 7 will control the interfacial coverage of electron donor
and electron acceptor component contribution to IFT given by
eq 6 at a given pH, brine chemistry, and surface complexation
scenario.24 Consequently, correlation of crude oil−brine IFT
with crude oil quality, which depends on heteroatom fractions,
is a possibility which is the focus of our paper. In the following
section, we outline the detailed methodology of our study
based on experimental work on four crude oil samples of
varying oAPI gravity.

3. MATERIALS AND METHODS
3.1. Crude Oil Samples. Arab Heavy oil was obtained

from Saudi Aramco of Saudi Arabia. Oil sample from Terra
Nova was supplied by Suncor. The oil sample from Gullfaks
field was supplied by Equinor, while that of Mesa 30 was
supplied by Mesa Petroleum. These samples were supplied
with their corresponding oAPI gravity.

3.2. Reagents. n-Hexane with a purity of 99% was
purchased from Sigma-Aldrich and used without further
purification. A stock solution of hydrochloric acid originally
prepared using hydrochloric acid of purity 37% purchased from
Sigma-Aldrich was to control the pH of brine, which was
measured using a VRW electronic-based pH meter.

4. EXPERIMENTATION
4.1. Characterization of Oil Samples. 4.1.1. Asphaltene

Precipitation. The asphaltene fraction of a crude oil is the
most polar and is defined as the fraction that is insoluble in
low-boiling-point paraffin hydrocarbons40,41 but soluble in
carbon tetrachloride and benzene.42 Achugasim and Idongesit
(2015)42 have shown that the weight of asphaltenes obtained
at different solvent precipitating ratios was the highest when
100% n-pentane was used. Therefore, n-hexane was used in this
study based on a volume ratio of 40:1 (hexane/oil).43

Accordingly, 80 cm3 of n-hexane per 2 cm3 of oil sample was
used. The crude oil/n-alkane mixture in different conical flasks
were stoppered and mechanically agitated for 45 min using a
G10 Gyrotory Shaker manufactured by New Brunswick
Scientific Company Inc. of USA and allowed to stand
overnight. The resultant solution was subsequently filtered
using Whatman filter paper (24 cm diameter) to retain the
asphaltene precipitant on the paper. After filtration, the papers
with the precipitants were dried at room temperature for 3
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months. Prior to filtration, the average weight of Whatman
paper was determined using a random sample of 10 papers.
The weight of asphaltene precipitated was determined by
weighing the Whatman paper with the precipitant and
subtracting the original weight from it.

4.1.2. Density Determination. To apply the correction
factor relating to the theory of ring tensiometry,44 the densities
of model brine and crude oil samples were determined at
experimental temperature (room temperature) using a Fisher
Scientific density bottle (pycnometer) in accordance with
ASTM-D1217.

4.1.3. Infrared Spectra of Crude Oils. The infrared spectra
of crude oils were acquired using a Nicole total attenuated
reflectance Fourier infrared spectrometer manufactured by
Fisher Scientific. Sixteen scans were acquired per sample using
a resolution of 4 cm−1.45 Three spectra were taken per sample
for repeatability, and all were found to be the same.

4.1.4. Experimental Brine. To theoretically and mean-
ingfully pursue our objective, we consider conventional water
flooding designed to achieve reservoir pressure mainte-
nance46−48 from the start of field production, where bottom
water drive is nonexistent. The initial water content is that of
irreducible water left after oil migration and entrapment in the
reservoir.49,50 We will further assume a water injection scenario
offshore, where seawater is the ideal low-salinity injection
brine. In this regard, we assume that produce water after
injection water breakthrough in producing wells is cleaned in
accordance with strict environmental regulations and re-
injected. Consequently, IFT between crude oil samples and
model brine was determined.

4.1.5. IFT Measurement Using Ring Tensiometry. Figure 1
shows a picture of the Fisher Surface Tensiomat model 21
used in this study.

Measurement of surface tension with the Fisher Surface
Tensiomat model 21 involves lowering the sample liquid dish,
in effect raising the du Nouy ring (initially immersed in the
liquid) above the formerly plane surface until the membrane
breaks, and the maximum force required is read off a scale that
registers the twist in the torsion balance wire. The relationship
between the maximum force on platinum−iridium du Nouy
rings (before the surface membrane releases) and surface
tension S was carefully investigated by Harkins and Jordan,44

and quantified parametrically by Zuidema and Waters,51 taking
the form

= ×S F R (8)

where

= [ ] + [ ] × + [ ]F RAo 1 sqrt(Ao 2 /Dd Ao 3 ) (9)

S is the surface tension/IFT in mN/m; R is the torsion balance
scale reading in mN/m; and Dd is the difference in density
between the lower and upper phases. The three parameters in
F are Ao[1] = 0.7250; Ao[2] = b × (4/C)2 where b =
0.0009075, and C is the mean circumference of the ring in cm;
Ao[3] = 0.04534−1.679/ρ where ρ is the ratio of ring mean
diameter, Dbar, to wire diameter, dw. The numerical values
above were claimed by Zuidema and Waters to be constant for
all rings made of platinum−iridium. The du Nouy ring used in
this work was made with nichrome wire with a slender milled
brass bar that connected the ring struts to the hanger hook; see
Figure 1 & Table 5 (nichrome was used because of its

resistance to corrosion and heat and its retention of formed
shape). For this ring, with C = 6.095 cm, ρ = 38.00, and
assuming that the Ao parameters apply, Ao[1] = 0.7250, Ao[2]
= 0.0003910, and Ao[3] = 0.001156.
After calibration, before each measurement, the Tensiomat

was zeroed with the cleaned ring immersed in the liquid. The
ring was cleaned by rinsing in benzene, a second rinse in
methyl ethyl ketone, followed by drying with a heat gun. A plot
of S/R versus R/Dd for repeated measurements for 11 liquids
commonly used for reference (www.surface-tension.de)52 is
shown in Figure 9 where error bars are indicated by black dots
adjacent to each datum. S is the literature value for the liquid,
R is the mean of repeated scale readings, and Dd is computed
from liquid density and that of a saturated mixture of air and
liquid vapor53 (KDB correlation equation). Saturation of the
mixture in the upper phase was facilitated by dangling the ring
hanger through a small hole in a cover over the truncated
beaker in which the liquid was held on the Tensiomat
platform. The inside diameter of the beaker was 83 mm, great
enough to avoid distortion of the ring-formed membrane.54

The plot shows the points to lie generally above the F versus
R/Dd curve, which motivates an attempt at refining the fit with
adjustable parameters A = [A[1], A[2], and A[3]].

Figure 1. Picture of a Fisher Tensiomat model 21 with du Nouy ring
and experimental brine (courtesy of Andrew Gracie).

Table 1. API Gravity and Sulfur Content of Oil Samples

oil sample
oAPI gravity

(McKinsey, 2022)
sulfur

content %
specific gravity at

20 °C
Gullfaks 36.0 0.26 0.863
Arab
Heavy

28.0 2.80 0.916

Terra
Nova

33.2 0.48 0.890

Mesa 30 30.0 0.90 0.918

Table 2. TBN of Crude Oil Samples

oil
sample

API gravity
(McKinsey, 2022)

asphaltene
concentration-mg g−1

total base number
TBN-mgKOH g−1

Gullfaks 36.0 10.77 2.66
Arab
Heavy

28.0 37.77 5.19

Terra
Nova

33.2 12.75 2.92

Mesa 30 30.0 22.28 3.94
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= ×S F R

where F = A[1] + sqrt(A[2] × R/Dd + A[3]) may be rewritten
as

= × { [ ] + [ ] × + [ ] }S R R/Dd /Dd A 1 sqrt(A 2 /Dd A 3 )

or setting x = R/Dd and y = S/Dd, it reads

= × { [ ] + [ ] × + [ ] }y x xA 1 sqrt(A 2 A 3 ) (10)

where y is a nonlinear function of x. The Levenberg−
Marquardt algorithm is used to compute successive increments
in the parameters A (starting with Ao) that seeks the minimum
of χ2 (see e.g., P. R. Bevington “Data Reduction and Error
Analysis for the Physical Sciences”, 1969).55 Because the
original data readings R have been replaced by R/Dd in the
fitting function, the weighting of each datum in the expression
for χ2 is (Dd/s)2 where s is the standard deviation in the
corresponding R. It is assumed that the uncertainty in S and
Dd is rather less than s in each case. Concern over the
appearance in Figure 9 of several points far off the F curve

prompted inclusion of the Chauvenet datum rejection criterion
in the fitting process (see e.g., Pugh & Winslow “The Analysis
of Physical Measurements”, 1966).56 Only one datum is
rejected if the criterion is met, and the current iteration
continues to completion before the next worst candidate is
considered. The y versus x fit for Ao is displayed in Figure 10
and that for the adjusted parameters A is displayed in Figure
11, where the F-curve more closely fits the experimental points.
The Fo curve together with the fitted curve F and the S/R
points are shown in Figure 12. The result of the fit in a broader
context appears in Figure 13 where the F-curve parameters A
that describe its parabolic shape better represent the reference
data for use in the determination of IFT for oil/brine samples.
Measurement of interfacial surface tension may be done with

the instrument in two possible ways: (1) by “raising” the ring
from the more dense liquid through the interface into the less
dense liquid, the maximum force required read off the same
scale as above or (2) by “lowering” the ring from the less dense
liquid through the interface into the more dense liquid until
the membrane breaks, the maximum force determined by
reading the torsion balance wire twist off a second scale on the
instrument. In the case of an oil−brine interface, it is more
convenient to measure interfacial surface tension by use of the
second approach, which was done in this work. IFT was
measured for the four crude oil samples (Gullfaks, Arab Heavy,
Terra Nova, and Mesa 30) over brine at three pH values (4.25,
7.43, and 8.59). In all cases, the viscoelastic property of the oil
had a significant influence on the measurement procedure; for
Mesa 30 oil, for example, following a tiny raise of the dish
(∼0.25 mm), a delay of 5−10 s was required for the pointer to
come to equilibrium. Subsequent adjustment of the torsion
wire twist to align the balance needle with the fiduciary mark
on the mirror required similar allowance of time to equilibrate,
it not being possible to maintain the alignment as the primary
adjustment was being made. Maximum force on the ring was
inferred to have been passed by observation of slight relocation
of the needle image below the reference mark. Careful repeated
attempts were made to refine the determination. Gullfaks
sample was similarly difficult, with the added presence of tiny
“lumps” in the oil that protruded through the oil−brine
interface. Effort was made to sweep such irregularities away
from the ring region. The Terra Nova sample exhibited a faster
approach to equilibrium, requiring about 4 s. The overshoot
that indicated the maximum force had been passed for this oil
was very subtle. The interfacial membrane was translucent with
a somewhat “granular” appearance. The Arab Heavy oil sample
was relatively easy to measure, the membrane appearing dark
and opaque.
The correction factor F is a function of x = R/Dd, where R is

the scale reading and Dd is the difference in density between
the lower and upper phases. For the liquids used to determine
F, the parameter Dd varied in the range 0.62 ≲ Dd ≲ 1.49,
while for the oil−brine samples, Dd varied in the range 0.096
≲ Dd ≲ 0.15, about 10 times less. Thus, in the case of the

Table 3. Infrared Absorptions for Basic and Acidic Sites of Oil Samples

oil sample
API gravity

(McKinsey, 2022)
asphaltene

concentration-mg g−1
absorption of C−N group

(1250 cm−1)
absorption of carboxyl group

(1376 cm−1)

Gullfaks 36.0 10.77 0.050 0.075
Arab Heavy 28.0 37.77 0.080 0.145
Terra Nova 33.2 12.75 0.065 0.095
Mesa 30 30.0 22.28 0.072 0.130

Table 4. Measured IFTs of Oil Samples and Their
Corresponding Standard Deviations

4.24 7.43 8.59

pH IFT IFT IFT -mN m−1

Gullfaks 11.5 ± 0.3 2.5 ± 0.3 2.63 ± 0.14
Arab Heavy 13.05 ± 0.16 6.6 ± 0.3 6.49 ± 0.05
Terra Nova 12.85 ± 0.14 2.85 ± 0.04 3.57 ± 0.05
Mesa 30 14.2 ± 0.4 5.45 ± 0.17 3.8 ± 0.7

Table 5. du Nouy Ring

material
nchrome wire, 24 AWG & slender milled brass

bar

diameter of wire (dw) 0.5105 mm
ring mean diameter (Dbar) 1.940 cm
assembly silver solder
mass 1.33 g

Figure 2. Fitting of a polynomial curve to the data of Barth et al.
(2005).57
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relatively small values of R found in the interfacial surface
tension measurements, their R/Dd values were such that the
two fell below the range covered by the calibrating liquids, six
lie in the covered range, and four (for pH = 4.25) lie above the
covered range (see Figure 14). However, the parameterization
of F in terms of R/Dd and ring dimensions by Zuidema and
Waters (1941),51 optimized for our ring and choice of
reference liquids, is designed to instill confidence in the
(modest) extrapolations.

4.1.6. Determination of the Basic Groups of Oil Samples.
A strong correlation between the asphaltene content and the
total base number (TBN) has been found based on a data set
of 20 crude oils.57 The correlation coefficient using a
polynomial fit was excellent for TBN ranging from 0.15 to
4.14 mg KOH/g oil and asphaltene contents of 0.4−25 mg/g
oil. We plotted the experimental data of Barth et al. (2005)57

that links the TBN to asphaltene concentration as found in

Figure 2. Accordingly, we deduced TBN of different crude oils
using the data on asphaltene content.

5. RESULTS AND DISCUSSION
5.1. Experimental Evidence from Characterization.

Figure 3 shows the snapshots of asphaltene precipitation for
different crude oil samples, the extent of darkness increasing in
magnitude as Gullfaks < Terra Nova, Mesa 30 < Arab Heavy.
In line with the effect of asphaltene concentration on crude oil
density and API gravity, Table 1 shows the oAPI gravity and
sulfur contents and the measured specific gravity of crude oils
measured using the density bottle. In this study, all
experiments were conducted at room temperature. Column 3
of Table 1 shows a good correlation between specific gravity
and oAPI gravity of crude oils where the higher the specific
gravity, the lower the oAPI (IEA, 2017).
Table 2 shows the asphaltene contents from fractionation

experiments using n-hexane and the TBNs based on Figure 2.

Figure 3. (a) Gullfaks crude oil asphaltene on Whatman paper, (b) Arab Heavy crude oil asphaltene on Whatman paper, (c) Mesa 30 crude oil
asphaltene on Whatman paper, and (d) Terra Nova oil asphaltene on Whatman paper.

Figure 4. Infrared spectra of Gullfaks crude oil sample.
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In Table 2, Arab Heavy has the highest asphaltene content
with the highest corresponding TBN (5.19 mgKOH/g). Mesa
30 has the second highest asphaltene content with the
corresponding second highest TBN. The trends of asphaltene
concentration for the rest of the oils also reflect this trend of
TBN.
Figures 4−7 show the infrared spectra of crude oil samples.

Generally, asphaltene has very strong bands corresponding to
methyl group (−CH3) and methylene group (−CH2)
stretching and bending vibrations at 2916.4 and 2847.9 and
1450 and 1370 cm−1, respectively. The broad peak at 1593.1
cm−1 can be assigned to the aromatic stretching vibration. The
absorption peak at 1021.4 cm−1 corresponds to a sulfoxide
functional group.58 A peak at 803.7 cm−1 is related to aromatic
C−H out-of-plane deformation of a single adjacent hydrogen
atom, and a peak at 721−726 cm−1 corresponds to an alkyl
chain longer than 4 methylene units58,59 or C�C−H cis
bending vibration.60 All these peaks are visible in the spectra of
oils.

In all spectra, the absorption frequencies characteristic of the
symmetrical and asymmetrical vibrations (2965−2862 cm−1)
of (C−H), CH2, and CH3 aliphatic groups from the alkyl of
asphaltenes similar to triglycerides61 are found in all figures.
The hydroxyl bond of the asphaltene sample in the region of
3000−3500 cm−1 is visible in all.62 Hydrogen bonding in the
asphaltic residue has been studied by Petersen (Petersen,
1967),63 who showed the stretching vibration of OH and NH
bands in infrared spectroscopy and demonstrated that phenolic
and alcoholic type of OH and pyrrolic type of NH groups are
present in a strongly hydrogen bonded form. Non-hydrogen-
bonded free phenolic OH group in asphaltenes appear as a
sharp peak at 3610 cm−1 which is not visible, but hydrogen-
bonded OH appears as a broad band centered between 3100
and 3350 cm−1, which is a characteristic feature of hydrogen-
bonded phenols (Figures 5−7).
The absorbance region located at 1335−1250 cm−1 indicates

the presence of stretching vibrations of C−N groups. The
region at 3390−3 150 cm−1 is mainly due to the N−H

Figure 5. Infrared spectra of Arab Heavy crude oil sample.

Figure 6. Infrared spectra of Mesa 30 crude oil sample.
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stretching vibrations. The region shown around 910−665 cm−1

is due to NH2 bending vibrations.
64

NAs that can have either a cyclo or benzene ring or both
moieties is a generic term for all carboxylic acids in crude
oils,65 and they show broad and sharp peak frequencies for OH
and C�O stretching vibrations of the carboxylic acid group.66

Considering the presence of the benzene ring double bonds in
asphaltenes and NAs as well as in basic components of crude
oil67 and the occurrence of the OH group in asphaltene, we
used spectroscopic information specific to the carboxyl group
absorption of NAs to obtain information about the relative
concentration of the acid in different crude oils. We also used
absorbance related to the C−N bond vibration of basic
components68 to obtain information about the relative
concentrations of this component in different crude oils. The
C−N group also occurs in asphaltene,69 and such an approach
gives a lumped information. Table 3 shows the corresponding
absorbance for crude oils. In this study, we did not consider

the carbon-to-carbon double bonds present in the benzene ring
structure of NA because we regard the concentration of acid
having this structure to be negligible compared to those with
the cyclo-ring.70,71

On the basis of asphaltene contents of crude oil absorbances
for oils (Table 3), the carboxyl concentration should be in the
order of decreasing magnitude as Arab Heavy > Mesa 30 >
Terra Nova > Gullfaks. This is exactly the trend revealed in
Table 3 and in accordance with organic geochemical theory
where the extent of biodegradation increases the acid content
of crude oil72 as well as its asphaltene content.73 The trend in
basic group absorption also reflects asphaltene and carboxyl
group absorbances.
Figure 8 shows the plots of IFT versus pH for oil samples,

while Table 4 gives measured IFTs of crude oils versus pH
with their standard deviation. In this study, the effect of pH on
IFT was investigated for two reasons: First, to correlate
observations of IFT trend with pH with the acid-base

Figure 7. Infrared spectra of Terra Nova crude oil sample.

Figure 8. Variation of IFT with pH of seawater, [“Gullfaks (red)”,
“Arab Heavy (coral)”, “Terra Nova (green)”, and “Mesa 30 (blue)”]. Figure 9. S/R vs R/Dd. S/R: green; Fo: cyan.
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components of crude oils that have the potential to contribute
to intermolecular forces at the oil−water interface, thereby
affecting IFT. The second reason for the investigation was to
aid discussion of our experimental findings in relationship to
recent observations regarding the pH effect of low salinity
water flooding (LSWF) oil recovery as found in the literature.
Figure 8 shows a general trend of oil−water IFT reduction

with pH of seawater consistent with the observations of Zaker
et al. (2021)74 and Buckley & Fan (2005).75 Trends in IFT
correlate with asphaltene concentration and carboxyl group
absorption of NA. Accordingly, Gullfaks has the lowest
asphaltene concentration and has the lowest value of oil−
water IFT at a given pH of seawater. Terra Nova ranks third
with asphaltene and acid content and has the second lowest
IFT trend with pH. However, on the basis of acid content and
carboxyl group spectroscopic data, one would expect Mesa 30
to have lower IFT at a given pH compared to Arab Heavy, but
this trend is not completely observed within the pH region
studied in this paper. Figure 8 shows that at pH values less

Figure 10. S/Dd (10−3 mN·m2·kg−1) vs R/Dd. S/Dd: green; Sc/Dd:
cyan.

Figure 11. S/Dd (10−3mN·m2·kg−1) vs R/Dd. Green: fitted data; red:
rejected data; magenta: fitted curve.

Figure 12. S/R, F, Fo vs R/Dd. S/R: green; F: magenta; Fo: cyan.

Figure 13. Representation of Figure 12 in a broader context.

Figure 14. F vs R/Dd for oil−brine superposed on Figure 13.
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than 6, the IFT for Mesa 30 oil is higher than that of Arab
Heavy, while the opposite is true for pH above 6. Lowering the
pH from 7.2 to 6.2 protonates the histidine residues in the
oleosins, which are basic groups found in proteins. Further
decrease of the pH to 5.0 also protonates the free fatty acids
and produces positively charged organelles.76 On the basis of
the response of acidic and basic groups of protein which are
also found in crude oils, the concentration of positive and
negative charges of basic and acid groups of Mesa 30 and Arab
Heavy will not be the same at pH below 6 and above 6. For
instance, Arab Heavy has more acid concentration and will
develop more negative charges at pH above 6 compared to
Mesa 30. Therefore, in light of the energy additivity theory on
IFT (see eq 6) the IFT will be higher than that of Mesa 30,
and the opposite must be true at pH below 6. However, in all
cases, the IFTs at a given pH for the two oils are higher than
those of other oil samples, testifying to their higher
concentrations of acid and asphaltene contents. The trend
also confirms the relationship between the asphaltene content
and properties of the interface where crude oils with higher
asphaltene content showed higher elastic and viscous moduli
and an increased IFT (Moradi et al. (2013).30

5.2. Implications of Spectroscopic Absorbance Data
for Basic and Acidic Group Contents of Crude Oil.
Equation 7 links the number density of acidic and basic groups
to the oil−water interfacial area, acid number (AN), base
number (BN), and molecular weight of oil. Therefore,
knowledge of AN and BN can be correlated with the number
density of acid and basic sites, respectively. In this regard,
Takeya et al. (2019)77 and Lu et al. (2017)78 have correlated
AN and BN with the total acid and base sites, respectively, and
the determination of these crude oil quality parameters,
experimentally or otherwise, enables site densities of groups to
be determined. Accordingly, information on spectroscopic data
that can be directly correlated with BN can also shed light on
the trend of BN densities of oil samples. Consequently, based
on the order of magnitudes of basic group absorption data of
Table 3, BN sites in decreasing order are Arab Heavy > Mesa
30 > Terra Nova > Gullfaks, similar to those of AN and BN.
Accordingly, we expect the acidic site number density to be the
same. The extent of oxidation and biodegradation reflect the
API gravity and the total acid number (TAN) of crude oils.79

Consequently, the acid content of crude oil will reflect the
extent of oxidation as will the asphaltene content reflect
biodegradation, which confirms our anticipation.

5.3. Relationship of Polar Content of Crude Oils to
the Energy Additivity Theory of IFT. The energy additivity
theory of Fowkes holds that intermolecular force components
of surface tension or IFT are pairwise additive,80,81 and eq 7
explicitly links the IFT of two immiscible phases to the polar
apolar contributions. The polar contributions also called
electron donor and contribution components of surface
tension/IFT result from electrostatic phenomena associated
with hydrogen bonding and protonation and deprotonation of
reactions of surface ionizable groups. In this regard, oil
contains ionizable species. Crude oils, indeed, contain such
species in concentrations usually characterized by the TAN
and the TBN where NAs are among the most abundant in
crude oils.82 Asphaltene also possesses acidic and basic groups
which were identified using different potentiometric titration
methods in nonaqueous polar solvents.83 For instance, the
ionizable (in aqueous solution) carboxylic and hydroxyl groups
present on the asphaltene molecule lead to its charging

processes, which has been demonstrated using zeta potential
measurement as a function of parameters such as pH.84 Based
on the zeta potential measurement, the isoelectric point of
asphaltene has been determined to be 4 .85,86 The isoelectric
point is the pH at which the net charge on an amphoteric
surface is zero.87 It develops positive charge below this pH and
negative charge above it.88 Therefore, at pH equal to 4.5 in
Figure 8, the net surface charge of asphaltene will be zero.
Polar contribution of asphaltene to IFT will be negligible.
From the figure, electrostatic contributions will be solely due
to basic nitrogen groups, which will generally be protonated to
yield positive interfacial charges. The implication is that the
first and fourth terms in the second bracket on the right-hand
side of eq 6 will disappear leading to the following equation

= + +

+

(( ) ( ) ) 2(( )

( ) )
ow o

LW 1/2
w
LW 1/2 2

w w
1/2

o w
1/2

(11)

As pH increases above 4 (isoelectric point), deprotonation
reactions of the acidic group of asphaltenes will generate
interfacial negative charge while reducing interfacial positive
charge due to basic nitrogen groups. The implication is that
comparing eq 7 to 11, more negative terms exist in eq 7 and
that causes IFT to be less than that at lower pH. Therefore, as
pH increases, oil−water IFT decreases due to the amphoteric
nature of the polar components of crude oils, and trends in
IFT between crude oil and brine can be theoretically
accounted for considering the energy additivity theory. The
concept of electrically charged surface states is well known in
semiconductor physics and substantially connected with the
thermodynamics of charged interfaces as developed in colloid
science and electrochemistry.89 Therefore, since the additivity
theory is related to intermolecular forces at interfaces, the
electrostatic effect on IFT as found in electrochemistry should
have a link to its acid-base theory, and our IFT data in this
research work capture the underlying physics of intermolecular
forces.

5.4. Implications of Polar Components of Crude Oils
for the pH and IFT Effect of LSWF. Considering its
environmentally friendly and cost-effective aspects, LSWF oil
recovery has emerged as an attractive option that is pushing
the boundaries of improved oil recovery schemes, both
practically and academically. To date, field experience and
experimental observations necessitate citing two effects as
being responsible for the immense success, namely the pH
effect90−92 and the IFT effect.93,94 However, experimental data
regarding these effects are not consistent albeit their positive
effects.95 The temperature- and salinity-dependent water
ionization,96 where water dissociates more at a higher
temperature and low salinity, plays a key role in causing
disequilibrium conditions in low salinity water injection. Thus,
under temperature conditions encountered in petroleum
reservoirs and at low salinity, the concentration of hydrogen
and hydroxyl ions will increase. In this regard, pH increase as
reported in LSWF is caused by hydrogen-ion exchange for
cations adsorbed on rock surfaces, where sandstone is the
target reservoir rock94 leading to hydroxyl ion/pH and cations
increase.90 However, pH decrease has also been reported,97

and lack of evidence of its increase has also been reported.98

Also, while there is evidence that supports increased oil
recovery during LSWF due to a decrease in IFT,99 it is
reported elsewhere that a lower oil recovery was observed due
to IFT increase at lower salinities.100 Moreover, the condition
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required for IFT increase in LSWF is emulsification and
sufficiently high pH, which is generally not met, given reported
pH ranges in LSWH research that range from 6.5 to 8.9.101

Therefore, the pH and IFT effects deserve explanation based
not only on experimental data but also on the chemistry of
crude oil, where the polar fractions can play critical roles, given
their pH-dependent electrostatic behavior that can impact
interfacial intermolecular interactions. Consequently, based on
our research, we provide a more realistic and robust
explanation of the effects as follows:
Within the framework of interfacial thermodynamics, the

IFT /surface tension is a reversible thermodynamic work.102

The work is governed by intermolecular interactions which
consist of electrostatic, charge transfer, polarization, exchange-
repulsion, dispersion, and coupling components95 as summed
up by the energy additivity theory (eq 6). These interactions
form the basis for the surface tension/IFT theory involving LW
and the short-range acid-base or donor−acceptor interaction.
To meaningfully account for the IFT effect, the relationship of
the short-range components to the polar fraction of crude oil is
essential. Assuming the basic nitrogen group and the carboxyl
group of acid components of crude oil are the significant
species at the oil−water interface, the following geochemical
speciation of the oil−water interface at a given pH can be
written based on the theory of Tian and Wang (2017)103

++ +NH : NH H ,

for basic nitrogen groups
3 2

+ +COOH: COO H , carboxyl groups

Considering the ionic composition of brine, surface
complexation (Ayirala et al., 2018)104 occurs as follows

++ +NH A NH A3 3

+COO C COO C

where A and +C are the anion and cation, respectively.
In light of eq 7, the surface species +NH , +NH A ,

COO , and COO C make short-range electrostatic
contributions to IFT. Consequently, their magnitude will
depend on their number densities as found in eq 7, the pH of
the aqueous phase in contact with crude oil, and salinity, given
the requirement of ions for surface complexation reactions.
Fundamental to the intermolecular theory of interfaces/surface
are cohesive and adhesive intermolecular interactions. The
term cohesive energy is a generic term for the collective
intermolecular forces that comprise electrostatic bonding and
van der Waals forces.105 In eq 6, + + +, ,o o w w o w and +

o w
are the cohesive electrostatic interaction between oil
molecules, between water molecules, and adhesive interactions
between the two, respectively, which depend on the site
density of surface species at the oil/water interface as a
function of pH.106 For the pH range typically encountered in
LSWF (6−8.9), site density of the protonated basic group will
be less than that of the deprotonated carboxyl group. In this

regard, the electrostatic short-range contributions are the
appropriate components to rely on in explaining the IFT effect.
Equation 6 for this component becomes

= ++ + +
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Here, owelect is the electrostatic contribution to the total IFT,
and the last two terms in the bracket are the cohesive
interactions between water and oil. For higher salinity brine,
the surface complexes COO C and +RNH A3 are higher
compared to low salinity brine. The effect of these complexes is
to reduce cohesive intermolecular interaction by reducing the
electron donor ( COO ) and acceptor components ( +RNH3
), respectively. Therefore, for LSWF, the average lower
concentration of ions at the LSWF pH range means that
there is stronger cohesive interaction which corresponds to
lower thermodynamic work required to create unit interfacial
area between oil and water. Also, in the context of
electrostatic/surface charge density effect on IFT, the
interfacial potential difference, which in this case arises from
interfacial negative and positive charges of polar groups, is
experimentally reported to be related to the IFT in a manner
consistent with Poisson−Boltzmann theory that is inspired by
Frenkel and Verwer-Overbeek (Vis et al., 2015).17 The
implication is that lower surface complexation in LSWF
means higher interfacial charge density/potential which leads
to lower IFT. In this regard, our interpretation of the IFT
effect can be extended in a robust manner by considering the
relative proportions of acid or basic groups in crude oil. Thus,
for low acidic composition, interfacial site density of
deprotonated carboxyl group will not be sufficient to render
surface complexation and surface charge density sufficient for
IFT reduction. Therefore, our theory satisfactorily explains the
reason behind the IFT reduction in published research works
related to LSWF. Since basic site densities are limited at LSWF
pH conditions, crude oils with less acidic groups may not show
any change in IFT, and this has also been reported. We regard
our theory to be more applicable to the inconsistency related
to IFT effect in LSWF compared to saponification and
emulsion theories (Katende and Sagala, 2019)94 for which the
in situ condition of higher pH of LSWF cannot make them
feasible. Our explanation is supported by Bonto et al. (2019)24

who have correlated the carboxylic sites linearly with the AN
by specifying a minimum site density of Ns>COOH of 0.5/nm2
corresponding to an AN of 0.05 and a maximum Ns>COOH of
2.5/nm2 corresponding to an AN of 3. We turn our attention
to the inconsistent pH effect as follows:
Disequilibrium conditions resulting from LSWF that causes

exchange of hydrogen ions in solution for cations on rock
surfaces can only impact pH where there are divalent cations in
solution and the concentration of acidic groups of crude oil is
sufficiently high. In this regard, adsorption of divalent cations
will substitute for hydrogen ions, and the only way pH will
increase is where adsorption of hydrogen ions at the oil/water

Table 6. χ2 Minimization

Ao 0.7250 0.0003910 0.001156
A computed 0.728625692361057 0.000465467262495810 0.00265078403401627
uncertainty 0.000206111879409201 0.00000210541640516250 0.000141510166083810
A used 0.7286 ± 0.0002 0.000465 ± 0.000003 0.00265 ± 0.00015
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interface can lead to a measurable reduction of its activity in
solution, which corresponds to pH increase. Once again, this
will be possible if the concentration of acidic groups of crude
oil is sufficient, otherwise negligible adsorption of hydrogen
ions at the oil−water interface will not yield a measurable pH
increase as reported in research works, and this explanation is
consistent with the observation of Zhang et al. (2007)107 who
observed only a slight pH change in LSWF (Table 6).

6. CONCLUSIONS
In this research work, we studied the IFT for the oil−brine
system using seawater and crude oil samples with varying
concentrations of polar components that undergo protonation
and deprotonation reactions in response to pH change of the
aqueous phase. The development of interfacial electric charge
due to ionization of polar groups of the oil phase represents
non-van der Waals contribution to the IFT.108 In such systems,
the interfacial electric potential difference has been exper-
imentally found to decrease the IFT in a way consistent with
the Poisson−Boltzmann theory inspired by Frenkel and
Verwey−Overbeek.17 Moreover, we studied oil samples with
significant concentrations of asphaltenes which are polar
components of crude oils that behave amphoterically at the
oil−water interface,18,109 and reduction of oil−water IFT by
model asphaltenes has also been reported in the literature110

The implication is that by varying the pH of the aqueous phase
to achieve varying degrees of interfacial ionization and electric
fields and given that the salinity of seawater is lower than that
of normal reservoir brine, our IFT values are expected to be
generally lower that those encountered under normal
conditions as found in the literature. One reason behind this
trend of IFT is that under normal reservoir conditions, surface
complexation reactions at the oil−water interface24 involve
high concentrations of ions which have the net effect of
reducing the interfacial electrostatic potential compared to
seawater where the effect is minimal. Our experimental
methodology is in line with the research objective of showing
the effect of polar component concentrations on IFT.
The IFT between crude oil and brine plays a vital role in

enhanced oil recovery schemes, being detrimental to useful
viscous drive forces in water flooding in addition to producing
dissipative capillary forces (Aghaeifar et al. 2019).111 Given the
heterogeneity in crude oil chemical composition, where
heteroatomic molecules such as the basic nitrogen group and
acidic groups exhibit amphoteric behavior at the oil−water
interface, the IFT will depend on the concentration of such
polar groups in crude oils, implying that the quality of crude
oils will impact the interfacial chemistry of the oil−water
interface. Consequently, the brine concentration, which
determines interfacial complexation, will equally affect IFT
and can be directly linked to technical issues relating to LSWF.
In this research work, we have measured the IFTs of crude oils
with carrying proportions of polar groups, and in so doing, we
have correlated the concentrations of the polar groups with this
thermophysical property. We have also theoretically accounted
for current observations in LSWF based on the composition of
these polar groups as revealed in our research work. The
following sums up the conclusion:

1. Oil−water IFT depends on the concentration of polar
components,

2. As pH increases, the IFT decreases in a manner that
reflects the concentration of polar groups,

3. The higher the concentration of polar groups in crude
oil, the higher the IFT at a given pH of aqueous solution,

4. At pH normally encountered in water flooding oil
recovery, the most significant contribution to IFT from
an electrostatic point of view will come from
deprotonation reactions of NA at the oil−water
interface,

5. The acid-base behavior of polar groups at the oil−water
interface provides a theoretical interpretation of the
explicit relationship between oil−water IFT and the
electrostatic components of IFT as given by the energy
additivity theory,

6. The concentration of polar groups of crude oil enables a
more robust theoretical interpretation of current
observations in LSWF related to IFT and pH change.
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