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Abstract
Experimental results of dynamic contact angle measurements of low salinity brine and combined low salinity water 
and surfactant flooding (LSW–SF) on silica surface are presented in this study. Dynamic contact angle experiments were 
carried out for four crude oil samples with low salinity brines and combined low salinity and sodium dodecylbenzene 
sulfonate (SDBS) solutions. Similar measurements with the same ion strength in presence of different cations, Na+ and 
Ca2+, for low salinity injections and combined low salinity–SDBS solutions were also carried out to study the change in 
dynamic contact angles and wetting behavior. The presences of different cations change the initial contact angles in low 
salinity solution injections and show different dynamic behaviors in presence of different crude oils. The signs and values 
of the line tension to oil/water interfacial tension ratios have been calculated from the size dependence of the dynamic 
contact angle measurements on the silica coated quartz crystal microbalance sensors. Analysis indicates positive line 
tension values for low salinity brine systems and negative values for LSW–SF systems. Injection of surfactant solutions 
in presence of electrolyte prompts the spreading of the oil droplet over the surface, which is induced by interfacial ten-
sion gradient from the top of the oil droplet toward the contact line. The results indicated that spreading time, which is 
the required time for oil drop to gradually flatten out, is dependent on type of electrolytes and is a function of surface 
excess concentration of the surfactant.

Keywords  Wettability alteration · Dynamic contact angle · Low salinity brine · Combined low salinity water and 
surfactant flooding · Spreading time · Line tension

On a world scale about two-thirds of the original crude oil 
in place (OOIP) cannot be recovered during the primary 
and secondary phases of oil production and remain in the 
reservoir, trapped in rock pores due to capillary trapping 
and poor sweep efficiency [1, 2]. This consequences in a 
huge amount of discovered oil seized in the reservoir in 
spite of an existing production infrastructure. The demand 
to increase the recovery factor of the petroleum reservoirs 
at economically feasible production rates is the main 

motivation for the enhanced oil recovery (EOR) applica-
tions around the world [3, 4].

Surfactant flooding is among the most effective and 
widely applied EOR process [3–7]. The efficiency of sur-
factant flooding methods in EOR is often related to the 
reduction of oil/water IFT [6–8], while wettability changes 
of the reservoir rock from oil wet to more water wet con-
ditions are considered to play an important role in micro-
scopic oil displacement [9]. In addition, the alteration of 
wettability from oil wet to intermediate wet may modify 
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the relative permeability and consequently affect the volu-
metric sweep efficiency [10].

Also applying of low salinity water flooding (LSWF) as 
an EOR process has widely been practiced since the water 
sources are available and comparatively cheaper among 
other practical advantages [11, 12]. While the mechanisms 
of LSWF to increase oil recovery have not been verified 
completely yet, the laboratory core floods and field tests 
have shown that rock/fluid interactions as well as the solu-
tion and surface chemistry play important roles [13–17]. 
It is widely agreed that the EOR by LSWF is related to wet-
tability alteration toward more water wet conditions [18, 
19], which creates positive capillary forces and increases 
the microscopic sweep efficiency in heterogeneous pore 
systems [19].

By combining these two techniques, surfactant flood-
ing and low salinity water injection, an EOR process has 
been introduced that can promote increase in oil recovery, 
compared to the methods on their own [20–22].

Wettability alteration can be probed by some quan-
titatively different methods such as contact angle, imbi-
bition and forced displacement (Amott), and United 
States Bureau of Mines (USBM) wettability experiments 
[23]. This work presents the measurement of dynamic 
contact angles which is comprised by the moving fluid/
fluid interface with the rock surface over the time to 
characterize rock/fluid/fluid interactions in case of rock/
oil/brine system [24]. The contact angle measurement is 
based on an ideal surface, which is smooth in texture and 
chemically homogenous. As the reservoir rock samples 
are generally rough and can be chemically heterogene-
ous, the measurement of the contact angle by using rock 
samples requires a distinction between the true contact 
angle θ, and the apparent contact angle θa [25]. Thus, in 
this study to monitor the true contact angles during LSWF 
and LSW–SF, dynamic contact angle measurements have 
been performed on silica coated crystals to simulate the 
smooth and ideal surface of sandstone reservoir rock. 
The dynamic contact angle experiments were conducted 
using four crude oils with different components and the 
well characterized sulfonate surfactant sodium dodecylb-
enzene sulfonate (SDBS).

1 � Materials and methods

1.1 � Brines

Six different brines (low, medium and high salinity) were 
made and used for running the dynamic contact angle 
measurements. The first low, medium and high salinity 
solutions, termed LS1, MS1 and HS1, were prepared by dis-
solving NaCl (99.5%, Merk, Germany), in milli-Q water. The 
second low and medium salinity brines, abbreviated LS2 
and MS2, were made with the same ion strength of LS1 and 
MS1 by dissolving CaCl2·2H2O (99.5% Merck, Germany) in 
milli-Q water whereas the second high salinity brine, HS2, 
was prepared with the same ion strength of HS1 by dis-
solving NaCl (99.5%, Merck, Germany), CaCl2·2H2O (99.5% 
Merck, Germany) and MgCl2·6H2O (99.5% Merck, Germany) 
in milli-Q water. The composition of the synthetic high, 
medium and low salinity waters are listed in Table 1.

1.2 � Surfactant Solutions

SDBS (tech., Sigma Aldrich) was used as received. Its criti-
cal micelle concentration has been reported 589 ppm [26, 
27]. The surfactant was dissolved in LS and milli-Q water 
at concentration of 1000 ppm for running the dynamic 
contact angle measurements.

1.3 � Crude oils

The crude oils used in these experiments were from 
onshore and offshore fields in the Germany and North 
Sea, respectively. Acid and base content were measured by 
potentiometric titrations with an 809 Titrando (Metrohm, 
USA). The bulk composition of the oils was investigated by 
SARA (Saturates/Aromatics/Resins/Asphaltenes) fractiona-
tion as described by Hannisdal [28]. The densities of the 
oils were measured in a temperature scan from 15 to 60 °C 
with a DMA-5000 (Anton Paar GmbH) density meter. The 
viscosity of each oil was measured in a temperature scan 
between (20 and 80) °C and at a shear rate around 10 s−1 

Table 1   Composition of high and low salinity brines

Composition LS1 Con. (ppm) LS2 Con. (ppm) MS1 Con. (ppm) MS2 Con. (ppm) HS1 Con. (ppm) HS2 Con. (ppm)

Ca2+ 0 1069 0 1445 0 1625
Mg2+ 0 0 0 0 0 128
Na+ 1839 0 2556 0 11,022 7864
Cl− 2836 1891 3944 2555 17,006 15,379
TDS 4675 2960 6500 4000 28,028 24,996
Ionic strength (mol/L) 0.08 0.08 0.11 0.11 0.48 0.48
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with a Physica MCR301 (Anton Paar GmbH). The properties 
of the oils are given in Table 2 [26].

1.4 � Dynamic contact angle measurements

1.4.1 � General procedure

In this study SiO2 (QSX 303, Q-sense) coated quartz crystal 
microbalance sensors were used as received. Prior to each 
experiment the crystals were rinsed with toluene (VWR, 
98%) followed by milli-Q water. Next, the crystals were 
dried with air and placed in 20,000 ppm aqueous sodium 
dodecyl sulfate solution for at least 30 min. Afterward the 
crystals were rinsed with milli-Q water and dried with air 
again [27, 29–32]. The custom-made crystal holder, Fig. 1a, 
was used to set the crystal horizontally stable inside the 
glass chamber and keep it submersed in solutions.

In most of the experiments, a clean and dry crystal was 
used for dynamic contact angle measurements whereas 
for a few experiments, crystals were aged in the crude oil 
for 48 h at ambient temperature and dried before start-
ing the measurement. The prepared crystal was inserted 
in the holder while the crystal was flipped upside down. A 
multistep procedure was followed for measuring dynamic 
contact angle in different rock/oil/brine systems. These 
steps are discussed below in detail.

1.4.2 � Procedure of low salinity experiments

Step (1): Depending on the type of the measurement, 
about 6 ml of HS or MS brine solution was introduced into 
the glass chamber until the silica surface was submersed 
in the solution.

Step (2): Through the hooked needle, as shown in 
Fig. 1b, a crude oil drop was injected and then it was 

released from the needle tip. Due to the lower density of 
oil drop, it rose upward until it approached into contact 
with the surface of the silica crystal.

Step (3): Surfactant or combined LS-surfactant solu-
tion or milli-Q water was injected by Atlas Syringe Pump 
(Syrris, UK) into the glass chamber whereas the injection 
rate was fixed at 1 ml/min.

These three steps were repeated with different solu-
tions for running LSWF and LSW–SF measurements as 
discussed below.

To investigate the effect of different cations on the 
change in dynamic wetting behavior during applying 
low salinity flooding, the following injection sequence 

Table 2   Composition and 
properties of the crude oils 
(TAN/TBN = total acid/base 
number) [26, 27]

*Value below detection limit of the method

**Not detectable because of resin precipitation on the electrode

Composition (wt%) Crude A Crude B Crude C Crude D

Saturates 61.2 73.9 52.5 82.5
Aromatics 32.4 22.7 34.6 16.7
Resins 4.9 2.6 12.7 0.7
Asphaltenes 1.5 0.9 0.2 0.1
Physical properties
 TAN (mg KOH/g) 1.08 < 0.1 * 2.46 < 0.1*
 TBN (mg KOH/g) 1.16 ± 0.35 0,56 ± 0,14 –** 0.18 ± 0.03
 Density (g/cm3) at 15 °C and 60 °C 0.8582 0.8519 0.8909 0.8045

0.8252 0.8204 0.8593 0.7703
 API gravity (°API) 33.4 34.5 27.3 44.3
 Viscosity (mPas) at 20 °C and 60 °C 19.90 19.00 133.00 3.85

4.07 3.48 23.10 1.52

Fig. 1   a Left picture: The glass chamber and its custom-made crys-
tal holder. b Right picture: The schematic of placing oil drop on the 
surface of silica crystal by hooked needle
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was applied for two MS brines, MS1 and MS2, and four 
crude oils.

Step (1): About 6 ml of MS brine solution was intro-
duced into the glass chamber.
Step (2): A crude oil drop was injected on the surface 
of the silica crystal.
Step (3): 6 ml of milli-Q water was injected to dilute 
the MS brine.

The final compositions of brines for low salinity injec-
tions are listed in Table 3. The final amount of total dis-
solved solids (TDS) after dilution with pure water would 
be about 3250 and 2000 ppm for MS1 and MS2, respec-
tively which are below the limit reported for low salinity 
water flooding (5000 ppm) [30].

1.4.3 � Procedure of combined low salinity and surfactant 
experiments

Dynamic contact angle measurements during LSW–SF 
were conducted for four crude oils and two HS brines, 
HS1 and HS2, by following order.

Step (1): About 6 ml of HS brine solution was injected 
into the glass chamber.
Step (2): A crude oil drop was placed on the surface 
of the silica crystal.
Step (3): To compare and discuss the results in context 
of total brine salinity and cation type, some experi-
ments were run by injection of 4 ml of 1000 ppm 
SDBS solution in pure water and some measurements 
were conducted by injection of 4 ml of the combined 
LS1-surfactant solution into the glass chamber. The 
final compositions of brines for surfactant flooding 
and combined low salinity and surfactant injections 
are listed in Table 4.

1.4.4 � Capturing of contact angles

The contact angles were captured at brine-silica crystal-
crude oil interface at room temperature (22 °C ± 1) by 
using an Optical Contact Angle Meter equipped with a 
computer-controlled high-speed camera (CAM 200, KSV 
Instruments, Finland). The contact angle for an oil drop 
on a surface in a surrounding fluid of water is measured 
outside the oil droplet in the water [33]. Images were taken 
for each 2 s and contact angles were determined by image 
processing of the angles of the oil droplet profile by fitting 
the classical Young’s equation as:

where �ow is the contact angle between oil and water. 
�so , �sw , and �ow are the solid-oil surface tension, solid-
water surface tension, and oil–water interfacial tension, 
respectively.

1.4.5 � Line tension determination

The line tension is defined as the work of forming a contact 
line of unit length and considered as extra tensile force 
acting on the three phase line [34, 35]. As the Young’s 
equation has been derived without considering the effects 
of the three-phase contact line, line tension has been con-
sidered in the modified Young’s equation as:

where σ is the line tension of the three-phase contact line. 
Rd is the radius of contact line [35]. Equation (2) shows that 
the oil–water contact angle depends on the drop size. Plot-
ting of cos�ow versus 1/Rd can be depicted by measuring 

(1)�owcos�ow = �so − �sw

(2)cos�ow =
�so − �sw

�ow
−

�

�ow

1

Rd

Table 3   Final compositions of brines in dynamic contact angle 
measurements for low salinity injections

Composition MS1–mQ water 
(ppm)

MS2–mQ 
water 
(ppm)

Injection systems
 Ca2+ 0 723
 Mg2+ 0 0
 Na+ 1278 0
 Cl− 1972 1277
 TDS 3250 2000
 Ionic strength (mol/L) 0.055 0.055

Table 4   Final compositions of brines in dynamic contact angle 
measurements for surfactant flooding and combined low salinity 
and surfactant injections

Composition Injection systems

HS2–SDBS (ppm) HS1–LS1–
SDBS 
(ppm)

HS2–LS1–
SDBS 
(ppm)

Ca2+ 975 0 975
Mg2+ 77 0 77
Na+ 4718 734,9 5454
Cl− 9227 11,338 10,362
SDBS 400 400 400
TDS 15,397 19,087 17,268
Ionic strength (mol/L) 0.29 0.32 0.32
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oil–water contact angle over time whereas the drop radius, 
Rd , is changing during the measurement.

Therefore, line tension, σ, can be calculated from the 
slope, −�

�ow
 , of the plot. Unlike the situation of surface and 

interfacial tension, line tension can be positive or negative 
[36]. The sign of the line tension will be determined by the 
slope of the line; a positive slope will result in a negative 
line tension and a negative slop indicates a positive line 
tension [35]. Positive line tension recognizes as a compres-
sive force which operates to minimize the total length of 
the three-phase contact line whereas a negative line ten-
sion would instruct an increase in contact angle with 
increasing drop size [37].

1.5 � Interfacial tension measurements

Interfacial tension measurements were conducted 
between crude oil A and dissolved surfactant at concen-
tration of 400 ppm in various NaCl brines. The salinity scan 
was conducted for a range of NaCl concentration ranging 
from 4000 ppm to 20,000 ppm NaCl. IFT values were meas-
ured at 22 °C ± 1 with a Spinning Drop Video Tensiometer, 
SVT20 (DataPhysics Instruments GmbH, Germany). A Fast 
Exchange Capillary (FEC 622/400-HT) was filled with the 
aqueous solution by a syringe and thereafter closed with a 
screw lid with PTFE septum. The capillary was inserted into 
the tensiometer and a single drop of the oil was injected 
into the capillary with a syringe. Rotation of the capillary 
was started and increased to gain a free and cylindrical 
or elliptical drop. The SVTS 20 IFT software was used to fit 
the profile of the drop and to calculate the IFT according 
to the method of Cayias, Schechter, and Wade (CSW) [26].

1.6 � Surface excess concentration determination

The surface excess concentrations in LS1, LS2, MS1 and 
MS2 were determined at room temperature (22 °C ± 1) by 
measuring the surface tension of a surfactant concen-
tration series at air/water interface. Surface tension was 
measured using a Du Noüy Platinum Ring Tensiometer, 
Sigma 70 (KSV Instruments, Finland). The surface excess 
concentration calculated from the slope of the regression 
straight line of the linearly dependent region between the 

surface tension and surfactant concentration based on the 
following equation [38].

where Γ is the surface excess concentration, d�

dlnC
 is the 

slope of the regressed straight line when surface tension 
plotted versus surfactant concentration, R is the universal 
gas constant and T represents the absolute temperature.

1.7 � Displacement measurements

Four displacement experiments were conducted for crude 
oil A by following order.

Step (1): Four Berea sandstone core plugs were 
extracted from two sandstone blocks. The plugs were 
first cleaned with methanol and dried in a heating oven 
at 60 °C for 1 week. The dimensions, porosities, and cor-
rected air permeability (Kair) were then measured.
Step (2): Irreducible water saturations (Swi) with two 
high salinity brines denoted HB1 and HB2, similar to 
high salinity bines used in dynamic contact angle meas-
urements, were established by porous plate. The plugs 
were aged at 80 °C for three weeks right after drainage 
by porous plate and then mounted into a core holder 
in a flooding rig. The oil relative permeabilities were 
measured at Swi before flooding experiments. The plug 
properties are listed in Table 5.
Step (3): Two low salinity brines (LB1 and LB2), and low 
salinity surfactant solutions (S1 and S2), were consecu-
tively injected in core flooding experiments. Injection 
rate was maintained at 0.2 ml/min. All the flooding 
experiments were performed at 60 °C and a back pres-
sure of 4.5 bara. Compositions of the brines in core 
flooding tests are given in Table 6.

2 � Results and discussion

2.1 � Low salinity brine systems

Figures 2 and 3 show the dynamic contact angles for two 
low salinity brine systems with different cations Na+ and 

(3)� = −
1

RT

d�

dlnC

Table 5   Properties of the core 
plugs

No. Block # L (cm) D(cm) Kair (mD) Ø (%) Swi (%) Ko (mD) at Swi

1 6 9.94 3.80 309 15.5 23.3 233
2 6 9.94 3.75 391 15.9 22.9 383
3 14 9.89 3.82 34 15.6 23.5 41
4 14 9.86 3.83 21 16.6 25.6 25
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Ca2+. Sodium low salinity system showed lower initial con-
tact angles than calcium low salinity brine for all the crude 
oils. Linear equations were fitted to the plots of cos�ow 

versus 1/Rd data. Line tension to IFT ratios were calculated 
from the slope of the regressed lines. These ratios for low 
salinity brines with sodium and calcium are given in Fig. 4. 
Moeini et al. [39] showed Ca2+ increases the IFT values. 
Therefore, higher line tension to IFT ratios for calcium low 
salinity brine indicates higher line tension values were 
obtained in presence of calcium. Saini et al. [24]. showed 
that the extent of line tension has a direct correlation with 
the oil/surface adhesion interaction. Thus, the calcium low 
salinity brine system shows higher adhesion between the 
oil and crystal surface than sodium low salinity system.

The higher initial contact angles and adhesion between 
the oil and crystal surface in the low salinity solution with 
calcium comparing to the sodium low salinity system can 
be explained by acting acid/base interaction in sodium 
low salinity solution and ion-binding mechanism in the 
calcium brine system. Above pH 2, silica surface develops a 
negative charge and positively charged nitrogen bases can 
adsorb onto silica through a water film. The impact of the 
DLVO forces including electrical and van der Waals forces is 
most significant in stabilizing the thin water film between 
surface and crude oil in the presence of sodium low salin-
ity brines [40]. Stabilizing this thin water film between 
crude oils and silica surface through acid/base interaction 
could be the reason of more water wet initial condition for 
the sodium low salinity system. Ca2+ ions act as a bridge 
between the surface-active components from the crude 
oil and the negatively charged silica surface [41] in the 
calcium low salinity system. As some of the water-soluble 
polar compounds in the crude oils can diffuse through 
the calcium water film and can be adsorbed onto the sur-
face [42], the higher initial contact angles and adhesion 
between the oil and crystal surface were observed for the 
calcium low salinity system.

Table 6   Composition of brines in core flooding tests

Fluid SDBS (ppm) NaCl (ppm) CaCl2·2H2O 
(ppm)

TDS (ppm)

HB1 – 32,500 – 32,500
HB2 – 30,875 1362 32,237
LB1 – 3250 – 3250
LB1 – 3087 136 3224
S1 500 3250 – 3750
S2 500 3087 136 3724

Fig. 2   Dynamic contact angles for four crude oils and low salinity 
brine system with Na+

Fig. 3   Dynamic contact angles for four crude oils and low salinity 
brine system with Ca2+

Fig. 4   Line tension to IFT ratios for four crude oils and low salinity 
brine systems with Na+and Ca2+
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The water wettability increased slightly over the time 
for all the crude oils and both sodium and calcium low 
salinity systems. According to Eq. 2, as the radius of the 
three-phase contact line, Rd , increases over time, contact 
angle will decrease when the line tension to IFT ratio is 
positive. Therefor the positive line tension to IFT ratios in 
Fig. 4 indicate wettability alteration toward more water 
wet conditions for both sodium and calcium low salinity 
systems.

Decreasing the salinity of brine due to injection of pure 
water during conducting of the sodium low salinity experi-
ments, results the expansion of the diffuse double layer 
between the silica surface and oil interfaces which facili-
tates the release of organic materials and consequently 
increases the water wettability [43]. The intermolecular 
forces in presence of calcium comprise of van der Waals, 
electrostatic and hydration forces. The van der Waals forces 
are attractive, while electrostatic forces are repulsive 
between the interfaces. The hydration forces can be either 
a hydrophilic effect for a surface such as clean quartz or 
a hydrophobic effect for a surface with an organic coat-
ing. Combination of these three forces is identified as the 
disjoining pressure that tends to separate the oil/water 
and water/solid interfaces. The stability of the water film 
in the calcium low salinity systems is dependent on the 
magnitude of the disjoining pressure [42]. Dilution of cal-
cium brine solution by injection of pure water, prompts 
the magnitude of repulsive forces against the attractive 
forces which results higher disjoining pressure and conse-
quently more stability of the water film. Hence, the silica 
surface shows more water-wet condition in the calcium 
low salinity system by the lower contact angle values.

Presence of calcium causes higher adhesion between 
the oil and surface, but on the other hand, as the slope of 
cosθow versus 1/Rd is higher for calcium, considering an 
equal change in Rd will cause higher change of contact 
angle towards more water wet condition in calcium low 
salinity system than in sodium low salinity.

2.2 � Surfactant flooding and combined low salinity 
and surfactant injection systems

As shown in Fig. 5, contact angle increased over time for 
both surfactant flooding (HS2–SDBS), and combined low 
salinity and surfactant injection (HS2–LS1–SDBS). How-
ever this increasing trend in contact angle measurement 
appears to contradict the general view that the wettability 
alteration to water wet condition is crucial to EOR [6], it has 
been reported as an indication for improving oil recovery 
by some researchers [44–46] and was related to reach a 
low IFT value below the critical spreading tension [47].

The increasing of contact angle in presence of sur-
factant can be explained by two mechanisms. The first 

mechanism is induced by a disparity in the surface and 
interfacial tensions at the three-phase contact line during 
the early-times [48]. Surfactant adsorbs at the brine\solid 
and at the oil\water interfaces. Surfactant adsorption at 
these interfaces leads to decrease the brine\solid surface 
tension and oil\water interfacial tension. Thus �sw , and �ow 
are changing before drop spreading whereas �so is con-
stant. The oil drop spreading is driven by the unbalanced 
capillary force on the three-phase contact line and the 
contact angle increases with time as the droplet spreads. 
The oil droplet will spread until the balance between 
the surface tensions at the three-phase contact line are 
restored [48].

The second mechanism of increasing contact angle is 
due to the Marangoni effect. As shown in Fig. 6a, the oil 
droplet surface area is larger at the edges; consequently, 
transferring of surfactant molecules from the aqueous 
phase to the oil\water interface is promoted at the drop-
let edge. Therefore, the surfactant concentration becomes 
much higher at the droplet edges relative to the top of 
the droplet, which reduces the IFT there. The resulting 
IFT gradient induces Marangoni flow from the contact 
line toward the droplet top [48, 49]. Marangoni stresses 
induce extra shear stresses at the three-phase contact line. 
These induced shear stresses stimulate spreading of the oil 
droplet over the silica surface [49] as was shown in Fig. 6b.

The Marangoni flow is directly proportional to the IFT 
gradient and inversely related to the oil viscosity [50] as 
given by

(4)
�Uz

�r
+

�Ur

�z
=

1

μo

dγow

dr

Fig. 5   Dynamic contact angles for surfactant flooding and com-
bined low salinity (LS1) and surfactant injection at calcium brine 
system (HS2)
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Here, Uz and Ur are the velocity components along the axial 
and radial directions as was shown in Fig. 6a, b. μo is the 
oil viscosity. The IFT gradient with respect to r is propor-
tional to the IFT gradient with respect to the surfactant 
concentration. The higher IFT gradient is supposed when 
the surfactant concentration, C , is higher and the radius of 
the oil drop, Rd , is lower. Since the IFT gradient with respect 
to r can be predicted as:

Replacing the logarithm of surfactant concentration 
in the Eq. (5) and inserting of the surface excess concen-
tration, Γ , from the Eq. (3) into the rearranged equation 
gives the relationship between the IFT gradient with 
respect to r and the surface excess concentration as:

Hence, by replacing Eq. (6) into Eq. (4), the velocity 
of Marangoni flow will be related directly to the surface 
excess concentration by the following equation:

(5)
d�ow

dr
=

C

Rd

d�ow

dC

(6)
d�ow

dr
= −

RT�

Rd

A Schematic diagram of different forces working along 
the contact line with their respective directions is shown 
in Fig. 7. σ∞ is line tension corresponding to an infinitely 
large drop and supposed to be positive in Fig. 7. As the 
IFT gradient is as an extra tensile force on the three-phase 
contact line, for the equilibrium of the oil drop, IFT gradi-
ent should be included in the force balance of the horizon-
tal direction. Applying IFT gradient in the force balance in 
the horizontal direction and replacing it from Eq. (6), gives 
the modified Eq. (2) as:

Plotting of cos�ow versus 1/Rd for injections with sur-
factants doesn’t give a proper linear fit. The deviation can 
be corrected by considering the Tolman’s correction [51, 
52] as:

Replacing line tension in Eq. (8) with the Tolman’s cor-
rected line tension form gives a second-order correction 
to Young’s equation as:

The second order polynomial equations were fitted to 
the plots of cos�ow versus 1/Rd data for surfactant and com-
bined surfactant and low salinity flooding experiments. 
Line tension to IFT ratios were calculated from the second 
coefficient of the regressed equation which are given in 
Table 7. The negative line tension to IFT ratios in Table 7 
show negative line tensions in presence of surfactant 
solution. Table 7 also shows larger negative line tension 
to IFT ratios as the higher ion strength and calcium content 
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Fig. 6   a Left picture: Higher IFT at the droplet top generates 
Marangoni forces from the contact toward the top of the droplet. 
b Right picture: Surfactant absorption lowers the oil–silica crystal 
contact angle, inducing the spreading of the droplets over the silica 
surface

Fig. 7   Schematic diagram of different forces working along the 
contact line with their respective directions
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present in brine. The reduction of the line tension to IFT 
ratios for surfactant injections at higher ion strength and 
calcium content is due to two different effects. First at early 
time, when the IFT gradient is increased, �sw , and �ow are 
decreased, and �so is almost constant (Surfactant doesn’t 
exist at the oil\solid interface), the line tension decreases 
and becomes more negative to balance the surface ten-
sions at the three-phase contact line. Second, while the 
IFT is reduced due to the compression of the oil\water 
interface with higher amount of surfactant molecules. The 
combination of both effects reduces the value of the line 
tension to IFT ratio.

According to Eq. (2), as the initial contact angle 
between the oil and water is higher after aging the sur-
face with oil, line tension to IFT ratio will increase as the 
oil–water contact angle corresponding to an infinitely 
large drop is approaching to 180° in presence of sur-
factant. Therefore, the line tension to IFT ratios for the 
aged samples are higher than others and close to zero 
which indicates free movement of the contact line [24]. 
Surface tension was plotted versus surfactant concen-
tration in different brine systems as shown in Fig. 8. The 

surface excess concentration values listed in Table  8 
which were calculated from the slope of the regressed 
straight lines in Fig. 8 by using the Eq. (3). Comparing 
the �  results at LS1/4 (diluted LS1 by fourfolds) and LS1 
indicates the higher amount of surfactant molecules 
presents at the interface when the salinity is higher. The 
higher �  value at higher ion strength can be explained 
by reduction of repulsion between the surfactant mol-
ecules and allowing them to approach closer to each 
other [53] which leads to lower IFT values [27] as was 
shown in Fig. 9. Compressing the oil\water interface with 
higher amount of surfactant molecules is stronger in 
presence of calcium ions [54, 55]. Therefore at the same 
ion strength, e.g. comparing LS1/4 and LS2/4 or LS1 and 

Table 7   Line tension to IFT 
ratios for four crude oils and 
different surfactant systems

Oil HS2–SDBS (mm) HS1–LS1–SDBS (mm) HS2–LS1–SDBS (mm) HS2–LS1–
SDBS 
(mm)

A − 3.95 − 6.80 − 11.47 − 0.04
B − 4.72 − 6.03 – − 0.04
C − 0.36 − 3.87 − 5.64 − 0.05
D − 0.19 − 9.31 − 15.64 − 0.39
Ionic strength 

(mol/L)
0.29 0.32 0.32 0.32

Remark Non aged Non aged Non aged Aged

Fig. 8   Surface tension as a function of SDBS in different brine sys-
tems

Table 8   The �  values at 
different salinity conditions 
calculated by the Eq. (1)

Brine �  × 106 
(mol/m2)

LS1/4 3.10
LS2/4 3.78
LS1 3.53
LS2 3.89

Fig. 9   IFT values between 400 ppm SDBS solution and different oils 
at 22 °C
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LS2, the Γ values are higher for the brine systems con-
taining calcium.

For a very large drop (i.e., when Rd approaches to infin-
ity), the Rd dependence terms in the right-hand side of Eq. 
(10), − �∞

�ow

1

Rd

−
c

�ow

1

R
2

d

 , vanishes and by rearranging the equa-

tion, surface excess concentration can be obtained as

where θ∞ is the contact angle corresponding to an infi-
nitely large drop. Obtaining the cos�ow from fitting the sec-
ond order polynomial equation to the plot of cos�ow versus 
1/Rd data and assuming IFT and θ∞ to be 0.24 mN/m and 
180°, respectively, the surface excess concentration ( Γ ) is 
approximated from Eq. (11) to 3.9 × 10−6 mol/m2 for crude 
oil A and HS2–LS1–SDBS system. This estimate agrees quite 
well with the surface excess concentration values listed in 
Table 8. The required time for the oil drop to gradually flat-
ten out and spreading on the surface is defined as spread-
ing time. Figure 10 shows a positive correlation between 
the spreading time and the line tension to IFT ratio. Com-
paring the graphs in Fig. 10 shows the shortest spread-
ing times for the combined low salinity and surfactant 

(11)� =
�ow

2�RT

(

cos�∞ − cos�ow
)

injection system with calcium (HS2–LS1–SDBS). The spread-
ing time increased in the combined low salinity and sur-
factant injection system with sodium (HS1–LS1–SDBS) and 
reached the maximum value in the surfactant injection 
system (HS2–SDBS).

The work of adhesion which is the required work to 
separate a drop of liquid from the solid is related to the 
IFT and contact angle by Young–Dupre equation [56] as:

Replacing the cos�ow from the Eq. (11) into Eq. (12) gives:

Based on the Eq. (13), the lower IFT, the higher �∞ , and 
the higher surface excess concentration results the lower 
adhesion work. Hence the spread oil on the surface devel-
ops a free oil film which can be removed easily from the 
surface by some viscos forces as the work of adhesion,Wa , 
approaches to zero when the contact angle corresponding 
to an infinitely large drop,�∞ , approaches to 180°.

The liberty of the spread oil drop was experimentally 
confirmed by conducting the same contact angle meas-
urement on the 20° tilted crystal. Injection of the com-
bined surfactant and low salinity solution converted the 
oil drop to moveable oil film which was gradually moved 
up and produced by assistance of gravity force.

The core flooding results showing oil recovery of 
LSW–SF are given in Table 9. For high permeability, plugs 
1 and 2, the LSW–SF with calcium resulted in 4.6% of addi-
tional oil recovery from residual oil after LSWF (ROA-LSWF). 
For low permeability range, samples 3 and 4, also 3.4% 
higher oil recovery was achieved with sample contained 
calcium, sample 3. Therefore, considering the effect of cal-
cium, there is a good agreement between dynamic con-
tact angle and core flooding results.

Most of the surfactant molecules stays in the aqueous 
phase at low salinity brine system and, therefore, only 
small quantity of surfactant has impact on the interface 
or oil phase. At high salinity brine, the surfactant mole-
cules preferentially dissolve into the oil phase and, hence, 

(12)Wa = �ow
(

1 + cos�ow
)

(13)Wa = �ow

(

1 + cos�∞ −
2�RT�

�ow

)

Fig. 10   Spreading time versus IFT ratios for four crude oils and HS2–
SDBS, HS1–LS1–SDBS and HS2–LS1–SDBS systems

Table 9   Comparison of oil recoveries after sequential injection of LSWF and LSW–SF in core flooding tests

Plug No. In-situ brine 1st injection 
(LSWF)

Residual oil saturation 
after LSWF (%)

2nd injection 
(LSW–SF)

Residual oil saturation 
after LSW–SF (%)

Oil recovery of 
LSW–SF (%ROA-
LSWF)

1 HB1 LB1 37.2 S1 34.9 6.2
2 HB2 LB2 36.3 S2 32.4 10.8
3 HB1 LB1 42.5 S1 38.6 9.3
4 HB2 LB2 42.9 S2 37.5 12.7
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a small amount stays in the aqueous phase or interface 
whereas the surfactant concentration is the same in oil 
and water phase at intermediate salt concentration [5].

As it was shown in Fig. 10 and Table 6, the combined 
surfactant and low salinity system, HS2–LS1–SDBS, showed 
the shortest spreading time and expected to have the 
highest surface excess concentration which leads to the 
higher IFT gradient and Marangoni flow.

In our experiments, the combined surfactant and low 
salinity system, contains higher total salinity comparing 
to the other measurements but as the salinity is still lower 
than optimal salinity, lower line tension to IFT ratio was 
observed. In real case, as formation’s brine usually con-
sists of high salt concentration in many reservoirs, apply-
ing LSW–SF can lead to intermediate salinity brines and 
consequently better EOR conditions.

The results of the IFT measurements, the calculated sur-
face excess concentrations, and core flooding tests are in 
agreement and consistent with the spreading times and 
line tension to IFT ratios obtained from the independent 
contact angle measurements, confirming that oil recovery 
increases as line tension to IFT ratio decreases. Consider-
ing line tension to IFT ratios through running the dynamic 
contact angle experiments offers a pretty fast technique of 
evaluating and comparing the vital experimental factors 
for EOR prior to conducting more time-consuming core 
displacement tests.

3 � Conclusions

An experimental study has been carried out to investigate 
the dynamic contact angle alteration for combined low 
salinity brine injection and surfactant flooding on silica 
surface, which revealed the following conclusions.

Dynamic contact angle studies appear that slightly 
wettability alteration towards more water wet condition 
during LSWF measurements is governed by at least two 
factors including the expansion of the diffuse double layer 
between the silica surface and the oil interfaces as well as 
the stability of the water film by increasing the disjoining 
pressure. Expansion of the diffuse double layer is domi-
nant when the acid/base interaction is acting in presence 
of sodium low salinity solution whereas increasing the dis-
joining pressure is leading when the ion-binding mecha-
nism presents particularly in the calcium brine system.

Contradict to the general view that the wettability alter-
ation to water wet condition is essential to EOR, the con-
tact angle between oil and water can increase by injection 
of surfactant solutions which indicates the lower required 
adhesion work to separate the oil film from the surface.

The experimental contact angle data between oil and 
water were studied with the modified Young’s equation, 
which considers the effect of line tension on the contact 
angle as a correction. The analysis of line tensions yields 
negative values for surfactant injections and positive line 
tensions for low salinity brine injections. The negative sign 
of the line tension leads to a lower stability limit for oil 
drop and shorter spreading time.

The ratio between line tension and IFT is a key param-
eter in determining the efficiency of the water/oil desorp-
tion process, with the spreading time decreasing and oil 
recovery increasing as larger negative line tension to IFT 
ratios achieved.

The results of contact angle measurement on the tilted 
crystal, IFT measurements, line tension to IFT ratio calcu-
lations, and core flooding tests has enabled us to confirm 
that the spread oil in presence of surfactant is a free oil and 
can be produced by assistance of some viscos forces. The 
oil spreading behavior is related to the IFT gradient and IFT 
reduction as was predicted by the developed equations.
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