
Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

Full Length Article

Impact of water salinity differential on a crude oil droplet constrained in a
capillary: Pore-scale mechanisms
Lifei Yan, Hamed Aslannejad, S. Majid Hassanizadeh, Amir Raoof⁎

Department of Earth Sciences, Environmental Hydrogeology Group, Utrecht University, 3584 CB Utrecht, The Netherlands

A R T I C L E I N F O

Keywords:
Low-salinity effect
Oil droplet movement
Osmotic pressure
Contact angle change
Water diffusion
Water-in-oil emulsification

A B S T R A C T

Low-salinity water flooding can be effectively used for enhanced oil recovery. Given the complex physical and
chemical processes involved, several controlling mechanisms have been proposed to describe oil re-mobilization
in the presence of water solution with low salinity. Osmosis and water-in-oil emulsification are among these
mechanisms. However, our current knowledge about these processes is limited and their associated time scales
are not well understood.

In this study, we have used 11 capillary tubes with an inner diameter of 800 µm to inject a sequence of low-
salinity water, crude oil, and high-salinity water phases and to observe the evolution of the system. The mon-
itoring was done for a period of 40 days. We used two setups, a CMOS camera and a confocal laser scanning
microscopy, to capture dynamics of the oil droplet re-mobilization as well as the 2D/3D water–oil interfaces.
Additionally, microscopic pore pressures were directly measured at both low and high-salinity water phases
containing the oil droplet using two fiber-optic sensors.

We observed that in the water-wet capillaries the oil droplet moved a distance of about 524 µm. The contact
angles at both low and high-salinity water interfaces with crude oil gradually decreased by 34.32° and 18.23°,
respectively, during the first 15 days. We found that the pressure difference between high/low-salinity water
phases reached a plateau with a maximum value of 1.65 kPa during a period of 24 days. Further, based on these
changes and their time scales, we propose a hypothesis about emulsification and water diffusion through the oil
phase.

1. Introduction

With the continuous exploitation of oil and gas fields, the applica-
tion of enhanced oil recovery (EOR) has increased considerably in re-
cent decades due to its potential to increase oil recovery by up to 60%
of the original oil-in-place (OOIP) [1,2]. The three main techniques of
EOR include gas injection, thermal injection, and chemical injection.
For the application of the third technique, engineers consider low-
salinity water flooding (LSWF) as a low-cost, effective, and more en-
vironmentally friendly technology. Compared with conventional and
high-salinity water flooding, LSWF can improve oil recovery by about
5–38% based on the results from laboratory and field tests [3,4]. For
instance, BP ran a field test of single-well chemical tracer tests (SWCTT)
using low-salinity water injection in Alaska North Slope. It turned out
that residual oil saturation substantially reduced and the corresponding
oil recovery increased from 6 to 12% [5].

Although several lab tests and field applications proved the poten-
tial and efficiency of LSWF, the underlying mechanisms are still very

controversial. Through the past 20 years, around 13 different re-
sponsible mechanisms have been proposed by researchers [6–8], in-
cluding: (1) fine migration and mobilization [9], (2) wettability al-
teration [10], (3) reduced interfacial tension and increased pH effect
[5,11,12], (4) multi-component ion exchange (MIE) [13], (5) double
layer expansion [14], (6) emulsification and micro-dispersion [15], (7)
osmotic pressure [16]. Various mechanisms responsible for the salinity
effect have been comprehensively described in the above and other
literature [17–19]. In the complicated brine/rock/crude oil system
several mechanisms can act either individually or collectively towards
oil re-mobilization. Wettability alteration is a widely accepted process.
However, it is a follow-on phenomenon caused by multiple factors such
as clay particles, pH, multi-ion exchange, pressure change, temperature
change, and salt concentration. For instance, according to the theory of
multi-ion exchange, absorbed divalent cations on the rock surface, such
as Ca2+ and Mg2+, can be replaced by the hydrogen ions as a result of
local pH increase [12]. This exchange enhances the release of fines,
and, therefore, decreases the rock permeability [20]. Furthermore, the
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pH increase leads to the reduction of oil–water interfacial tension and
spontaneous water–oil emulsification [21]. At the same time, the saline
water with lower ion strength enhances the electrostatic repulsion and
double layer expansion, which increases the thickness of the water film
located between oil and the rock surface. This process can alter the
wettability toward a water-wet behaviour and may stabilize water–oil
emulsion droplets [22,23]. The presence of several mechanisms shows
that the low-salinity effect may not be explained using a single me-
chanism.

The fluid–fluid-solid interactions play a critical role in low-salinity
effect, especially at the pore scale. Often, small influences induced by
salinity concentration gradient and water–oil emulsions are ignored
during low-salinity water flooding experiments in favour of other in-
volved processes [24–26]. However, these processes can significantly
change the rock wettability and oil movement in time period of days.
Although some researchers [27–29] studied small changes of contact
angle of water/oil under different salinities, the time scale of water–oil
emulsion and osmotic gradient is not clear. Obviously, the contact time
scale in reservoirs is much larger than an experimental period. For in-
stance, the experimental period for pore-scale displacement and core
flooding experiments is several minutes to hours, which may not be
sufficiently large to observe the formation of water–oil emulsion and
dynamic changes of the contact line.

Clearly, a real water–rock system is far more complicated than our
system. The formation rocks contain various pore structures and com-
plex minerals that provide numerous properties for capillary walls such
as roughness, wettability, and electric charge [30,31]. These properties
impact oil re-mobilization and water wetting actions on different scales
[32,33]. Wettability of capillary walls, for example, can cause changes
in oil/water displacement in micro-fluidics [34,35]. To provide con-
sistent interpretations, we have used a simple setup under laboratory
conditions by considering a uniform and clean solid surface to avoid the
effect of other factors which otherwise can cause misinterpretation due
to the unobserved mechanisms. In our study, to evaluate the con-
tribution of osmosis and emulsification at the pore-scale, two aspects
need attention: i) emulsion generation and water diffusion in the oil
phase, ii) the effect of water–oil emulsion and chemical osmotic gra-
dient on movement of the oil phase. In the following, we discuss these
two aspects.

(i) Emulsion generation and water diffusion in the oil phase: in the
application of low-salinity water flooding in a field, the water/oil
emulsification and water micro-dispersion in oil are generally con-
sidered as the important contributors for boosting oil recovery [36,37].
In an environment with low ion strength, due to the double layer ex-
pansion, surfactants and clay particles can act as emulsifiers causing oil
release and/or its detachment from the solid surfaces [38,39]. When the
crude oil is in contact with water, the polar components in the crude oil,
such as naphthenic acids, resins and asphaltenes, are adsorbed at the
phase interface which could bond with water molecules and produce
water-in-oil emulsions [40,41]. The polar portion, OH–, attracts water
molecules through hydrogen bonding to form a hydrophilic head
(water-like) toward the aqueous phase. The non-polar portion is a hy-
drophobic tail (oil-like) orientating toward the oil phase [42]. Conse-
quently, a water-in-oil reverse micelle is formed (Fig. 1). A typical re-
verse micelle has a spherical shape with a size of ~ 50 Å and is made of
about 100 surfactant molecules [43].

Miller (1988) discussed the water-in-oil spontaneous emulsification
by diffusion in a ternary system consisting of water, a hydrocarbon, and
surfactant [44]. Diffusion could lead to emulsification resulting in a
region of local super-saturation for reaching an equilibrium state when
aqueous and oleic phases with surfactant are brought into contact with
each other. Emadi and Sohrabi (2013), using magnified images, ob-
served that water micro-droplets formed in the crude the oil phase close
to the interface [15]. They hypothesized that micro-dispersion of water,
due to low-salinity water injection, was responsible for oil recovery.
Evidences in the literature show that low-salinity water can accelerate

the formation of water-in-oil emulsion and can increase water content
of the oil [45,46]. Aldousary and Kovscek (2019) described that water
hydrated ions can dissolve within the crude oil to reach to the equili-
brium condition [39]. The solubility limit not only depends on crude oil
type but also on brine salinity. As time passes, progressively more re-
verse micelles generate nearby interface to drive spontaneous emulsi-
fication [36,47].

Mokhtari and Ayatollahi (2019) determined that salinity can sig-
nificantly affect the physical properties of the oil phase around the
water–oil interface, e.g. pH, viscosity and density. In their experiments,
they found a large number of emulsions after water and crude oil were
in contact for a period of 45 days [48]. For the contact with lower
salinity water (10 times diluted seawater), the dissolution of naphthenic
acid in water and the formation of water-in-oil emulsion both in-
creased, which caused a decrease of aqueous phase conductivity and pH
by 22% and 6%, respectively. Meanwhile, microscopy imaging showed
that water content in the oil phase was 3.95%, which was higher by
1.97% compared to its value for oil in contact with undiluted seawater.
Additionally, the interface showed a rag-shape form due to the emul-
sion formation and asphaltene agglomerates, and a nearby increase of
crude oil density.

To explain better the relationship between water content and brine
salinity, we have plotted the relationship between brine salinity and
water content in oil in Fig. 2 based on data from three studies listed in
Table 1.

As shown in Fig. 2, in general, oil water-content decreases with the
increase of salinity, however, may have a non-monotonic behaviour. Up
to a salinity of about 6,600 ppm, water content decreases sharply from
7.34% to 0.66% with the increase of salinity. As the salinity increases
up to about 40,000 ppm, water content increases to about 2% and then
remains almost constant with a slight decrease. It is indeed known that,
in a low-salinity water environment, when the salinity is less than a
threshold value, there is a higher water content in the oil phase [25,48].

Alternatively, the interfacial tension (IFT) gradually increases with
the increase of salinity [26,48,50–52]. Rostami (2019) performed
micro-model experiments, and found the oil–water interface with two
times diluted formation water had the largest number of asphaltene
particles, and the interfacial tension was lowest compared to the results
with higher water salinities [46]. When slightly increasing water sali-
nity, e.g., adding a small amount of salt to pure water, the ions tend to
interact with the polar components, and this causes IFT to decrease and

Fig. 1. Schematic diagram of a water-in-oil reverse micelle. The natural sur-
factant in crude oil typically has hydrophilic groups (their heads shown in or-
ange colour) and hydrophobic groups (their tails shown in black colour),
meaning it contains both a water-soluble and oil-soluble component. In the non-
polar phase, upon the introduction of water, the hydrophobic groups are at-
tached to the water molecules by hydrogen–oxygen bond to reduce the free
energy of the system. When the water concentration increases in the system, the
surfactant molecules start to aggregate into nanoscopic water-in-oil reverse
micelles so that the polar heads encapsulate the water core while the hydro-
phobic tails extend into the nonpolar phase. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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read a minimum value at a given threshold salt concentration. At higher
salt concentrations, more ions accumulate at the oil–water interface and
the polar compounds in the oil phase become less ionized with lower
tendency to move into the oil–water interface, remaining in the system
with a high interfacial tension.

(ii) The effect of water–oil emulsion and chemical osmotic gradient
on movement of the oil phase: considering a single pore occupied by a
sequence of LSW, crude oil, and HSW, the water content within the oil
phase near the LSW-oil interface is higher than, on the other side, near
the HSW-oil because of emulsion formation [39]. The crude oil coming
from the formation has reached the equilibrium with formation brine
over extensive time and contains salt dissolved in the form of dispersed
small water droplets [53]. The crude oil may even contain crystalline
salt formed by pressure and temperature changes during production
[54]. To explain the osmosis effect on oil re-mobilization, some re-
searchers [55–57] suggest water transfer in oil from LSW to HSW
contacts due to diffusion of water molecules and water-in-oil reverse
micelle driven by the osmotic pressure generated by salinity difference
of crude oil and LSW/HSW. However, some studies [15,45] hypothe-
sized that the micro-dispersion of water into oil and its coalescence can
cause swelling of the high-salinity water side, which leads to an in-
crease in the pressure of the HSW side. The generated pressure can re-
mobilize the trapped oil droplet. Therefore, the implication of water
diffusion/dispersions in the oil phase is still not clear and the origin of
pressure changes in the LSW-oil-HSW system are not well understood.

In order to explore the effect of water salinity, three questions
should be addressed: i) how does the osmotic pressure affect oil re-
mobilization in an LSW/Crude oil/HSW system? ii) What is the me-
chanism for generation of osmotic pressure and what is its magnitude?
iii) How do the contact angles of LSW and HSW interfaces change due
to oil re-mobilization over longer time periods?

In this study, to answer these questions, we prepared a number of
sealed capillaries containing an LSW/Crude oil/HSW arrangement,
which is similar to the situation shown in Fig. 3. Thus, we injected LSW,
crude oil, and HSW in series into a capillary and monitored it for an

extended period. We used a CCD camera, a confocal microscope, and
pressure sensors to monitor continuously the oil droplet movement,
changes in contact angles of the LSW/HSW interfaces and pressure in
the LSW/HSW phases, respectively.

2. Formation of water-in-oil emulsions and water diffusion
through the oil phase

2.1. Formation of water-in-oil micro-emulsion

Studies have shown that different salt concentrations lead to dif-
ferent water contents in the oil phase, due to the formation of water-in-
oil micro-droplets, when water and crude oil are brought into contact
with each other [39,45]. This process is a function of the water salinity.
Fig. 3 illustrates the link between the formation of water-in-oil emul-
sion and salinity. There are two situations in the illustrations (Fig. 3a
and 3b): one with the contacts of deionized water (DIW)/crude oil/
HSW, and the other with the contacts of LSW/crude oil/HSW. In the
case of the contact of DIW and crude oil, the situation is shown at the
left side of Fig. 3a. As soon as oil meets deionized water, water mole-
cules enter the oil phase and surface-active compounds (surfactants)
near the oil–water interface start to combine with water molecules
within oil and undergo a re-arrangement of their distribution in re-
sponse to the present electrostatic attractions. The hydrophilic head is
attracted toward a water molecule and non-polar portion points toward
oil molecules [43]. The surfactants occupy surface sites, allowing more
water to pass through the interface which may form water-in-oil
emulsions nearby. The second situation is shown in the Fig. 3b. For
water having the threshold salt concentration (the lowest IFT), in the
left part of Fig. 3b, some water molecules combine with ions, such as
Na+, Cl-, Ca2+, SO4

2-, to form an aqueous solution, which dominates
the interface polarization effect. The ionic strength of LSW results in an
increase in the adsorption of polar compounds at the interface. The
accumulation of them leads to the lower interfacial tension. Meanwhile,
the absorbed polar compounds start to take more surface sites instead of
forming water-in-oil emulsions. Some generated reverse micelles may
detach from the interface and pass through the oil phase [15,58].
Afterwards, the interface becomes a relatively complex system, in-
cluding water–oil emulsions, water-encapsulated ions-oil emulsions,
and dispersed anions and cations. For high-salinity environment, shown
in the right part of Fig. 3a and 3b, the Debye length is much smaller,
and this reduces the adhesion of polar components to the interface.
Moreover, ions accumulate at the oil-brine interface and decrease the
charge screening. Therefore, less oil–water emulsification occurs, and
the interfacial tension increases comparing to the low-salinity ambient
[25].

2.2. Water diffusion and reverse micelles transport in the oil phase

After the generation of water–oil emulsions, due to the difference of
salinity between LSW and crude oil, that is equilibrated with formation
water, reverse micelles as well as water molecules can diffuse through
the oil phase by osmotic pressure. The diffusion of water molecules can
be described by the Fick's equation [59]:

Fig. 2. The relationship between brine salinity and water content in oil. The
graph is generated based on the data in Table 1.

Table 1
The properties of different salinity brine and water content extracted from three literatures.

Brine type Salinity (ppm) Ion strength Water content (wt%) Data source

Formation water 189,682 3.674 1.32 2019-Mokhtari and Ayatollahi [48]
Sea water 41,659 0.832 1.97
2 times diluted sea water 20,833 0.416 0.66
10 times diluted sea water 4,162 0.0832 3.95
Synthetic brine (NaCl and CaCl2) 2,000 – 7.34 2014-Mahzari and Sohrabi [49]
Deionized water 0 0 6.92 2019-Aldousary and Kovscek [39]
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where c is the concentration in the oil phase, t is time, D is the diffusion
coefficient of ion in oil, and x is distance in the direction of diffusion.
Aldousary and Kovscek (2019) pointed out that the diffusion coefficient
of water molecules in oil is two orders of magnitude higher than that of
hydrated ions [39]. It means that the diffusion of hydrated ions in crude
oil may be negligible.

The diffusion coefficient can be approximated by the Stokes-
Einstein equation [39,60].

=D k T
r6

B

(2)

where kB is Boltzmann's constant, T is the absolute temperature, and r is
the radius of the reverse micelle, is the dynamic viscosity,.

The diffusion time scale is =t L D/d
2 , where L is the oil phase

thickness. For typical situations, the dynamic viscosity of crude oil is
6.55×10-3 Pa·s, the reverse micelle radius is 50 Å, and the length of the
oil phase is 1 cm, and the diffusion coefficient of a water reverse micelle
would be around 6.56×10-11 m2/s. So, the estimated time for a micelle
to pass through the oil phase would be about 18 days.

Since the crude oil contains salty water initially dispersed in crude
oil, we hypothesize that the chemical osmosis could occur when the
crude oil is brought into contact with pure water or low-salinity water.
If we assume the oil as an ideal semi permeable membrane, which only
allows water molecules to pass through, the osmotic pressure can be
described by Marine and Fritz (1981), based on van 't Hoff formula
[61].

= RT
V

a
a

ln 1

2 (3)

where is osmotic pressure, R is gas constant, V is partial molar vo-
lume of solvent, a1 and a2 are activity of water in low-salinity water and
high-salinity water, respectively. For a non-ideal membrane, the

reflection coefficient was introduced for the osmotic efficiency [62],
which was defined as the ratio of observed osmotic pressure and the
theoretical osmotic pressure at equilibrium.

=
=

P
J 0v (4)

where ΔP is the osmosis induced hydrostatic pressure in an ideal
membrane, Jv is the net flux of solution across the membrane. Osmotic
efficiency varies from 0 to 1 depending on membrane properties. Cur-
rently, the osmotic efficiency value for saline water in oil semi-mem-
brane is not known so it is difficult to calculate an accurate value of
osmotic pressure.

3. Experimental methods

3.1. Preparation of glass capillary and fluids property

We used 11 capillaries with an inner diameter of 800 ± 3 µm and
length of 100 ± 0.20 mm made of borosilicate glass 3.3 (Hirschmann
Laborgeräte GmbH &Co.). These capillaries were classified into two
groups based on the capillary inner surface properties: water-wet (with
a water contact angle < 90°) and oil-wet (with a water contact
angle > 90°). The water-wet capillaries include No.1a-No.3b as well as
No.6a and 6b, which have the original wettability of the glass (i.e.,
water wet). The oil-wet ones include No.4, No.5a and No.5b treated by
salinization using trichloro- (1H,1H,2H,2H-perfluorooctyl) silane.

All capillaries were cleaned several times using deionized water and
ethanol (≥96% (v/v) purchased from VWR International). After
cleaning and air drying, three liquids were consecutively injected by a
syringe pump (Harvard Apparatus 1 Pico Plus Elite Programmable
Syringe Pump) into capillaries in the order of: i) low-salinity water, ii)
crude oil, and iii) high-salinity water. The low-salinity water was a
10,000 ppm NaCl solution obtained by dissolving sodium chloride
powder (purchased from Sigma-Aldrich) in deionized water. High-

(a)  Interaction between deionized water and high salinity water in a system 

(b) Interaction between low-salinity water and high salinity water in a system 

Fig. 3. The schematic diagram of interactions be-
tween crude oil and deionized water, low-salinity
water, and high-salinity water phases. The crude oil
phase is considered to have been in equilibrium
with brine. Salt ions form complexes with posi-
tively and negatively charged organic compounds
in oil. Water not only diffuses molecularly in oil but
also exists as reverse micelles. When deionized
water (shown in the left part of Fig. 3a) is brought
into contact with equilibrated crude oil, the sur-
factants attract water molecules and aggregate
them into reverse micelles, reducing the surface
tension. With the increase in water concentration in
oil, the formation of reverse micelles gets ac-
celerated. In the case of LSW environment (the left
part of Fig. 3b), the salt ions cause the polarization
of interface, which can adsorb more polar com-
pounds on the oil–water interface. The accumula-
tion of polar compounds makes some reverse mi-
celles away from interface. In the case of HSW
environment, in the right part of plots 3a and 3b,
the surface free energy increases due to the shorter
Debye length. It results in the reduction of reverse
micelle formation and makes surfactant stable
around the interface.
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salinity water was a 100,000 ppm NaCl solution. The properties of
crude oil are listed in Table 2.

The capillaries were divided into 6 sets based on the sequence of
fluid injections (determining the contact of glass capillary with different
phases during the short injection period) and surface wettability (being
water-wet or oil-wet). Each set had 2 capillaries as replicates (except
experiment No.4 because the replicate capillary for No.4 was broken
during the experiment). The injection velocity was 2 µL/min controlled
by a syringe pump. The injection direction for each capillary is shown
in Fig. 4 by blue colour arrows. Capillaries No.1a and No.1b were filled
with half crude oil and half saline water as benchmark samples. Ca-
pillaries No.2a to No.3b were all filled with a sequence of LSW/Crude
oil/HSW, however, as shown by blue arrows, filled from opposite ends
of the capillary to consider the effect of possible wettability changes
induced by injection sequence. No.4 through No.5b were filled in a
similar order but capillaries were oil-wet. No.6a was firstly injected
with a little amount of crude oil and then with LSW/Crude oil/HSW,
which was also used to explore possible wettability effects due to the
injection phase. To get insight into the behaviour of the system and
collect complementary information, capillary No.6b was the reference
capillary with LSW-crude oil-LSW (i.e., same water salinities on both
sides of the oil phase). After preparation, the capillaries were sealed
with Norland Optical Adhesive 81 (NOA81), which was cured by ul-
traviolet light into a hard polymer. Finally, the capillaries were fixed on
a holding frame and placed on a board and monitored by a camera for
40 days at 21℃. During the observation period we carefully transported

the plate with capillaries from the camera set-up to confocal set-up for
taking 2D and 3D images of fluid interfaces in a time interval of two
days.

3.2. Experimental set-up

3.2.1. CMOS camera set-up
In order to capture the oil droplet movement, we used a Canon 5D

camera with EF 180 mm f/3.5L Macro USM lens shown in Fig. 5. The
set-up consisted of a CMOS camera, a vertical board, an LED light
source, and a laptop. All capillaries were put on a board in front of the
LED light. We set the camera to take one photo per hour.

3.2.2. Confocal microscope set-up
In order to visualize the oil–water interfaces inside the capillary

tubes, a confocal laser scanning microscope was used (Nikon
A1 + Eclipse Ti inverted microscope with A1R confocal module).
Confocal scanning microscopy uses imaging modality for optical sec-
tioning of a capillary, which enables imaging of thin and small sections
at high resolution. We used fluorescence confocal laser scanning mi-
croscope mode (CLSM) for 2D and 3D imaging reconstruction of wa-
ter–oil interfaces. Specific fluorescent probes provided temporal and
spatial colocalization of substances of interest.

High and low-salinity waters were dyed with fluorescein sodium salt
(Sigma-Aldrich), which was used as a tracer for fluorescence recovery.
The water part was visualized in green using a laser wavelength of
405 nm. The oil part in a capillary was seen in black. Optimization of
imaging parameters yielded a distinction between water and oil re-
sulting in a clear visualization of their interfaces. Images were captured
using a 20x microscope objective and the view domain was
0.6 × 0.6 mm2. In order to capture the entire interface of water and oil
(in an XY plane), a bigger view domain would have been necessary.
Since the inner diameter of the capillary tube is 800 µm, two images
covering the entire diameter of the tube were taken and assembled into
one image. To shorten the imaging time and limitation of the light to
transfer large distances through the oil phase, given the cross-sectional
symmetry of the capillary tube, half the capillary cross-section was
imaged. A range of 2D optical sectioning was continuously conducted
from the bottom to the middle of capillaries with multiple steps in the Z
direction. After 2D image acquisition and combination, the 3D-image
reconstruction of water was performed near the LSW-oil and HSW-oil
interface, as shown in Fig. 6.

As shown in Fig. 6, dyed water and crude oil were shown as green
and black colours, respectively. During the experiment period, the in-
terfaces were imaged using confocal laser microscopy. Any change in

Table 2
Properties of the crude oil, including Saturate, Aromatic, Resin and
Asphaltene (SARA) components, density, and viscosity at 20℃.

Content wt%

Saturates 45.4
Aromatics 42.19
Resin 12.28
Asphaltenes 0.13
Residual 0.99
Total Acid Number (TAN) 0.77 mg KOH/g
Density (g/cm3) 0.9
Viscosity (mPa·s) 6.55

Fig. 4. The picture of six sets of capillaries with different processing situations.
Each set has two capillaries as replicates (except No.4). The experiment number
for each capillary is given on the left side of the figure. Types and injection
directions of fluids (crude oil in black, brine in yellow) are marked with dark
blue colour and arrows, respectively, under each capillary. The capillary inner
surface wettability is provided in the right side of the figure. The top 6 and
bottom 2 capillaries have the same water-wet wettability as borosilicate glass.
No.4 to No.5b were treated with silane to become hydrophobic. We sealed all
capillary ends using transparent UV adhesive (black arrow) and fixed them on a
frame (blue rectangular). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 5. A picture of CMOS camera set-up. The CMOS camera connected to a
laptop to set the imaging frequency, and data acquisition. During the experi-
ments, the setup was covered with a black box to avoid the effect of room light.
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interfaces were monitored. We took 2D and 3D images of all water–oil
interfaces every two to three days, so the dynamic changes of contact
angle and contact line could be monitored with 2D scanning slices and
3D reconstruction.

3.2.3. Pressure monitoring set-up
To observe the pressure changes in the capillaries, two fiber-optic

micro-transducers were planted in the LSW and HSW ends of a capil-
lary, as shown in Fig. 7. The pressure sensor has a cylindrical cavity
with a diameter of 260 µm at the front, connecting with a sensor
module through a 160 µm optic fiber. The measurement ranges from
40 Pa up to 40 kPa with a resolution of 40 Pa. The accuracy is 0.6% of
full range. The details of pressure sensors and monitoring set-up can be
found in literature references [63] and [64]. With this set-up, the
pressures of LSW and HSW could be recorded every 8 min for 40 days.

Our experimental observations and data analysis made it possible to
study three main issues. methods, oil droplet movement, contact angle
changes, and pressure changes in the capillaries.

4. Results and discussion

4.1. Oil droplet movement

In order to quantify the oil phase movement, we processed the
camera images using ImageJ software. The main steps of image pro-
cessing are shown in the Supplementary material: cropping oil parts of
images, making binary images, subtracting the oil areas with wand tool,
then measuring the length difference of the front and end of oil droplets

from the beginning to the end of experiment.
The amount and direction of displacement of oil droplets within

40 days are shown in Fig. 8. The positive value shows oil movement
toward the LSW side, while the negative value is for the reverse di-
rection. In capillary No.1a and No.1b with half-crude oil and half HSW
or LSW, respectively, the oil phase moved towards the aqueous phase
because of the emulsification of water into oil [15,53]. The measure-
ment error is ± 20 µm.

Fig. 8 shows oil displacement for nine capillaries (based on experi-
mental conditions shown as No.2a to No.6b). We can see that the oil
droplets in water-wet capillaries, No.2a to No.3a, as well as in oil-wet
capillary, No.5a, moved from the HSW side towards the LSW side. The
maximum the oil phase movements were around 524 µm and 664 µm in
water-wet capillaries and oil-wet capillaries, respectively. However, the
oil droplets showed an opposite movement of oil droplet in the capillaries
No.3b, No.4 and No.6a. For the capillaries No.3b and No.4, we observed
that the menisci between oil droplet and LSW/HSW became highly ir-
regular. These irregular menisci occurred at the beginning of experiment
when three fluids were injected into one capillary and was not gradually
generating during the experimental period. This is because, due to dif-
ferent viscosities of oil and water, during the injection phase obtaining a
perfect water–oil meniscus for all capillaries was difficult. Such interface
irregularities are reported in literature which also made uncertainty for
pressure distribution over the menisci compared to interfaces with clear
and regular shapes [65,66]. For capillary No.6a, we injected a small
volume of crude oil prior to the injection of LSW. Although the possible
wettability effects, due to the injection phase can be decreased with this
method, meanwhile crude oil could change wettability by leaving behind
a thin film of oil along the capillary [67]. Such oil films can affect dis-
placement of the oil droplet [68]. The reference capillary No.6b had LSW
on both sides of the oil phase contained the same salinity, where no
significant movement of the oil phase was observed. The nine capillary
experiments show that oil droplet displacement is mostly affected by
difference in salinity of water on the two sides of the oil.

Based on the obtained images, we measured the average displace-
ment as well as speed of movement for oil–water meniscus over time
(Fig. 9a-b). In order to fully present meniscus movement over 40 days,
we considered averaging the movement of contact point among water,
oil and glass, and the movement of oil-LSW and oil-HSW menisci for
each oil droplet. Using these data, the speed of meniscus movement was
also calculated, which indicated presence of 3 stages: i) interface cur-
vature change, ii) significant movement of the oil phase, and iii) slow
movement of the oil phase (Fig. 9). The first stage includes changes of
interface curvature mainly controlled by the wettability of the solid
surface and the time needed for the meniscus to reach the equilibrium.
For example, in the water-wet capillaries, the meniscus curvature in-
creased compared to those in the oil-wet capillaries while no large bulk-
phase movements were observed in this stage. The contact angle with
the low-salinity water dramatically decreased within the first 10 days.
More details about contact angle changes will be discussed in Section
4.2. The second stage occurred during 14–22 days after start of ex-
periments. In this stage, most of capillaries had obvious meniscus
movements (averaged values > 100 µm), where the oil droplets
started to move. The time scale for this stage is comparable with the
time scale for water diffusion through the oil phase (described in
Section 2.2) which has been reported by other studies as well [39]. The
magnitude of meniscus movement in this period mainly represents the
bulk oil movement rather than change of interface curvatures. During
this stage, which includes transfer of water from the LSW side towards
the HSW side, the pressure in HSW side started to increase so that the
pressure difference between LSW and HSW sides slowly reached to a
maximum value [15,57]. Next, during the third stage, the oil phase
showed movement with lower speed, compared to the second stage, as
the pressure differences between the two ends started to diminish.
Therefore, stage three includes the gradual decrease of the established
pressure difference over time which is discussed in Section 4.3.

(a) 3D scanned part of 
      capillary No.1a

(b) 3D scanned part of 
      capillary No.1b

Fig. 6. Scanned parts of capillary No.1a and No.1b around the interfaces. Scan
area was 600 µm× 400 µm× 800 µm. The glass edge is shown in red lines. The
oil phase is on the left part of scan area and is black. Water phase is on the right
part of scan are and is green. The interface between oil and water is the cavity
as shown by white arrows. The top curved part is the interface between brine
and glass tubes. Only half of the interfaces are scanned. Due to the penetration
limitation of the laser, closer to the middle of the tube less light could penetrate
and interface is therefore less visible. However, as shown in Fig. 6, the inter-
faces in the half of tube could be imaged accurately. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. Two fiber optic micro-transducers used as pressure sensors in the ca-
pillary. Three capillaries were prepared with LSW, crude oil, and HSW using the
same method as in the section 3.1. Two pressure sensors were plugged into LSW
and HSW separately. The positions of transducer heads are shown by red cir-
cles. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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4.2. Contact angle measurement

Contact angles of brine-oil-glass in all capillaries were captured and
measured using confocal microscope. Taking capillary No.2a as an ex-
ample, the changes in contact angle of LSW-oil and HSW-oil interfaces
are shown in Fig. 10. The measurement error is ± 1°.

In Fig. 11, all curves in the first 10 days sharply dropped, meaning
that both LSW and HSW can increase water wettability of the surface.
The alteration generally takes 10–14 days based on the trend of contact
angle changes. The contact angle on the LSW side has the most re-
duction with the maximum value of about 34° in capillary No.2a
showing 16% change of the contact angle. The changes of contact an-
gles on HSW side are around 18° providing a 5% change. After about
14 days, the changes on LSW side show slow reduction, but those on
HSW side become larger or stops changing. These behaviours can be
caused by the oil movement as at the HSW side the interface passes a
region which was previously in contact with oil (i.e., the original lo-
cation of the oil phase) and became slightly oil wet (e.g., graphs 2a and
3a in the right plot of Fig. 11 showing the contact angle of HSW side
sharply increased by even up to around 60°). Moreover, from Fig. 11(a),
we can conclude that the water-wet capillaries have larger contact
angle changes compared to the oil-wet capillaries. In the first 14 days,

the water-wet capillaries had an average reduction of about 17°, while
the oil-wet capillaries had an average reduction of only 4°.

4.3. Pressure changes in a capillary

Using the pore-scale pressure monitoring set-up, the pressure
changes were continuously monitored in LSW and HSW phases in ca-
pillary No.2a using two micro pressure sensors. The sensors were set to
an initial value of zero and set to record a value every eight minutes.
Results of pressure difference with two values per day are shown in
Fig. 12 together with the measured LSW-side contact angle.

According to the measurements of meniscus movement, we can
explain the pressure difference according to the three stages (marked
with numbers in the top section of Fig. 12) as: i) gradual increase of
pressure difference, ii) pressure difference reaches a plateau, and iii)
decay of pressure difference. In stage one, the curvatures changes of
LSW-oil and HSW-oil menisci induce a growth of pressure in LSW and
HSW phases. During the 6th to 12th day, pressure difference gradually
reached a plateau with the maximum value 1,650 Pa, which caused by
the processes of dissolution and emulsion formation of water into the
oil phase [44]. The LSW-side lost more water than the HSW-side so that
the pressure drop in LSW-side was larger which can explain the

Fig. 8. The movement of oil droplet. The positive
values indicate that the oil droplet moved from the
side with HSW to the side with LSW. The negative
value means oil moved in the opposite direction.
The values for capillaries No.1a and 1b mean that
the interface between oil and brine moved toward
the water side. The movement of oil droplet is
shown using three numbers in blue, red, and green,
respectively, showing the amount of movement
based on the LSW-oil meniscus, HSW-oil meniscus,
and average value. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)

(a) Meniscus movement (b) Speed of meniscus movement

Fig. 9. The movement of meniscus over time (a) and its associated speed (b) belonging to capillaries No.2a to No.6b for a period of 40 days. There are 16 average
values of meniscus movement for each capillary (i.e., we selected one image per 2–3 days). The measurement was obtained after processing the images using the
ImageJ software. In Fig. 9a, the positive values indicate a movement of oil droplet from the side with HSW to the side with LSW. The negative values indicate oil
movement in the opposite direction. In Fig. 9b, the speed of movement was calculated as dx

dt
, where dx was the movement difference between two measurement

points, and dt was the associated elapsed time.
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movement of oil droplets in the capillary No.1a and No.1b. Both the oil
phases invaded into brine phase [69,70]. In stage two, a relative stable
pressure difference is established between HSW and LSW sides with a
value of around 1,400 Pa. As observed by other studies [70], water
diffusion due to osmotic pressure between LSW and crude oil as well as
between HSW and crude oil causes transfer of water along the capillary.
In our works, the osmosis and water diffusion possibly cause the pres-
sure difference. Moreover, the period of forming a plateau, from the
12th to 22th day, agree with the second stage of meniscus movement.
The meniscus at this stage showed significant movement and some of
them showed a faster movement than those in the third stage. In the
third stage, from 23th to the 40th day, the pressure difference decays to
get back almost to a zero value. This can be due to reaching equilibrium
between salt concentrations in LSW and HSW sides after water diffusion
from LSW side to HSW side. Based on Fig. 12, within the first 10 days,
the contact angle dramatically decreased. Afterwards, the contact angle
maintained a value of around 38° for about 15 days. From the 24th day
onwards, the contact angle slowly dropped about 6°, which is overall
consistent with the result from pressure change measurements.

(a) After 1 day (b) After 15 days (c) After 40 days

Fig. 10. 2D-images of contact angle changes
of LSW side in the capillary No.2a. The
contact angles after 1 day, 15 days, and
40 days are measured and shown in plots
(a), (b), and (c), respectively. As discussed
in Section 3, the confocal microscope
scanned half of the capillary. Scanning area
includes several different layers in depth.
We have chosen the layer that is closest to
middle of the capillary for capturing the
most precise contact angle. In this case, due
to the penetration limitation of the laser, the
middle part of interfaces missed from the
observation. The white dashed lines in pic-
tures illustrate the missing part of interfaces.
The green parts represent the LSW phase
(showed on the left of the white lines). The
section to the right of the white lines in-
dicates the crude the oil phase. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

(a) contact angle of LS Wside (b) contact angle of HS Wside

Fig. 11. Change of contact angles in LSW sides (shown on the left plot) and HSW sides (shown on the right plot). There are 16 points for each curve. Solid curves
represent the water-wet capillaries. Dashed ones are for the oil-wet capillaries.

Fig. 12. Graphs of monitored pressure difference in HSW and LSW phase in
capillary No.2a. The green curve shows the pressure difference. The fluctua-
tions in the curve may come from the atmospheric pressure variation around
sensors because of slight fluctuations of room temperature. The contact angle of
LSW in capillary No.2a is also shown as a black curve for comparison with the
tendency of pressure. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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4.4. Future research

This study introduced methods and results for monitoring oil dro-
plet movement and measuring pressure change in a capillary. We ob-
served the movement of oil droplets and contact angle changes using a
CMOS camera set-up and a confocal microscope, respectively. Besides,
the pressures in LSW and HSW phases for a long-time period (40 days)
were detected.

Based on our measurements and mechanisms reported in the lit-
erature, we could explain the dynamic of the system using spontaneous
emulsification and osmosis processes. The relative theories have been
expressed by many researchers [15,39,44,70]. Yet, the very complex
and coupled chemical and physical interactions between brine and
crude oil requires future work to characterize the system fully. Future
research is needed to i) observe and characterise the emulsification
process especially adjacent to water–oil interfaces, ii) obtain more data
on pressure changes in the LSW/Crude oil/HSW system. A dynamic
measurement and characterization of the chemical evolution of dif-
ferent phases of the system would be ideal to confirm the presence of
proposed mechanisms, which is, however, very challenging due to the
small volumes of fluid phases used in capillary experiments.

5. Conclusion

In the complex subsurface fluid-rock settings several factors such as
fluid properties, multiple factors can influence the re-mobilization of
trapped oil. Examples are rock surface roughness, mineral hetero-
geneity, oil composition, pore and throat size and shape. Our study
provides insight on the effect of osmosis and emulsification on the oil
mobilization and water transport in oil at the scale of pore-scale ca-
pillary. Our experiments are conducted under the relatively ideal con-
ditions such as synthetic brine, and a smooth, clean and mineral
homogeneous solid surface. We have used two different monitoring
setups to enable us to dynamically capture both the movement of oil
droplet and the changes in 2D/3D contact interfaces at the water–oil-
glass contact. The effect of salinity change on the confined crude oil
droplet is explained by two mechanisms: emulsification and water
diffusion through the oil phase. In particular, this study showed that:

i. Oil droplets can be re-mobilized by water diffusion in crude oil. We
could observe and measure the resulting oil movement.

ii. Based on the contact angle measurement of low/high-salinity water,
we can confirm that LSW and HSW both have the potential of
driving the capillary containment surface towards water-wet be-
haviour, while LSW was more effective to make hydrophilic surfaces
water-wet, compared to its impact on the hydrophobic surface.

iii. Pressure change of pore water with low and high salinity is directly
monitored, and its tendency is consistent with the change of contact
angle and oil movement. The measured pressures, additionally,
validated the water diffusion and osmosis effect mechanisms.

iv. Based on time scales and the dominant processes, we proposed three
stages for the changes in contact angle and pressure.
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