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Hypothesis: The wettability change from oil-wet towards more water-wet conditions by injecting diluted
brine can improve oil recovery from reservoir rocks, known as low salinity waterflooding. We investi-
gated the underlying pore-scale mechanisms of this process to determine if improved recovery was asso-
ciated with a change in local contact angle, and if additional displacement was facilitated by the
formation of micro-dispersions of water in oil and water film swelling.
Experiments: X-ray imaging and high-pressure and temperature flow apparatus were used to investigate
and compare high and low salinity waterflooding in a carbonate rock sample. The sample was placed in
contact with crude oil to obtain an initial wetting state found in hydrocarbon reservoirs. High salinity
brine was then injected at increasing flow rates followed by low salinity brine injection using the same
procedure.
Findings: Development of water micro-droplets within the oil phase and detachment of oil layers from
the rock surface were observed after low salinity waterflooding. During high salinity waterflooding, con-
tact angles showed insignificant changes from the initial value of 115�, while the mean curvature and
local capillary pressure values remained negative, consistent with oil-wet conditions. However, with
low salinity, the decrease in contact angle to 102� and the shift in the mean curvature and capillary pres-
sure to positive values indicate a wettability change. Overall, our analysis captured the in situ mecha-
nisms and processes associated with the low salinity effect and ultimate increase in oil recovery.
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1. Introduction

Carbonate reservoirs are essential in the energy sector as they
contain most of the world’s remaining hydrocarbon reserves [1].
However, it is challenging to understand extraction processes
due to the complex interplay between pore structure and wettabil-
ity. For example, waterflooding is widely implemented in oil fields
to maintain reservoir pressure and improve oil recovery [2]. Typi-
cally high salinity brine is used in this process; however, this may
leave a significant amount of oil in the reservoir [3]. Therefore,
additional research has been focused on finding ways to improve
the efficiency of waterflooding. It has been shown that waterflood-
ing could recover more oil when the brine’s salinity or composition
is changed [4] through the process known as low salinity water-
flooding (LSW). A screening study performed on several oil fields
in the Norwegian continental shelf highlighted the potential of
LSW as one of the key enhanced oil recovery (EOR) methods based
on technical, operational, environmental and economic criteria [5].

Previous experimental work on low salinity waterflooding
showed that reducing brine salinity could cause changes induced
by physio-chemical mechanisms in sandstone [6–12] and carbon-
ate rocks [13–19], increasing the oil recovery factor. Field trials
have reinforced these findings [3,9,20–22]. The change in the rock
surface wettability from oil-wet to a more water-wet state is con-
sidered the primary mechanism for the incremental increase in oil
recovery [23–27]. However, the wettability shift could be driven by
different underlying pore-scale processes and mechanisms, which
are yet to be explored and understood [28].

Fluid-fluid and fluid-solid interactions are critical in the low
salinity effect (LSE), especially at the pore scale. Oftentimes, effects
induced by salinity concentration gradients and water-oil emul-
sions are not given the same consideration as other processes dur-
ing low salinity waterflooding studies [28–30]. However, these
effects have the potential to change the rock wettability and mobi-
lize oil over a relatively short period of a few days. Osmosis and
water-in-oil emulsions have been proposed as the main underlying
mechanisms for the LSE [26,31–36]. The higher the tendency of a
certain oil to form micro-dispersions when exposed to low salinity
water, the better the oil recovery [37]. Other work suggested that
reducing the salinity affects the oil-brine interface viscoelasticity
and hence the efficacy of LSW [38,39]. Bartels et al. [40] showed
that solid-liquid surface energies play a more significant role in
the LSE than fluid-fluid interfacial tension. The observation of
water-film expansion in a micromodel experiment emphasized
the significance of the solid-liquid interfaces. The development of
water films, driven by slow wettability alteration, was simulated
by a pore-scale model developed by Akai et al. [41].

Low salinity has been studied mainly on the core and sub-pore
scales, with pore-scale studies receiving much less attention [28].
Most pore-scale studies were performed on micro-models where
it was not possible to test and study the mechanisms on a natural
rock system. Moreover, studies showing direct visualisation and
evidence of in situ LSW processes in carbonate rocks are rare.

The latest developments in X-ray microtomography (micro-CT)
have made it possible to perform pore-scale characterization stud-
ies [42,43] with various applications, including enhanced oil recov-
ery and carbon dioxide storage [44,45]. Combining non-invasive
imaging with a high-pressure and high-temperature apparatus
has provided great insight into in situ multiphase flow processes
in natural systems [46–48].

X-ray imaging has been previously used to study LSW [49–53],
with only a few studies on carbonate rocks [27,54–56]. Using
micro-CT imaging, Qin et al. [57] compared high and low salinity
flooding at reservoir conditions. Their study investigated the
impact of temperature and initial water saturation on wettability
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alteration. They proposed that the higher recovery from LSW was
mainly due to decreased threshold capillary pressure allowing oil
displacement from more pores. There were, however, some limita-
tions related to the wettability characterization methods, e.g., few
contact angle measurements, imaging only part of the rock sample,
and focusing merely on pore occupancy analysis to address the LSE.
Understanding the inter-relationship between oil recovery, wetta-
bility changes and pore-scale displacement processes and mecha-
nisms remains incomplete.

Selem et al. [27] conducted a pore-scale study to investigate
wettability, fluid configuration and oil recovery from secondary
LSW. Using contact angle measurements on hundreds of thousands
of points in the image and quantification of oil-brine curvatures
and fluid occupancy maps revealed a wettability shift towards a
mixed-wet state. Moreover, imaging the whole sample captured
the redistribution of oil in the pore space. However, only low salin-
ity brine was injected during the waterflood. Here we extend this
work to tertiary LSW, where both high and low salinity brines were
injected, and build on some previous preliminary results [58]
allowing for a comparison of the two LSW modes.

Therefore, the aim of this work is to provide unprecedented
insights into high and low salinity waterflooding by combining
coreflooding, in situ imaging and a suite of image processing and
analysis tools to investigate the pore-scale effects of LSW and com-
pare these effects with high salinity waterflooding (HSW). After
going through a wettability alteration process, a carbonate rock
sample was injected with high and low salinity brines. Waterflood-
ing was performed at increasing flow rates in a capillary-
dominated regime. High-resolution images captured the displace-
ment processes during high and low salinity floods. Moreover,
the fluid saturation and the wetting state of the system were anal-
ysed throughout waterflooding. This study offers a pore-scale visu-
alization of in situ displacement process in a heterogeneous
carbonate rock sample at subsurface conditions. It highlights the
interplay between the observed mechanisms, fluids configuration
and wettability changes to understand further how LSW can be
employed to enhance oil recovery from carbonate reservoirs.
2. Materials and methods

2.1. Materials

The rock used in this study was a carbonate quarry rock, Estail-
lades, composed of 97 wt% calcite with traces of dolomite [59,60].
Estaillades has a bimodal pore size distribution, prolific intergran-
ular macro-porosity, and abundant micro-porosity in the bioclasts.
A cylindrical rock sample, 6 mm in diameter and 12 mm in length,
was used in the coreflooding experiment. The sample had a poros-
ity of 0.293 ± 0.003, measured using a helium porosimeter (Accu-
Pyc II 1340), and an absolute permeability of 0.11 ± 0.03 Darcy
calculated from pressure drop measurements during brine
injection.

Table 1 shows the composition and salinity of each brine used
in this study and the total acid and base numbers and the SARA
(Saturates, Aromatics, Resins, Asphaltenes) analysis results for
the crude oil. Formation brine (FB), high salinity brine (HSB) and
low salinity brine (LSB) were formulated in the lab as synthetic
solutions of several pure salts (supplied by Sigma-Aldrich) in
deionized water. HSB was prepared as desulphated seawater, and
LSB as a more dilute salt solution. The viscosity values, at 70 �C,
of HSB and LSB are 0.448 and 0.426 mPa�s, respectively. The oil
was dehydrated and filtered to remove any residue or dispersed
solid. The interfacial tension (IFT) between oil and, FB and LSB is
16.3 and 22.3 mN/m, respectively, measured at 35 �C.



Table 1
Composition and properties of the fluids used in this study.

Salt concentration (g/L)

NaCl KCl CaCl2�2H2O MgCl2�6H2O Na2SO4 NaHCO3 Total dissolved solids

Formation brine (FB) 109.55 0.00 46.070 11.240 0.140 0.200 167.200
High salinity brine (HSB) 29.00 0.90 0.605 0.405 0.026 0.156 31.092
Low salinity brine (LSB) 0.76 0.035 0.020 0.296 0.087 0.0007 1.200

Crude oil

Properties SARA analysis

Density (kg/m3) measured at 70 �C 803 Saturates (wt%) 48.40
Viscosity (mPa�s) measured at 70 �C 1.56 Aromatics (wt%) 48.10
Total Acid Number (TAN) (mg KOH/g) 0.34 Resins (wt%) 2.80
Total Base Number (TBN) (mg KOH/g) 0.41 Asphaltenes (wt%) 0.70
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2.2. Methods

2.2.1. Experimental apparatus and procedure
The experimental apparatus consisted of a carbon fibre flow cell

connected to syringe pumps (Teledyne ISCO) via PEEK tubing and
valves to control the pressure and flow rate inside the sample
(Fig. 1). The main stages of this experimental study were (i) clean-
ing and fully saturating the sample with formation brine, (ii)
injecting crude oil for 3 weeks, at high temperature, to alter the
rock wettability, and (iii) studying the in situ effects of changing
the injected brine salinity during waterflooding through the acqui-
sition of X-ray images.

The experiment was performed according to the following
procedure:
Fig. 1. The experimental apparatus consisting of the flow
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1. A confining pressure of 2 MPa was applied in the isolated
space between the Viton sleeve containing the rock sample
and the carbon fibre sleeve of the coreholder. The confining
pressure squeezed the sleeve onto the sample to avoid fluid
side flow.

2. The dry cylindrical sample (called a core) was imaged using
a micro-CT scanner.

3. A brine solution made from deionized water with 20 wt%
potassium iodide (KI) was injected to characterize the rock
bimodal porosity using the differential imaging method [61].

4. The sample was then cleaned by injecting four-times diluted
formation brine followed by isopropanol, both for 10 pore
volumes. It was dried with a gentle nitrogen flux for 24 h
then vacuumed for 3 h.
apparatus and micro-CT scanner used in this study.



A.M. Selem, N. Agenet, M.J. Blunt et al. Journal of Colloid and Interface Science 628 (2022) 486–498
5. The formation brine was then injected for 200 pore volumes
to saturate the rock sample thoroughly. The sample absolute
permeability was measured.

6. Drainage was performed with the injection of viscous syn-
thetic oil at increasing flow rates to reach irreducible water
saturation. This synthetic oil has a density and dynamic vis-
cosity of 836 kg/m3 and 12 mPa�s, respectively, measured at
20 �C.

7. Toluene was injected for 10 PVs to avoid mixing synthetic
and crude oils. Crude oil was then introduced at an increased
temperature, 50 �C, to avoid wax precipitation.

8. The coreholder assembly was then moved to an oven at
80 �C, and 11 MPa back pressure to change the rock wetta-
bility to a similar state found in oil reservoirs (this process
is called ageing). Crude oil was injected at a low flow rate
(2 lL/min) for three weeks. The flow direction was reversed
after 1.5 weeks.

9. After ageing, the temperature in the system was changed to
70 �C using an Omega flexible heating tape and a PID con-
troller, as shown in Fig. 1.

10. Before waterflooding, crude oil mixed with a 20 wt% of 1-
iododecane, as a high contrast dopant, replaced the crude
oil in the sample to distinguish the oil phase from the brine
in the X-ray images to calculate the initial water saturation.
The dopant addition increased the IFT between oil and brine
by approximately 4 mN/m to 20.3 and 26.3 mN/m for FB and
LSB respectively. The value for HSB is similar to that of LSB.
The oil asphaltene content remains unchanged when the
dopant is used [57].

11. The rock core was flooded with HSB and then LSB, as
detailed in the next section.

2.2.2. Waterflooding
The flooding experiment was performed in tertiary mode, i.e.,

low salinity flooding at the residual oil saturation after high salin-
ity flooding. HSB was injected at a sequence of increasing flow
rates; 1, 2, 4, 11, 22 and 42 lL/min at 70 �C. 10 pore volumes were
injected at each rate. LSB was then injected following the same
procedure. The capillary number was calculated as.

Ca ¼ lq=r ð1Þ
where l is the viscosity of brine, q is the Darcy velocity of brine, and
r is the oil-brine interfacial tension. The capillary numbers associ-
ated with the flow rates indicate capillary force dominated flow
conditions with values ranging from approximately 10�8 to 10�7

at the lowest and highest rates respectively. Table 2 lists the capil-
lary number values for all flow rates. The sample was scanned after
the 1, 4, 11 and 42 lL/min injection rates during both the high and
low salinity floods. A total of 8 images were acquired throughout
waterflooding.

2.2.3. Image acquisition, processing, and segmentation
A micro-CT scanner (HeliScan manufactured by Thermo Fisher)

was used to acquire 3D tomograms to study and visualize pore-
scale displacement processes and characterize the wetting state
of the rock. X-ray images were taken at different points through
the experiment: a dry scan before fluid injection (reference image),
Table 2
Waterflooding injection steps with calculated capillary numbers.

Injection rate (lL/min) 1 2

Capillary number High salinity 1.02 � 10�8 2.05 � 10�8

Low salinity 9.72 � 10�9 1.94 � 10�8
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after ageing and before waterflooding, and during HS and LS water-
flooding. Each acquisition took nearly a day, and the size of the
acquired images was 2880 � 2880 � 5200 voxels, with a resolution
of 2.3 lm/voxel. The images were filtered using non-local means
edge-preserving filter to remove image noise [62]. All images were
segmented into rock, water and oil phases using a seeded water-
shed algorithm [63,64]. The segmented images were used to calcu-
late oil and water saturation in the resolved macro-pore space.
Since micro-pores are below the image resolution, our analysis
focused on macro-pores where the interfaces between oil, brine
and rock can be observed for contact angle and curvature
measurements.

2.2.4. Characterization of rock wettability and fluid distribution
Contact angles were measured by fitting smoothed surfaces to

the oil/brine interfaces, obtained from segmented 3D images, and
recording their intersection with the rock surface using defined
perpendicular vectors. An automated algorithm was used allowing
for hundreds of thousands of contact angle measurements [65].
Curvature measurements were obtained by extracting and
smoothing the oil/brine interfaces and determining the principal
curvature values and directions using commercial image analysis
software, Avizo 9.5 [66–68].

Pore occupancy was determined by applying a generalized pore
network extraction algorithm [69,70] to the segmented 3D images
with oil and brine labels. This method was used in previous exper-
imental studies [27,71–73]. The occupancy of both pores – wide
regions of the void space – and throats – the narrow connections
between pores – was quantified. Volume fractions of oil and brine
have also been calculated directly from the segmented images to
determine the remaining oil saturation after the floods and quan-
tify oil recovery.

3. Results and discussion

Tertiary LSW and the impact of modifying the salinity and com-
position of injected brine was studied using three-dimensional
pore-scale images. We compare the results obtained before water-
flooding, and after different high salinity and low salinity water-
floods. In section 3.1, we investigate and visualize displacement
processes and mechanisms, such as the formation of water
micro-dispersions and the growth of water films, at the pore level
because of LSW. In section 3.2, segmented images are used to map
fluid occupancy in the pore space. In section 3.3, in situ wettability
is characterized using interfacial areas, contact angle and curvature
measurements as well as calculated capillary pressure. Then, the
fluid connectivity using Gaussian curvatures and 3D visualization
is demonstrated in section 3.4 followed by a discussion of the
interrelationship between this set of results, and the oil saturation
and recovery profiles in section 3.5.

3.1. Pore-scale displacement processes and mechanisms

We used the raw images to highlight any variations between
the initial case before any waterflooding and the results after both
high and low salinity waterflooding. Fig. 2 shows two-dimensional
cross-sections of the sample at different stages in the experiment.
4 11 22 42

4.09 � 10�8 1.13 � 10�7 2.25 � 10�7 4.30 � 10�7

3.89 � 10�8 1.07 � 10�7 2.14 � 10�7 4.08 � 10�7



Fig. 2. Two-dimensional cross-sections from the images illustrating the oil and brine distribution in the pores before waterflooding (a), after 11 and 42 lL/min high salinity
(HS) floods (b-c), and after the 1, 11 and 42 lL/min LS floods (d-f). The orange circles show immobile oil in a dead-end pore during HSW which was detached from the rock
surface by the growth of water droplets (blue arrows) during LSW. The yellow and red arrows highlight the oil constrained to layers and pore corners, respectively, after HSW
and the breakup of these layers and displacement of oil from pore corners after LSW.
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Initially, oil filled the pore space and brine blobs resided mainly in
the centre of the pores (Fig. 2a). With HSW (Fig. 2b-c), the volume
of brine increased but oil remained in dead-end pores (orange cir-
cles), in pore-corners (red arrows) and layers along the pore walls
(yellow arrows). When low salinity brine was injected, significant
fluid/fluid and fluid/solid interactions were observed (Fig. 2d-f).
The oil layers started to collapse, and oil was displaced from pore
corners and dead-end pores. Water domains, highlighted by blue
arrows, formed between the oil and the rock surface and, with
the continued injection of low salinity brine, they grew displacing
most of the oil in the pore, highlighted with orange circles.

In addition to the displacement processes, the images revealed
the mechanisms by which oil was displaced during LSW. To inves-
tigate these underlying mechanisms further, we had a closer look
at individual pores. Fig. 3 shows different pores within which oil
was displaced by two main mechanisms during LSW. From an ini-
tially oil filled pore, high salinity brine only displaced oil from the
pore centres and, despite injecting 60 pore volumes at increasing
flow rates, oil remained attached to pore walls and corners (Fig. 3-
a-b). However, when LSW started (Fig. 3c), brine appeared between
the oil and rock surface (blue circles) and the oil in the top pore
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was mobilised (blue arrows) to the bottom pore, and after 2 days
with LSB injection at higher flow rates a thin water film (blue arch)
started to grow and detach the oil from the rock surface (Fig. 3d-e).
Oil was also displaced by another mechanism; the development of
water micro-droplets (micro-dispersions). After flooding the sam-
ple with high salinity brine for 6 days, no significant change was
observed from the initial case (Fig. 3f-g). During LSW, water
micro-droplets started to form both within the oil phase and at
the oil/solid interfaces (Fig. 3h). After two days and more pore vol-
umes of brine injected these droplets grew and coalesced displac-
ing more oil (Fig. 3i). After a few more days, there was a slight
increase in the water volume and a change in the contact angle
between the oil/brine interfaces and the rock (Fig. 3j) suggesting
a change in the wetting conditions. Wettability characterization
will be discussed further in section 3.3.

To have a deeper understanding of the role of micro-dispersions
in the displacement process, a 3D visualization, extracted from the
segmented images, highlights the appearance of these droplets
during HSW and their growth as the brine salinity and composition
was changed during LSW. The pores were fully occupied by oil
before waterflooding (Fig. 4a). Water micro-droplets did not ini-



Fig. 3. Two-dimensional cross-sections from the X-ray images highlighting the mechanisms by which oil is displaced during low salinity waterflooding. (a-e) Oil was
displaced from the centre of the pore with HSW. Water appeared at the oil/rock interface after LS1, blue circles, and connected to form a layer detaching the oil after LS4, blue
arch. (f-j) Water micro-droplets only started to appear and grow after LSW.

A.M. Selem, N. Agenet, M.J. Blunt et al. Journal of Colloid and Interface Science 628 (2022) 486–498
tially form during HSW (Fig. 4b) but after the injection of 30 PVs of
HSB, some droplets started to appear (Fig. 4c). Brine invaded the
centre of the two pores at the top while some residual oil was
observed in the pore corners. At the end of HSW (Fig. 4d), and
the injection of 60 PVs, a few more droplets formed within the
oil phase, while oil remained trapped in pore corners (red arrows).
The water droplets grew after the first LS flood (Fig. 4e) and coa-
lesced resulting in volume displacement of oil at the end of LSW
(Fig. 4f). Moreover, the trapped oil was mobilized.

There could be a connection between the pore-scale displace-
ment processes and mechanisms observed during waterflooding
and the properties of the crude oil-brine-rock (COBR) system used
in this study. The acidity and the asphaltene content of the crude,
the salinity gradient between FB and HSB, as well as the reduced
salinity and increased sulphate concentration of the LSB, compared
to HSB, are elements that induced the formation and growth of
water micro-dispersions within the oil and at the oil-brine inter-
faces [29,31,37]. In a secondary LSW experiment, where LSB was
injected at initial water saturation into a similar COBR system,
the aforementioned mechanisms were rarely observed [27]. This
can be explained by the large osmotic gradient between the initial
(formation) water and low salinity water which likely increases the
rate at which micro-droplets develop and coalesce making the pro-
cess too fast to be captured by X-ray imaging.
3.2. Pore occupancy mapping

To further understand the configuration of oil and brine across
the sample with high and low salinity waterflooding, 3D quantifi-
cation of pore occupancy was performed. The pore radii are mainly
between 10 and 60 lm (Fig. 5a), and throats radii are mainly
between 5 and 35 lm (Fig. 5b). Initially, oil occupied most of the
pore space with brine residing mainly in larger pores (Fig. 5c)
and throats (Fig. 5i). This fluid distribution signifies oil-wet condi-
tions [27,74,75]. After HSW, brine displaced oil from relatively lar-
ger pores (pore radius > 10 lm), but oil still occupied most of the
smaller pores and throats. Additional oil was only displaced when
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the flow rate was increased, indicating that large regions of the
pore space remained oil wet during HSW. This is shown in Fig. 5-
d-e for pores and Fig. 5j-k for throats. During LSW, more oil was
displaced from smaller pores (Fig. 5f-h), which is in line with
observations made in section 3.1. The fraction of throats occupied
by oil decreased slightly after LSW (Fig. 5l-n). The brine filling of
smaller pores after switching to LSW, even when injected at a
low flow rate, can be explained by the mechanisms discussed in
the previous section and is characteristic of the low salinity effect
and wettability changes. In the secondary LSW study, similar ini-
tially oil-wet conditions were detected; however, through LSW, a
redistribution of oil from smaller to larger pores was observed
which facilitated the recovery of oil as more brine was injected
[27]. This rearrangement was not observed in the tertiary mode
and could be the underlying reason for the difference in recovery
factors between the two modes as will be discussed later.

The pore-scale displacement processes and mechanisms
observed after LSW, namely the collapse of oil layers, formation
of water micro-dispersions and the displacement of oil from pore
corners and small pores, could be related to the change in the wet-
tability of the rock from oil-wet conditions before and during HSW
towards mixed-wet conditions after LSW.

In the next section, we assess the magnitude of wettability
alteration after HSW and LSW by the analysis of interfacial areas,
contact angles and curvatures. We will also examine whether there
is a relationship between the wettability and the mechanisms dis-
cussed hitherto.
3.3. Wettability characterization

The fluid occupancy maps give an indication of the fluid distri-
bution in the pore space, but they only show which fluid occupies
the largest fraction of the pore and do not capture the fluids resid-
ing in the pore corners or as layers along the pore walls. Therefore,
to complement the pore occupancy analysis, we calculated the
interfacial area per unit volume between oil-water, water-solid
and oil-solid. The measurements of interfacial area per unit volume



Fig. 4. A three-dimensional visualization of oil-filled pores before waterflooding (a), and the development of water micro-droplets during HSW (b-d) and their growth during
LSW (e-f). The red arrows highlight the displacement of oil trapped in pore corners by the low salinity brine injection. The brine, oil and rock are shown as blue, semi-
transparent red and transparent, respectively.
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in resolved pores are shown in Fig. 6a. To remove the voxelization
artefacts associated with the segmented images, the interfaces
were smoothed using Gaussian smoothing [76]. The oil-solid inter-
facial area decreased to a value equal to that of the water-solid
interfacial area towards the end of HSW, while the oil-water inter-
facial area increased to a maximum value. This can be explained, as
discussed in section 3.1, by oil layers covering the oil-wet rock sur-
faces [77]. After LSW, a drop in both the oil-solid and oil-water
interfacial areas is observed. This is due to the breakdown of the
oil layers, formation of water micro-droplets, and the displacement
of oil from pore corners and dead-end pores allowing the brine to
directly contact the rock surface resulting in a change in wettabil-
ity and further mobilization of oil.

To further evaluate the effect of high and low salinity water
injection on wettability with the change in flow rate, contact
angles and curvatures were measured using oil-brine interfaces.
The spatial distribution of contact angles on the contact line
between oil, water and rock was used to assess the wettability
[63,78]. In situ contact angle and curvature measurements his-
tograms showed a shift after HSW and LSW. Initially, the mean
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contact angle was 115� ± 18� which changed only slightly to
112� ± 20� at the end of HSW showing the oil-wet nature of the
sample. After the LSW, a substantial shift occurred with a mean
contact angle of 102� ± 15� (Fig. 6b).

In addition to calculating interfacial areas, the oil-water inter-
faces were used to estimate curvatures which can reveal details
about rock wettability, local capillary pressures, and fluid connec-
tivity. The smoothed oil-water interfaces were used to extract the
two principal curvatures (j1 and j2), from which the mean curva-
ture j is calculated as an average. Before waterflooding, and during
HSW the mean curvature values are negative (Fig. 6c). The negative
curvature values can also be explained by the morphology of the
fluid interfaces in Fig. 3a-c where brine bulged into oil indicating
an oil-wet system. With LSW, the fraction of the positive
curvatures increase explaining the shift in the mean curvatures
values.

The changes in the contact angles and mean curvature values
after switching from high to low salinity brine suggest that the
rock surfaces display a shift from the initial oil-wet conditions
towards more mixed-wet conditions.



Fig. 5. Histogram plots showing the size distribution of resolved pores (a) and throats (b) and the volume-weighted fraction of oil-filled pores and throats computed using the
generalized pore network extraction tool at different stages of waterflooding. (c-n) Fluid occupancy maps for pores and throats of different radii before waterflooding and for
HS and LS waterflooding.
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The local capillary pressure was calculated using the Young-
Laplace law:

Pc ¼ 2rj ð2Þ

where r is the oil-water interfacial tension and j is the average cur-
vature of the interface between oil and water. The mean curvature
values were used to calculate the capillary pressure of the system
[66,77,79] before waterflooding and after various injection steps
(Fig. 6d). Negative capillary pressure values before waterflooding
and through HSW, are reflective of oil-wet conditions. However,
after LSW, the values showed a change towards increased water-
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wetness. With an increase in capillary pressure, brine can invade
and displace oil from smaller pores. The wettability change is more
significant than the normal trend of capillary pressure, namely a
decrease with increasing water saturation, seen when the wettabil-
ity remains constant throughout the displacement.
3.4. Fluid connectivity

Curvature measurements were also used to evaluate fluid con-
nectivity from the product of the two principal curvatures (j1 and
j2), defined as the Gaussian curvature [80,81]. It has a negative



Fig. 6. (a) Oil-water, water-solid and oil-solid interfacial areas per unit volume: aow, aws and aos respectively. Histograms of contact angle distributions (b) and mean
curvatures (c) measured from the segmented 3D images. (d) Capillary pressure values calculated from the mean oil/brine interfacial curvatures before waterflooding (BW)
and after different steps of high and low salinity waterflooding. The error bars indicate the uncertainty in the segmentation and the measurements of curvature and
saturation.
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value for well-connected phases and the opposite if the phases are
poorly connected. To better understand the phase connectivity in
the system, principal curvatures were categorized into three
groupings: both positive (j1 > 0, j2 > 0), both negative (j1 < 0,
j2 < 0), and of opposite signs (j1 j2 � 0). Initially, the curvature
distributions show predominantly negative principal curvatures,
i.e., positive Gaussian curvature, indicating a lack of connection
of the water phase within the pore space (Fig. 7a). A similar distri-
bution is shown after HSW (Fig. 7b) where, despite the increase in
water saturation, the oil phase remains better connected through
oil layers, as discussed in sections 3.1 and 3.2, indicative of the
oil-wet state of the system [79]. After LSW, most of the curvatures
have one positive and one negative value, i.e., a negative Gaussian
curvature, Fig. 7c-d. The increase in interfaces with two positive
principal curvatures (the blue histogram) corresponds, unlike in
HSW, to poorly connected oil in water-wet regions. This indicates
a mixed-wet, or weakly water-wet, system with reasonable con-
nectivity of both phases in the pore space [72,77,79].

To further understand the fluid connectivity, Fig. 8 shows how
different brine ganglia in one part of the rock sample became con-
nected during waterflooding. Initially, water clusters were dis-
persed and occupied the centre of the pores (Fig. 8a). During
HSW, water micro-droplets started to develop, albeit slowly (Fig. 8-
b-d). As LSW started, water micro-droplets grew and connected
forming continuous water layers (Fig. 8e-f). The development of
the blue brine blob, in the top right corner, highlights this process.
The pore encircled in red was fully oil-saturated before waterflood-
ing and after the first HS flood (Fig. 8a-b). Water micro-dispersions
started to form only after 3 days, and 30 pore volumes, of HSB
injection (Fig. 8c). Injecting more HSB did not result in a significant
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difference (Fig. 8d). However, switching to LSB triggered the
growth of water micro-dispersions and a substantial increase in
their size was observed (Fig. 8e-f). For example, the volume of
the main brine ganglion in Fig. 8, shown in blue, has increased
by four times after 60 PVs of HSB injection. After the first LS flood,
10 PVs of LSB injection at 1 lL/min, the ganglion size further
increased by more than seven times, and the injection of more
LSB resulted in a small volume increase. The ganglion volume
increased due to the growth of the ganglion itself and by the coa-
lescence with nearby droplets resulting in the displacement of oil
as discussed in section 3.1.

3.5. Oil saturation and recovery profiles

The initial water saturation, before waterflooding, was calcu-
lated from the segmented 3D image as 11%. The saturation profiles
of oil across the sample at different stages are shown in Fig. 9a. The
oil saturation decreased with time during the HSW, especially after
the highest flow rate injection (HS42), indicating an oil-wet sample
[82]. Oil was displaced by the invasion of HSB to the centre of pore
space, as discussed in sections 3.1 and 3.2. By the end of HSW, 57%
of the original oil in place (OOIP) in resolved pores was recovered,
as shown in Fig. 9b. With LSW, more oil was recovered. After 10
pore volumes (PVs) of LSB were injected at 0.001 mL/min, an addi-
tional 3% of oil was recovered. By the end of LSW, the ultimate
recovery reached 66%, i.e., LSW resulted in an incremental oil
recovery of 9%.

The low salinity effect was not instant; there was first a rear-
rangement of detached oil in the pore space before it was displaced
towards the outlet. Two phenomena were observed that led to oil



Fig. 7. Measured oil-brine curvature distribution (a) before waterflooding (BW), (b) after the last high salinity flood (HS42), (c) after the first low salinity flood (LS1), and (d)
after the last low salinity flood (LS42) using the principal curvatures (j1 and j2) extracted from smoothed oil-water interfaces. The black curve shows the mean curvature
distribution. The red, green, and blue histograms show the distributions of j1 and j2 values that are both negative, of opposite signs, and both positive respectively.

Fig. 8. Three-dimensional visualizations of the development and connection of water domains before waterflooding (a) after HS floods (b-d) and LS floods (e-f). Different
colours represent different connected brine blobs. Oil is transparent and rock is semi-transparent. The volume, in 106 lm3, of the largest brine ganglion, highlighted in blue, at
the different stages is 0.34, 0.48, 0.86, 1.37, 10.7 and 11.32, respectively. The red circles show the slow formation of water micro-droplets during HSW and the fast rate at
which they developed and coalesced during LSW.
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Fig. 9. (a) Oil saturation profiles across the sample before waterflooding (BW) and at different stages of HSW and LSW. (b) The cumulative oil recovery at different points of
waterflooding.

A.M. Selem, N. Agenet, M.J. Blunt et al. Journal of Colloid and Interface Science 628 (2022) 486–498
detachment and mobilization: the formation of water micro-
droplets within the oil phase and at the oil/solid interfaces, and
then the merging of water domains forming thin water films.
Fig. 3a indicates that the expansion of the water film detaching
the oil followed by the reconnection of the oil ganglia occurred
after 2–3 days of LSB injection.

We propose that the possible formation of water micro-
dispersions in oil caused oil swelling, i.e., the increase in oil volume
which resulted in the reconnection of oil enhancing the oil mobility
and ultimately increasing oil recovery factor.
4. Conclusions

In this study, we used X-ray imaging to observe the in situ
development of low salinity mechanisms on a natural system
and characterized the associated changes in rock wettability as
well as the impact on oil recovery. We studied tertiary LSW in a
carbonate rock sample.

For our combination of crude oil, brine and rock, a response to
LSW was demonstrated. The distribution of the oil phase, before
and during the HS floods, in dead-end regions of the pore space
and expanding along the pore walls is indicative of the relatively
strong propensity of the rock surface to oil, consistent with the
measured high contact angle and negative capillary pressure val-
ues. After LSW, the development of water micro-droplets at the
oil/brine and oil/rock interfaces and in the oil phase, as well as
the expansion of thin water films between the oil and rock surface
were observed. Water film swelling and micro-dispersions are con-
sidered the underlying mechanisms for the wettability alteration
and ultimately the low salinity effect observed in this study. This
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is in line with observations from previous studies on the relation-
ship between water-in-oil micro-dispersions and crude oil proper-
ties [31,32,83]. The formation of micro-dispersions, driven by
diffusion and osmosis, resulted in oil displacement and mobiliza-
tion [33,35].

Unlike in previous work [31], our results show a gradual forma-
tion of water micro-dispersions during HSW, which is due to the
salinity difference between FB, or irreducible water, and HSB until
osmotic equilibrium is reached. It was also observed that, after
switching to LSW, oil in the pores in which micro-droplets had
formed during HSW, was recovered faster than in the pores that
remained intact after HSW. The fast coalescence of water micro-
droplets during LSW is driven by the significant differences in
salinity, and ionic strength, between the LSB and the brine in the
system. This explains the inability to capture the development of
water micro-droplets during secondary LSW [27].

Analyses of contact angles, curvatures, capillary pressures, and
pore occupancy indicated a shift in the rock wettability from oil-
wet towards mixed-wet conditions due to LSW. The change in wet-
tability, induced by LSW, improved the microscopic sweep effi-
ciency as the result of increased capillary forces [27]. The
underlying mechanisms and subsequent change in wettability
resulted in a 9% increase in oil recovery. A similar increase in recov-
ery was obtained in a previous tertiary LSW coreflooding experi-
ment [82]. The results from our previous experimental study
showed that, when compared to tertiary LSW, secondary LSW is
more efficient and achieved a higher recovery factor [27]. When
injecting LSB in secondary mode 85% of the oil, in the pore space
resolved by X-ray imaging, was recovered compared to 66% in ter-
tiary mode. In tertiary mode, the local displacement efficiency is
lower, as the brine continues to follow principally the flow path-
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ways established during the initial, inefficient, high salinity flood.
Moreover, the rate of micro-dispersions formation during sec-
ondary LSWwas faster, compared to tertiary LSW, which enhanced
oil mobilization and displacement.

This comprehensive LSW study provides insights into the pore-
scale displacement mechanisms previously observed only on
micro-models [26,31,35]. These results can help interpret the out-
come from Darcy and molecular scale experiments, hence bridging
the gap between these very different length scales. Moreover, this
study can deliver valuable input for the brine selection criteria to
design LSW-EOR. Finally, the quantitative experimental measure-
ments presented can be used for pore-scale modelling validation
and upscaling in enhanced oil recovery projects.

In ongoing studies, a different system of crude oil, brine and
reservoir rock is being tested. Future work could focus on under-
standing the dynamics of water micro-dispersions and thin water
films development and the time response of LSW.
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