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Zeta potential in oil-watercarbonate systems and its impact
on oil recovery during controlled
salinity water-flooding
Matthew D. Jackson1, Dawoud Al-Mahrouqi1,2 & Jan Vinogradov1,3
Laboratory experiments and field trials have shown that oil recovery from carbonate reservoirs can be
increased by modifying the brine composition injected during recovery in a process termed controlled
salinity water-flooding (CSW). However, CSW remains poorly understood and there is no method to
predict the optimum CSW composition. This work demonstrates for the first time that improved oil
recovery (IOR) during CSW is strongly correlated to changes in zeta potential at both the mineral-water
and oil-water interfaces. We report experiments in which IOR during CSW occurs only when the change
in brine composition induces a repulsive electrostatic force between the oil-brine and mineral-brine
interfaces. The polarity of the zeta potential at both interfaces must be determined when designing
the optimum CSW composition. A new experimental method is presented that allows this. Results also
show for the first time that the zeta potential at the oil-water interface may be positive at conditions
relevant to carbonate reservoirs. A key challenge for any model of CSW is to explain why IOR is not
always observed. Here we suggest that failures using the conventional (dilution) approach to CSW may
have been caused by a positively charged oil-water interface that had not been identified.
Carbonates are the group of rocks composed primarily of the minerals calcite (CaCO3) and dolomite (MgCO3)
along with impurities such as quartz, anhydrite, clay minerals, organic matter and apatite1. Carbonate rocks host
most of the world’s oil reserves (>60%)2. However, the proportion of oil recovered from carbonate reservoirs is
low (typically <40%)3. Methods for improved oil recovery (IOR) from carbonate reservoirs are therefore of broad
scientific interest.
The first (primary) recovery from an oil reservoir results from pressure depletion and is usually modest
(5–10%)4. In many reservoirs, water is injected to increase (secondary) recovery by maintaining the reservoir
pressure and displacing oil towards the production wells. This process is termed water-flooding 5. The water
injected may be formation brine produced from the oil reservoir or an underlying aquifer, seawater, or water
from some other convenient source. Formation brine (FMB) is typically highly saline (total ionic strength
>2 mol·dm−3) and rich in monovalent and divalent ions such as Na+, Cl−, Ca2+ and Mg2+ 6,7 (Table 1). Seawater
(SW) is less saline than typical FMB (total ionic strength 0.55–0.69 mol·dm−3) but is still rich in a range of monovalent and divalent ions8–11 (Table 1).
Laboratory experiments and field trials have shown that oil recovery from carbonate reservoirs can be
increased by modifying the composition of the brine injected during water-flooding in a process termed ‘controlled salinity water-flooding’ (CSW)8,9,11–16. In laboratory core-flooding experiments, oil is displaced from
cylindrical rock samples (‘cores’) by injecting water of the desired composition into one end face of the core and
producing oil (and water) from the opposing face in order to model the reservoir water-flooding process (e.g.,
Fig. 1a,b,d). In spontaneous imbibition (SI) experiments, core samples are immersed in water and the volume of
oil that is spontaneously displaced by water is measured (e.g., Fig. 1c). These laboratory experiments are slow and
expensive to undertake, as are field trials17. A reliable method for identifying the optimum composition for CSW
is therefore essential.
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Rock samples
Property/rock

Estaillades

Description

Upper Cretaceous limestone from France

Porosity

28% ±0.5

Permeability

0.13 Darcy ±0.02

Formation Factor (F)

12.92 ±0.5
97% calcite (CaCO3), 3% magnesium

Composition
Dimensions

Length (L) = 0.0762 m, Diameter (D) = 0.0381 m
Brine samples (molar concentration)
FMB

SW

20dSW

FdCa1 FdCa2 FdCa3

NaCa1

NaCa2

NaCa3

Na+

2

0.550

0.0275

2.840

3.218

Cl−

3.020

0.620

0.031

3.312

3.428

3.259

1.959

1.581

0.741

3.442

1.987

1.861

Ca2+

0.420

0.014

0.0007

0.140

1.581

0.014

0.0003

0.014

0.140

0.420

Mg2+

0.091

0.045

0.00225

SO42−

0.002

0.024

0.0012

0.091

0.091

0.091

0.00004

0.00004

0.00004

0.002

0.002

0.002

0.0002

0.0002

Ionic strength

3.537

0.749

0.0375

0.0002

3.537

3.537

3.537

2.001

2.001

6.3

7.4

8.2

2.001

6.58

6.76

7.24

7.23

6.65

6.29

Ions

pH

Oil samples
Acid Number (AN)

Base Number (BN)

Asphaltene, %

Oil A

Oil Type

0.15

0.8

0.05

Oil B

0.2

1.77

2.9

Oil C

0.05

0.4

0.1

Oil D

0.2

1.2

2.3

Table 1. Materials used in this study.

The typical CSW approach in carbonates is to switch from formation brine to seawater15,18,19 (e.g., Fig. 1a)
and/or to dilute formation brine or seawater10,20 (e.g., Fig. 1b). Other studies have adjusted the concentration of
one or more of the divalent ions Ca2+, Mg2+ or SO42− 8,9,13,21,22 (e.g., Fig. 1c). Increases in recovery of up to 20%
over standard water-flooding have been observed, comparable with other modern IOR methods16,23. The problem is that improved recovery is not observed in all cases16,20 (e.g., Fig. 1d). Despite numerous studies, CSW in
carbonates remains poorly understood. Many studies have reported the successful application of CSW, but many
others (and more unpublished) observed no benefit, and the available data are often inconsistent and contradictory. More fundamentally, the pore to mineral-surface-scale mechanisms responsible for improved oil recovery
during CSW are poorly understood. Consequently, there is no method to predict the optimum CSW composition
to maximize oil recovery for a given crude oil/brine/rock (COBR) system.
Improved recovery during CSW in carbonates appears to be observed when the initial wetting state is mixedor oil-wet, and the wettability changes to become more water-wet after injecting water with modified composition8,9,12,15,21,22,24–26. As the reservoir first fills with oil, polar functional groups on the molecules in the oil may
adsorb onto the mineral surfaces, rendering them oil-wet. During CSW, some of these molecules desorb, the
surfaces become more water-wet and oil is released. Several adsorption/desorption processes at the calcite surface
have been proposed11,12,21,26,27. Many of these cause changes in the zeta potential of the mineral surface. The zeta
potential is a measure of the electrical potential in the diffuse (outer) part of the electrical double layer (EDL)28
and modifies the electrostatic forces acting between the surface and the polar functional groups in the oil, consistent with the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory29.
The zeta potential of calcite depends on the concentration-dependent adsorption of the lattice ions Ca2+,
Mg2+ and CO32− in the Stern layer (the inner part of the EDL)30–41. At the high Ca2+ and/or Mg2+ concentration
typical of formation brines, the zeta potential of the calcite surface is positive. Reduction of Ca2+ and/or Mg2+
concentration, either selectively or by bulk dilution, can invert the polarity, yielding negative zeta potential40–45.
Addition of SO42− can also yield more negative zeta potential8,30,40,46. Several studies have suggested a link between
wettability and zeta potential in carbonates, although none have shown a direct correlation between changes in
zeta potential, wettability and improved recovery during CSW21,40,43,47.
Previous studies have typically utilised measurements of electrophoretic mobility to determine the zeta potential of artificial and natural calcite and carbonate30–35,42–46. In this approach, the sample is crushed to a fine powder and suspended in a solution of the electrolyte of interest. An electrical potential field is applied across the
suspension (the field typically oscillates at a controlled frequency, inducing an alternating current through the
suspension) and the resulting movement of the solid particles is measured and used to interpret the zeta potential
via a suitable version of the Helmholtz-Smoluchowski equation28. Commercially available zetameters are available
to obtain such data. However, the measurement conditions are far from those employed in CSW experiments for
a number of reasons. First, the sample is powdered rather than intact. Second, the temperature and/or total ionic
strength are typically lower than in CSW, because hydrocarbon reservoirs are deeply buried and initially contain
high ionic strength natural brines. Third, there is no oil present.
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Figure 1. Examples of (a,b,c) successful and (d) unsuccessful controlled salinity experiments in carbonates.
Plots (a), (b) and (d) show core-flooding experiments (data from ref. 15 (a) and ref. 20 (b,d)). Plot (c) shows
a spontaneous imbibition (SI) experiment (data from ref. 21). FMB denotes formation brine, SW denotes
seawater, 100dFMB denotes formation brine diluted 100 times; 5dSW denotes seawater diluted 5 times; SW0S
denotes seawater with SO42− removed; SW3S denotes seawater with SO42− increased by a factor of 3. Time in
plots (a,b,d) is denoted in dimensionless pore-volumes (PV) injected.

The properties of the oil-water interface remain poorly understood. The available data suggest that the interface is negatively charged at pH > 4.5 but can become positive at lower pH24,43,48–51. However, the data are limited
and were acquired using emulsions of oil in simple NaCl or CaCl2 electrolytes at low ionic strength, in the commercial zetameters discussed above. It can be challenging to maintain a stable suspension in such experiments,
especially in natural brines with high ionic strength44,50.
Here we show that the zeta potential at both the mineral-water and oil-water interfaces must be determined
when assessing the optimum brine composition for CSW in carbonates. We use an integrated experimental apparatus that allows the zeta potential to be interpreted from streaming potential measurements obtained during
CSW core-flooding experiments. Our results demonstrate for the first time that the oil-water interface can be
positively charged at the high pH and ionic strength relevant to the formation brines found in many carbonate
reservoirs. Improved recovery during CSW in carbonates is observed only if the change in brine composition
yields a zeta potential at each interface that has the same polarity, such that a repulsive electrostatic force acts
between the interfaces and stabilizes a water film on the mineral surface. A key challenge for any model of CSW
in carbonates is to explain those cases where no incremental recovery was observed. Here we suggest that failures
using the conventional (dilution) approach to CSW, or some other change in water composition that yields a more
negative zeta potential at the mineral surfaces, may have been caused by a positive zeta potential at the oil-water
interface that had not been diagnosed.
We provide a new method to allow the optimum brine composition for CSW in carbonates to be determined
based on measurements of the zeta potential at both the oil-brine and mineral-brine interfaces using an integrated experimental apparatus, along with new insight into the mineral-surface-scale mechanisms underpinning
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CSW. The results have broad application and significance in allowing oil companies to design water injection
strategies that yield improved oil recovery from carbonate reservoirs.

Methods

Core samples of one limestone, three different brine compositions and four different types of crude oil were used
in the experiments reported here (Table 1). The core samples were from the Upper Cretaceous Estaillades limestone, quarried in France (Table 1). The brines were synthetic solutions of reagent-grade NaCl, CaCl2, Na2SO4
and MgCl2 salts in deionized water. Three of the brine compositions tested were designed to represent the natural
formation brine typical of hydrocarbon reservoirs6 (denoted FMB), natural seawater (denoted SW) and seawater
diluted 20 times (denoted 20dSW) (Table 1). Similar brines have been used previously in studies of CSW in carbonates40,43,45. The other tested brines comprised two sets each containing three synthetic brines; each set had the
same ionic strength but varying Ca2+ concentration (Table 1).
Samples saturated with the various brines of interest were prepared using the approach of Alroudhan et al.40.
This approach is designed to ensure equilibrium between the brine and sample at conditions relevant to natural
systems, and the enhanced cleaning protocol ensures that divalent ions have been flushed from the mineral surfaces (see the Methods section in the Supplementary Information for additional details). Brine-saturated samples
were strongly water-wet.
Samples saturated with brine and crude oil were prepared using the approach of Jadhunandan and Morrow52.
This approach is designed to replicate the wettability altering reactions that occur in subsurface reservoirs by
equilibrating (‘aging’) samples at elevated temperature. The water-saturated samples described above were
drained to various values of initial water saturation (Swi) using the crude oil of interest before being aged at 80 °C
for four weeks. The wettability obtained after aging depends on Swi because only those pores occupied by crude
oil can have their wettability changed53. In some cases, samples were prepared with no water present (Swi =  0) by
saturating clean and dry samples with the crude oil.
The wettability of the samples was determined by measuring the Amott wettability index of water54
Iw =

V wsi
V wsi + V wfw

(1)

where Vwsi is the volume of water spontaneously imbibed (SI) by the sample and Vwfw is the additional volume of
water that can be forced into the sample during water-flooding. The value of Vwsi was measured by placing the
sample in a SI cell surrounded by the brine of interest for four weeks. The value of Vwfw was measured using the
brine of interest and the core-flooding apparatus shown in Figure S1 of the Supplementary Information. All SI
and coreflood tests were conducted at room temperature.
We used the streaming potential method and the apparatus described by Jackson and co-workers40,47,55,56; see
the Methods section and Figure S1 in the Supplementary Information) to measure the zeta potential of the samples saturated with the various brines and crude oils of interest. The method is applicable to intact natural rock
samples, can be used to measure zeta potential at high ionic strength and can also be used for samples saturated
with more than one fluid phase. Moreover, the apparatus can be used for core-flooding, so experiments to measure zeta potential and oil recovery were combined here to ensure consistent samples and experimental conditions.
The zeta potential was measured on intact samples saturated with brine (Sw = 1), and samples saturated with brine
and crude oil at the residual oil saturation (Sw =  1 −  Sor) after CSW with the brine of interest.
A tertiary CSW approach was adopted in which the core sample was first flooded with the same brine used
during aging until no more oil was produced (i.e., the residual oil saturation Sor had been reached, usually
after >10 pore-volumes-injected (PVI) of the brine of interest). Thereafter, the injected brine was changed to
one with modified composition for a minimum of 10 PVI or until no further oil was produced. Four different water-flooding sequences were used. The first followed a typical low salinity waterflood (LSW): the sample
was first aged and then flooded with the formation brine, before switching to seawater and then dilute seawater
(FMB →  SW → 20dSW). The second inverted the typical LSW: the sample was aged and then flooded with dilute
seawater, before switching to seawater and then formation brine (20dSW →  SW →  FMB).
The third and fourth flooding sequences were designed to test the relative importance of changing the total
ionic strength of the injected brine versus changing the concentration of Ca2+ which is known to play a key role in
controlling the zeta potential of calcite. In the third flooding sequence, the sample was aged and then flooded with
the formation brine. Then Ca2+ was progressively stripped out of subsequent water-flooding experiments (see
compositions FdCa1, FdCa2 and FdCa3 in Table 1) but the ionic strength was kept constant by adjusting the concentration of NaCl. In the fourth flooding sequence, the sample was aged and then flooded with pre-equilibrated
NaCl (NaCa0). Then Ca2+ was progressively added to subsequent waterfloods (see compositions NaCa1, NaCa2
and NaCa3 in Table 1) whilst keeping the ionic strength constant by adjusting the concentration of NaCl.

Results

Brine composition and the zeta potential of water-wet carbonate samples. We begin by reporting the effect of the tested brine compositions on the zeta potential of strongly water-wet samples saturated only
with the brine of interest (Fig. 2). The raw experimental data used to obtain these results are reported in the
Results section of the Supplementary Information. The zeta potential of the sample in formation brine was positive, but became negative in contact with seawater, and increasingly negative as the seawater was diluted (Fig. 2a).
These results are consistent with previous studies of natural carbonates40,43,45,47. Thus a typical low salinity waterflood yields increasingly negative zeta potential at the mineral-brine interfaces. Removing the calcium ions
from formation brine also yielded increasingly negative zeta potential, while adding Ca2+ to NaCl brine yielded
increasingly positive zeta potential (Fig. 2b). However, the change was smaller in magnitude than that observed
Scientific Reports | 6:37363 | DOI: 10.1038/srep37363
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Figure 2. Impact of brine composition on the zeta potential of water-wet carbonate samples. (a) Effect of
varying composition from formation brine (FMB) to seawater (SW) to dilute seawater (dSW). Data are plotted
against ionic strength on the lower horizontal axis and pCa on the upper horizontal axis, where p represents the
negative logarithm. (b) Effect of varying calcium concentration at two different values of (constant) total ionic
strength (2 mol·dm−3 and 3.5 mol·dm−3 comparable to FMB). Data are plotted against pCa.
when switching from formation brine to seawater and then dilute seawater. Moreover, removing Ca2+ from the
formation brine failed to invert the polarity of the zeta potential.

Correlation between zeta potential and wettability.

We now investigate the relationship between
the zeta potential and wettability of the aged samples, plotting the zeta potential measured after SI and
water-flooding of the samples with formation brine, against log(Iw) (Fig. 3a). A selection of the raw experimental data used to obtain the zeta potential values shown in Fig. 3a are reported in the Results section of the
Supplementary Information. The zeta potential value at Iw =  1 (log Iw = 0) corresponds to that reported in Fig. 2
for the sample saturated only with formation brine with no crude oil present. The zeta potential is positive for this
strongly water-wet sample as described above. Two clear and distinct trends in zeta potential with wettability are
obtained. In one, observed for Oils B, C and D, the zeta potential becomes increasingly negative with decreasing Iw (i.e., as the samples become less water-wet). In the other, observed for Oil A, the zeta potential becomes
increasingly positive with decreasing Iw.
Jackson and Vinogradov47 observed a positive zeta potential for strongly water-wet carbonate samples that
became more negative (less positive) after aging. They argued that a more negative zeta potential in oil-wet
conditions reflects a negative zeta potential at the oil-brine interface. Water-wet mineral surfaces return the
zeta potential of the mineral-brine interface, which here we found is positively charged in formation brine
(Fig. 3b). However, oil-wet mineral surfaces return the zeta potential of the oil-brine interface, rather than the
mineral-brine interface. As the sample becomes increasingly oil-wet, the zeta potential is increasingly controlled
by the oil-brine interface developed on oil-wet mineral surfaces. When this is negative, the zeta potential of the
sample becomes more negative (Fig. 3c). The results obtained here for Oils B, C, and D are therefore consistent
with a negative zeta potential at the oil-brine interface. Moreover, the similar trend in zeta potential with wettability observed here suggests that the zeta potential at the oil-brine interface is similar irrespective of the oil
composition for these three particular crude oil compositions.
However, Oil A followed a different trend, with the zeta potential becoming increasingly positive as the sample
became more oil-wet. We conducted additional experiments to test this trend and found a linear regression provides an excellent fit to the data. We conclude that Oil A must have a positive zeta potential at the oil-brine interface, which is larger in magnitude than the positive zeta potential at the mineral-brine interface (Fig. 3d). Thus the
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Figure 3. Effect of wettability on zeta potential. (a) Zeta potential as a function of water wetting index for
each of the four crude oils tested (A–D) aged with FMB. Grey symbols represent aging in the absence of
water, open symbols represent aging with water and the filled triangle represents the non-aged sample.
(b,c,d) Schematics showing a hypothetical triangular pore occupied by (b) water and (c,d) oil and water. Signs
denote the polarity of the zeta potential at water-wet or oil-wet mineral surfaces in, (b) oil-wet samples with a
positive zeta potential at the mineral-brine and oil-brine interfaces, (c) water-wet samples with a positive zeta
potential at the mineral-brine interface, and (d) oil-wet samples with a negative zeta potential at the oil-brine
interface and a positive zeta potential at the mineral-brine interface. Note that the configuration of electrical
charge in (d) will be stable except for a few nm (approximately one Debye length, corresponding to the local
thickness of the diffuse layer) either side of the three-phase (oil-water-rock) contact points where the polarity
of the zeta potential changes. The Debye length is only a few nm or tens of nm depending upon the total ionic
strength, and the local distribution of electrical charge within the diffuse part of the EDL is shielded from,
and therefore not affected by, nearby electrical charge (such as that at a mineral surface or adjacent EDL) over
distances greater than one Debye length28.

zeta potential of the sample becomes more positive as the proportion of oil-wet mineral surfaces increases. Note
that the pH remained above 6 in all experiments (Table 1; Table S1 in the Supplementary Information tabulates
all of the data reported).
The next section shows that the polarity of the zeta potential at the oil-brine interface plays a key role in
controlling whether improved recovery is observed during CSW. The experiments test the hypothesis that IOR
during CSW occurs only when the electrostatic repulsion between the oil-brine and mineral-brine interfaces
increases in response to the change in brine composition during water-flooding.

Controlled salinity water-flooding with varying ionic strength. We now report core-flooding exper-

iments and zeta potential measurements during conventional tertiary LSW (FMB →  SW → 20dSW; Fig. 4a,b) and
inverted LSW (20dSW →  SW → FMB; Fig. 4d,e). As discussed previously, conventional LSW yields more negative
zeta potential at the mineral-brine interface; inverted LSW yields more positive zeta potential (Fig. 2a).
All three crude oils B, C and D with a negative zeta potential at the oil-brine interface showed incremental
recovery during conventional LSW; the results of one example LSW using Oil D are shown in Fig. 4a. Moreover,
there is a clear correlation for each sample between the incremental oil recovered and the incremental change
in the zeta potential of the sample as the injected brine composition was changed: oil recovery increased as the
zeta potential became more negative (Fig. 4c). By contrast, Oil A showed no incremental recovery during conventional LSW (Fig. 4b) and there is therefore no correlation between change in zeta potential and incremental
recovery (Fig. 4c).
During inverted LSW, oils B, C and D showed no incremental recovery; the results of one example inverted LSW
using crude Oil D are shown in Fig. 4d. However, Oil A showed the largest incremental recovery of all the crude oils
tested (Fig. 4e). Moreover, incremental recovery for Oil A increased as the sample zeta potential became more positive
Scientific Reports | 6:37363 | DOI: 10.1038/srep37363
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Figure 4. Effect of conventional LSW (FMB → SW → 20dSW) and inverted LSW (20dSW → SW → FMB)
on oil recovery and zeta potential change. (a,b,c) show conventional LSW results and (d,e,f) show inverted
LSW results. Examples of (a) successful LSW using Crude Oil D and (b) unsuccessful LSW using Crude Oil A.
Examples of (d) unsuccessful inverted LSW using Crude Oil D and (e) successful inverted LSW using Crude
Oil A. Vertical dashed lines in (a,b,d,e) indicate when streaming potential measurements are conducted.
(c,f) Relationship between incremental oil recovered and the incremental change in the zeta potential of the
sample as the injected brine composition was changed. FMB denotes formation brine, SW denotes seawater and
20dSW denotes 20 times diluted seawater.

(Fig. 4f). We conclude that CSW is successful only if the zeta potential at the mineral-brine interface changes to
become more negative when the oil-brine interface has a negative zeta potential in the formation brine, and vice-versa.
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Figure 5. Effect of decreasing/increasing Ca concentration on oil recovery and zeta potential change.
(a) and (c) show examples of incremental recovery when (a) Ca is removed during water-flooding of Crude
Oil B and (c) Ca is added during water-flooding of Crude Oil A. Vertical dashed lines in (a,c) indicate when
streaming potential measurements are conducted. (b and d) show the relationship between incremental oil
recovered and the incremental change in the zeta potential when (b) Ca is removed during water-flooding of
Crude Oils B and C, and (d) Ca is added during water-flooding of Crude Oil A.

Controlled salinity water-flooding with varying Ca2+ concentration. In the conventional and
inverted LSW experiments described previously, both the total ionic strength, and the Ca2+ concentration,
changed between the FMB, SW and 20dSW brines used. We finish by testing the effect of eliminating the
change in ionic strength, comparing waterflood experiments in which the Ca2+ concentration was progressively
decreased at constant ionic strength (FdCa1-3 in Table 1), and in which the Ca2+ concentration was progressively increased at constant ionic strength (NaCa1-3 in Table 1). As discussed previously, removal of Ca2+ yields
more negative zeta potential at the mineral-brine interface; addition of Ca2+ yields more positive zeta potential
(Fig. 2b).
All three crude oils B, C and D with a negative zeta potential at the oil-brine interface showed incremental
recovery when Ca2+ was removed; the results of one example using Oil C are shown in Fig. 5a. There is again a
clear correlation for each sample between the incremental oil recovered and the incremental change in the zeta
potential of the sample: oil recovery increased as the zeta potential became more negative (Fig. 5b). By contrast,
Oil A showed incremental recovery only when Ca2+ was added (Fig. 5c). Incremental recovery for Oil A increased
as the sample zeta potential became more positive (Fig. 5d).
We conclude that the composition of the brine is not important so long as CSW causes the appropriate
changes in zeta potential at the mineral-brine interface. To observe IOR, the mineral surface must change to have
a more negative zeta potential when the oil-brine interface has a negative zeta potential in the formation brine,
and vice-versa.
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Figure 6. Cumulative incremental oil recovery against cumulative normalised zeta potential for all the
CSW experiments showing incremental recovery. Cross shows data in FMB; filled symbols show data in SW
and empty symbols show data in 20dSW. Grey symbols show results of decreasing Ca2+ (squares for Oil B and
diamonds for Oil C) and increasing Ca2+ (triangles for Oil A).

Correlation between zeta potential and improved oil recovery. Figures 4(c,f) and 5(b,d) show a
strong correlation between the measured change in zeta potential of the samples after each change in brine composition and IOR during CSW. However, the trends are sample and oil specific. Here we normalize the change in
CSW
IB
zeta potential resulting from CSW (ζ Sor
− ζ Sor
) by the change in zeta potential corresponding to wettability
CSW
CSW
alteration (ζ Sor − ζ Sw =1) and plot incremental oil recovery against the incremental normalized change in zeta
potential
∆ζ n =

CSW
IB
ζ Sor
− ζ Sor

CSW
CSW
ζ Sor
− ζ Sw
=1

(2)

CSW
where ζ Sor

denotes the zeta potential of the aged sample after water-flooding with the chosen brine of controlled
IB
composition, ζ Sor
denotes the zeta potential of the aged sample after water-flooding with the initial brine in which
CSW
the sample was aged, and ζ Sw
denotes the zeta potential of the sample saturated with the chosen controlled
=1
salinity brine at Sw = 1. Plotted in this way, it is clear that incremental recovery correlates with the change in normalized zeta potential induced by CSW irrespective of oil composition or flooding sequence (Fig. 6).

Discussion

The results presented here demonstrate that the zeta potential at both the mineral-water and oil-water interfaces
must be determined when designing the optimum water composition for CSW in carbonates. Improved recovery
is observed only if the change in water composition yields a zeta potential at each interface that has the same
polarity. If the oil-water interface is negatively charged, modifying the injected water composition to produce
a more negative zeta potential on the mineral surfaces yields improved recovery. The conventional approach of
diluting formation brine and/or seawater is successful in this case. However, if the oil-water interface is positively
charged, the injection water composition must be modified to yield a more positive zeta potential on the mineral
surfaces.
The results can be explained at the mineral-surface-scale by considering the stability of a thin water film on
the mineral surface that wets and separates the mineral surface from the oil phase49,57–63. The stability of a wetting
film depends on the disjoining pressure, which is the sum of the contributions from van der Waals forces, structural forces and electrostatic forces57 (Fig. 7a). The Van der Waals force is always attractive, which means that its
contribution to the disjoining pressure is negative (dashed line in Fig. 7a) and always acts to destabilise the water
film. The structural force is always repulsive, so its contribution to the disjoining pressure is positive and always
acts to stabilise the water film (dotted line in Fig. 7a).
The contribution of the electrostatic force to the disjoining pressure can be positive or negative depending
upon the zeta potential at the mineral-brine and oil-brine interfaces (solid and dot-dash lines in Fig. 7a). If the
zeta potentials have the same polarity, then the electrostatic force is repulsive so the contribution of the electrostatic force to the disjoining pressure is positive and vice-versa (compare lines above and below the abscissa axis in
Fig. 7a). The magnitude of the contribution of the electrostatic force decreases with increasing ionic strength49,59,60
(compare high and low IS lines in Fig. 7a).
The condition for a stable water film is that the disjoining pressure (Π) has a maximum which satisfies59
Πmax ≥ Po − Pw −
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Figure 7. Impact of disjoining pressure on water film thickness and wettability. (a) Schematic of the various
contributions of van der Waals (dashed line), structural (dotted line) and electrostatic (solid and dot-dash
lines) on the disjoining pressure (modified from ref. 57). When the oil-water and mineral-water interfaces have
the same polarity, the contribution of electrostatic forces is positive; when they have opposing polarity, the
contribution is negative. The contribution of electrostatic forces is larger at low ionic strength (IS) than at high
IS. (b) Total disjoining pressure corresponding to (a). Solid and dot-dash lines in show the disjoining pressure at
low and high IS respectively when the interfaces have the same polarity; dot and dash lines show the disjoining
pressure at low and high IS when the interfaces have opposing polarity. The labels c-e correspond to figures
(c–e) which show schematically the water film on a rough mineral surface (sketched based on images from ref.
61 and insight from refs 62 and 63). The mineral surfaces are water-wet where the film is stable, but can become
oil-wet where the film has collapsed.

where Po is the oil pressure (Pa), Pw is the water pressure, Pc is the oil-water capillary pressure, σis the oil-water
interfacial tension (N·m−1), and r is the local radius of curvature of the mineral surface (m); Fig. 7b). The value
of r is positive for a concave surface and negative for a convex surface. Thus the maximum disjoining pressure
required for water film stability increases with increasing surface roughness and the water film first becomes
unstable at an asperity59,61. When the oil-brine and mineral-brine zeta potentials have the same polarity, the
water film can be stable (dark grey lines in Fig. 7b). However, at high ionic strength, only the concave parts of
the pore-surfaces host stable water films, whereas at low ionic strength, the water film is stable over a larger proportion of the pore-surfaces. Evidence to support this model comes from nano-scale imaging using cryogenic
broad ion-beam polishing in combination with scanning electron microscopy, which has imaged direct contacts
between oil and quartz mineral surfaces at asperities in water-wet sandstone samples61. When the oil-brine and
mineral-brine zeta potentials have opposing polarity, the water film is unstable (pale grey lines in Fig. 7b).
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The data obtained here are consistent with the observations that carbonate reservoirs are often
mixed-wettability or oil-wet, and that the mineral surfaces in carbonate reservoirs containing typical formation brines rich in Ca2+ and Mg2+ often have a positive zeta potential. If the oil-brine interface has a negative
zeta potential (as in oils B-D investigated here), then the water film is unstable because the zeta potentials at
the mineral-brine and oil-brine interfaces have opposing polarity and the electrostatic force is attractive.
Consequently, polar components in the oil adsorb onto the mineral surfaces causing the surfaces to become
oil-wet (Fig. 7e; location ‘e’ on Fig. 7b). During a conventional LSW, such as that investigated here in which formation brine was replaced by seawater and then dilute seawater, the zeta potential at the mineral-brine interface
becomes more negative. Consequently, the electrostatic force becomes repulsive and increases in magnitude,
leading to a higher disjoining pressure and increasingly stable water films. Thus the wettability alters towards
more water-wet conditions (Fig. 7c; location ‘c’ on Fig. 7b). Oil previously adsorbed on the mineral surfaces is
released and incremental oil recovery is observed.
However, if the oil-brine interface has a positive zeta potential (as in Oil A investigated here), the water film
is partially stable because the zeta potentials at the mineral-brine and oil-brine interfaces have the same polarity and the electrostatic force is weakly repulsive. Consequently, the polar components in the oil adsorb onto a
smaller area of the pore-space (Fig. 7d; location ‘d’ on Fig. 7b). During a conventional LSW, the zeta potential at
the mineral brine interface becomes more negative. Consequently, the electrostatic force becomes attractive and
increases in magnitude, leading to a lower disjoining pressure and increasingly unstable water films (Fig. 7e; location ‘e’ on Fig. 7b). Thus there is no tendency to re-establish the water wetting layers and no incremental recovery
is observed.
In the inverted LSW investigated here, wettability alteration occurred during aging with Crude Oil A and
dilute seawater because the attractive electrostatic force between the positively charged oil-brine interface and the
negatively charged mineral-brine interface yielded an unstable water film (Fig. 7e; location ‘e’ on Fig. 7b). During
CSW, changing the injected brine composition to seawater and then formation brine caused the zeta potential at
the mineral-brine interface to become less negative and then positive, leading to increasingly stable water films
(Fig. 7d; location ‘d’ on Fig. 7b). Thus the wettability was altered towards more water-wet conditions, oil was
released from the mineral surfaces and incremental oil recovery was observed.
Decreasing the Ca2+ concentration has a similar effect to simple dilution (and vice versa) because varying
2+
Ca changes the zeta potential of the mineral-brine interface, thus affecting the electrostatic contribution to the
disjoining pressure. However, changes in zeta potential in response to changes in Ca2+ concentration were less
pronounced for the carbonate sample investigated here than the changes in zeta potential observed during conventional and inverted LSW. Thus the IOR was less pronounced.
The experimental method demonstrated here provides a practical approach to determine the optimum brine
composition for CSW in carbonates. The first step is to determine the wettability and zeta potential of preserved
or aged samples saturated with the crude oil and formation brine of interest, and compare the zeta potential with
strongly water-wet samples. Our results, along with previous studies, suggest that IOR during CSW is observed
only if the initial wetting state is mixed to oil-wet18–20,26,27.
If the zeta potential of the aged samples is more negative than that of the water-wet samples, then the oil-brine
interface is negatively charged and the injection brine should be modified to yield a more negative zeta potential
at the mineral-brine interface. Previous studies have shown that this can be achieved by simple dilution or by
reducing the concentration of Ca2+ and/or Mg2+. Addition of SO42− can also yield more negative zeta potential.
If the zeta potential of the aged samples is more positive than that of the water-wet samples, then the oil-brine
interface is positively charged and the injection brine should be modified to yield a more positive zeta potential
at the mineral-brine interface. Previous studies have shown that this can be achieved by increasing the concentration of Ca2+ and/or Mg2+.
If the zeta potential of the water-wet and aged samples is the same but wettability alteration has clearly
occurred, then the zeta potential of the mineral-brine and oil-brine interfaces is the same within experimental
error. If the zeta potential is negative, then the injection brine should be modified to yield a more negative zeta
potential at the mineral-brine interface and vice-versa.

Conclusions

The zeta potential at both the mineral-water and oil-water interfaces must be determined when designing the
optimum brine composition for CSW in carbonates. The experimental method presented here allows this to be
done using intact core samples saturated with the crude oil and brine of interest. Results reported here demonstrate for the first time that the oil-water interface can be positively charged at the high pH and ionic strength
relevant to the formation brines found in many carbonate reservoirs. Improved recovery during CSW in carbonates is observed only if the change in brine composition yields a zeta potential at each interface that has the
same polarity, such that a repulsive electrostatic force acts between the interfaces and stabilizes a water film on
the mineral surface.
If the oil-water interface is negatively charged, modifying the injected water composition to produce a more
negative zeta potential on the mineral surfaces yields improved recovery. The conventional approach of diluting
formation brine and/or seawater is successful in this case. However, if the oil-water interface is positively charged,
the injection water composition must be modified to yield a more positive zeta potential on the mineral surfaces.
This can be achieved by increasing the concentration of Ca2+ or Mg2+ ions. Those studies that have failed to
observe improved recovery using the conventional (dilution) approach to CSW, or some other change in water
composition designed to yield more negative mineral surfaces, may have been dealing with a positive zeta potential at the oil-water interface that had not been diagnosed.

Scientific Reports | 6:37363 | DOI: 10.1038/srep37363

11

www.nature.com/scientificreports/

References

1. Dickson, J. A. D. Carbonate mineralogy and chemistry. In Carbonate Sedimentology (eds. Tucker, M. E. & Wright, V. P.) 284–313
(Blackwell Science, 1990).
2. Klemme, H. & Ulmishek, G. F. Effective petroleum source rocks of the world: stratigraphic distribution and controlling depositional
factors (1). AAPG Bulletin 75, 1809–1851 (1991).
3. Downs, H. & Hoover, P. Enhanced recovery by wettability alteration. In Oil field chemistry: Enhanced recovery and production
stimulation 396 (eds. Borchardt, J. K. & Yen, T. F.) ch. 32, 577–595 (American Chemical Society, 1989).
4. Bradley, H. B. Petroleum Engineering Handbook (Society of Petroleum Engineers, 1987).
5. Willhite, G. Waterflooding. Society of Petroleum Engineers Textbook Series 3 (Society of Petroleum Engineers, 1986).
6. Romanuka, J. et al. Low Salinity EOR in Carbonates. Society of Petroleum Engineers paper SPE153869 presented at the 18th
Improved Oil Recovery Symposium, Tulsa, Oklahoma, April 14–18 (2012).
7. Shehata, A. M., Alotaibi, M. B. & Nasr-El-Din, H. A. Waterflooding in carbonate reservoirs: Does the salinity matter? SPE Reservoir
Evaluation & Engineering 17, 304–313 (2014).
8. Zhang, P. M. & Austad, T. Wettability and oil recovery from carbonates: Effects of temperature and potential determining ions.
Colloids and Surfaces A: Physicochem. Eng. Aspects 279, 179–187, doi: 10.1016/j.colsurfa.2006.01.009 (2006).
9. Zhang, P., Tweheyo, M. T. & Austad, T. Wettability alteration and improved oil recovery by spontaneous imbibition of seawater into
chalk: Impact of the potential determining ions Ca2+, Mg2+ and SO42−. Colloids and Surfaces A: Physicochem. Eng. Aspects 301,
199–208, doi: 10.1016/j.colsurfa.2006.12.058 (2007).
10. Yousef, A. A., Al-Saleh, S. H., Al-Kaabi, A. & Al-Jawfi, M. S. Laboratory investigation of the impact of injection-water salinity and
ionic content on oil recovery from carbonate reservoirs. SPE Reservoir Evaluation & Engineering 14, 578–593 (2011).
11. Hiorth, A., Cathles, L. M. & Madland, M. V. The Impact of Pore Water Chemistry on Carbonate Surface Charge and Oil Wettability.
Transport in Porous Media 85, 1–21, doi: 10.1007/s11242-010-9543-6 (2010).
12. Karoussi, O. & Hamouda, A. A. Imbibition of sulfate and magnesium ions into carbonate rocks at elevated temperatures and their
influence on wettability alteration and recovery. Energy & Fuels 21, 2138–2146 (2007).
13. Strand, S. et al. “Smart Water” for oil recovery from fractured limestone: A preliminary study. Energy & Fuels 22, 3126–3133, doi:
10.1021/ef800062n (2008).
14. RezaeiDoust, A., Puntervold, T., Strand, S. & Austad, T. “Smart Water” as a Wettability Modifier in Carbonate and Sandstone: A
Discussion of Similarities/Differences in the Chemical Mechanisms. Energy & Fuels 23, 4479–4485, doi: 10.1021/ef900185e (2009).
15. Fathi, S. J., Austad, T. & Strand, S. “Smart Water” as a Wettability Modifier in Chalk: The Effect of Salinity and Ionic Composition.
Energy & Fuels 24, 2514–2519, doi: 10.1021/ef901304m (2010).
16. Sohal, M. A., Thyne, G. & Sogard, E. G. Review of Recovery Mechanisms of Ionically Modifed Waterflood in Carbonate Reservoirs.
Energy & Fuels 30, 1904–1914 (2016).
17. Yousef, A. A. et al. SmartWater Flooding: Industry’s First Field Test in Carbonate Reservoirs, Society of Petroleum Engineers paper
SPE159526 presented at the Annual Technical Conference and Exhibition, San Antonio, Texas, 8–10 October (2012).
18. Shariatpanahi, S. F., Strand, S. & Austad, T. Evaluation of Water-Based Enhanced Oil Recovery (EOR) by Wettability Alteration in a
Low-Permeable Fractured Limestone Oil Reservoir. Energy & Fuels 24, 5997–6008, doi: 10.1021/ef100837v (2010).
19. Rashid, S., Mousapour, M. S., Ayatollahi, S., Vossoughi, M. & Beigy, A. H. Wettability alteration in carbonates during “Smart
Waterflood”: Underlying mechanisms and the effect of individual ions. Colloids and Surfaces A: Physicochem. Eng. Aspects 487,
142–153 (2015).
20. Austad, T., Shariatpanahi, S., Strand, S., Black, C. & Webb, K. Conditions for a low-salinity enhanced oil recovery (EOR) effect in
carbonate oil reservoirs. Energy & Fuels 26, 569–575 (2011).
21. Strand, S., Hognesen, E. J. & Austad, T. Wettability alteration of carbonates - Effects of potential determining ions (Ca2+ and SO42−)
and temperature. Colloids and Surfaces A: Physicochem. Eng. Aspects 275, 1–10, doi: 10.1016/j.colsurfa.2005.10.061 (2006).
22. Austad, T. & Standnes, D. C. Spontaneous imbibition of water into oil-wet carbonates. J. of Pet. Sci. Eng. 39, 363–376 (2003).
23. Hu Z., Azmi, S. M., Raza, G., Glover, P. W. J. & Wen. D. Nanoparticle-Assisted Water-Flooding in Berea Sandstone. Energy and Fuels,
30, 2791–2804 (2016).
24. Alotaibi, M. B. & Nasr-El-Din, H. A. Electrokinetics of Limestone Particles and Crude-Oil Droplets in Saline Solutions. SPE
Reservoir Evaluation & Engineering 14, 604–611 (2011).
25. Gandomkar, A. & Rahimpour, M. R. Investigation of Low-Salinity Waterflooding in Secondary and Tertiary Enhanced Oil Recovery
in Limestone Reservoirs. Energy & Fuels 29, 7781–7792 (2015).
26. Austad, T., Strand, S., Madland, M. V., Puntervold, T. & Korsnes, R. I. Seawater in chalk: an EOR and compaction fluid. SPE Reservoir
Evaluation & Engineering 11 648–654 (2008).
27. Puntervold, T., Strand, S. & Austad, T. Water flooding of carbonate reservoirs: Effects of a model base and natural crude oil bases on
chalk wettability. Energy & Fuels 21, 1606–1616, doi: 10.1021/ef060624b (2007).
28. Glover, P. W. J. Geophysical Properties of the Near Surface Earth: Electrical Properties. In Treatise on Geophysics 2nd Edn. vol 11:
Resources in the Near Surface Earth (ed. Schubert, G.) 89–137 (2015).
29. Evans, D. F. & Wennerström, H. The colloidal domain: where physics, chemistry, biology and technology meet, 2nd Edn. (Wiley, 1999).
30. Douglas, H. & Walker, R. The electrokinetic behaviour of Iceland Spar against aqueous electrolyte solutions. Trans. Faraday Soc. 46,
559–568 (1950).
31. Foxall, T., Peterson, G. C., Rendall, H. M. & Smith, A. L. Charge determination at calcium salt/aqueous solution interface. J. Chem.
Soc., Faraday Trans. 1: Phys. Chem. in Condensed Phases 75, 1034–1039 (1979).
32. Thompson, D. W. & Pownall, P. G. Surface electrical-properties of calcite. J. Colloid Int. Sci. 131, 74–82, doi: 10.1016/00219797(89)90147-1 (1989).
33. Pierre, A., Lamarche, J., Mercier, R., Foissy, A. & Persello, J. Calcium as potential determining ion in aqueous calcite suspensions. J.
Dispersion Sci. and Tech. 11, 611–635 (1990).
34. Huang, Y. C., Fowkes, F. M., Lloyd, T. B. & Sanders, N. D. Adsorption of calcium ions from calcium chloride solutions onto calcium
carbonate particles. Langmuir 7, 1742–1748 (1991).
35. Cicerone, D. S., Regazzoni, A. E. & Blesa, M. A. Electrokinetic properties of the calcite water interface in the presence of magnesium
and organic-matter. J. Colloid Int. Sci. 154, 423–433, doi: 10.1016/0021-9797(92)90158-i (1992).
36. Stipp, S., Eggleston, C. & Nielsen, B. Calcite surface structure observed at microtopographic and molecular scales with atomic force
microscopy (AFM). Geochim. Cosmochim. Acta 58, 3023–3033 (1994).
37. Stipp, S. Toward a conceptual model of the calcite surface: hydration, hydrolysis, and surface potential. Geochim. Cosmochim. Acta
63, 3121–3131 (1999).
38. Wolthers, M., Charlet, L. & Van Cappellen, P. The surface chemistry of divalent metal carbonate minerals; a critical assessment of
surface charge and potential data using the charge distribution multi-site ion complexation model. Am. J. Science 308, 905–941
(2008).
39. Heberling, F. et al. Structure and reactivity of the calcite–water interface. J. Colloid Int. Sci. 354, 843–857 (2011).
40. Alroudhan, A., Vinogradov, J. & Jackson, M. Zeta Potential of Intact Natural Limestone: Impact of Potential-Determining Ions Ca,
Mg and SO4. Colloids and Surfaces A: Physicochem. Eng. Aspects, doi: 10.1016/j.colsurfa.2015.11.068 (2016).
41. Al Mahrouqi, D., Vinogradov, J. & Jackson, M. Zeta Potential of Artificial and Natural Calcite in Aqueous Solution. Adv. Colloid Int.
Sci. (in press).

Scientific Reports | 6:37363 | DOI: 10.1038/srep37363

12

www.nature.com/scientificreports/
42. Alotaibi, M. B., Nasr-El-Din, H. A. & Fletcher, J. J. Electrokinetics of Limestone and Dolomite Rock Particles. SPE Reservoir
Evaluation & Engineering 14, 594–603 (2011).
43. Mahani, H. et al. Insights into the Mechanism of Wettability Alteration by Low-Salinity Flooding (LSF) in Carbonates. Energy &
Fuels 29, 1352–1367 (2015).
44. Alotaibi, M. B. & Yousef, A. The Role of Individual and Combined Ions in Waterflooding Carbonate Reservoirs: Electrokinetic
Study. SPE Reservoir Evaluation & Engineering (2016).
45. Mahani, H., Keya, A. L., Berg, S. & Nasralla, R. Electrokinetics of Carbonate/Brine Interface in Low-Salinity Waterflooding: Effect
of Brine Salinity, Composition, Rock Type and pH on ζ-Potential and a Surface-Complexation Model. SPE Journal (2016).
46. Smallwood, P. Some aspects of the surface chemistry of calcite and aragonite Part I: An electrokinetic study. Colloid and Polymer
Science 255, 881–886 (1977).
47. Jackson, M. D. & Vinogradov, J. Impact of wettability on laboratory measurements of streaming potential in carbonates. Colloids and
Surfaces A: Physicochem. Eng. Aspects 393, 86–95, doi: 10.1016/j.colsurfa.2011.11.005 (2012).
48. Chow, R. S. & Takamura, K. Electrophoretic mobilities of bitumen and conventional crude-in-water emulsions using the laser
Doppler apparatus in the presence of multivalent cations. J. Colloid Int. Sci. 125, 212–225 (1988).
49. Buckley, J., Takamura, K. & Morrow, N. Influence of electrical surface charges on the wetting properties of crude oils. SPE Reservoir
Engineering 4, 332–340 (1989).
50. Beattie, J. K. & Djerdjev, A. M. The pristine oil/water interface: Surfactant‐free hydroxide‐charged emulsions. Angewandte Chemie
International Edition 43, 3568–3571 (2004).
51. Hirasaki, G. & Zhang, D. L. Surface chemistry of oil recovery from fractured, oil-wet, carbonate formations. SPE Journal 9, 151–162
(2004).
52. Jadhunandan, P. & Morrow, N. R. Effect of wettability on waterflood recovery for crude-oil/brine/rock systems. SPE Reservoir
Engineering 10, 40–46 (1995).
53. Jackson, M. D., Valvatne, P. H. & Blunt, M. J. Prediction of wettability variation and its impact on flow using pore-to reservoir-scale
simulations. J. Pet. Sci. Eng. 39, 231–246 doi: 10.1016/S0920-4105(03)00065-2 (2003).
54. Morrow, N. R., Lim, H. T. & Ward, J. S. Effect of crude-oil-induced wettability changes on oil recovery. SPE Formation Evaluation 1,
89–103 (1986).
55. Jaafar, M. Z., Vinogradov, J. & Jackson, M. D. Measurement of streaming potential coupling coefficient in sandstones saturated with
high salinity NaCl brine. Geophys. Res. Lett. 36, doi: 10.1029/2009gl040549 (2009).
56. Vinogradov, J., Jaafar, M. Z. & Jackson, M. D. Measurement of streaming potential coupling coefficient in sandstones saturated with
natural and artificial brines at high salinity. J. of Geophys. Res. 115, doi: 10.1029/2010jb007593 (2010).
57. Israelachvili, J. N. Intermolecular and surface forces 3rd edn. (Academic press, 2011).
58. Myint, P. C. & Firoozabadi, A. Thin liquid films in improved oil recovery from low-salinity brine. Current Opinion in Colloid &
Interface Science 20, 105–114 (2015).
59. Hirasaki, G. Wettability: fundamentals and surface forces. SPE Formation Evaluation 6, 217–226 (1991).
60. Buckley, J., Liu, Y. & Monsterleet, S. Mechanisms of wetting alteration by crude oils. SPE Journal 3, 54–61 (1998).
61. Schmatz, J., Urai, J. L., Berg, S. & Ott, H. Nanoscale imaging of pore-scale fluid-fluid-solid contacts in sandstone, Geophys. Res. Lett.
42, 2189–2195, doi: 10.1002/2015GL063354 (2015).
62. Mugele, F. et al. Ion adsorption-induced wetting transition in oil-water-mineral systems. Scientific Reports 5, 10519, doi: 10.1038/
srep10519 (2015).
63. Hilner et al. The effect of ionic strength on oil adhesion in sandstone – the search for the low salinity mechanism. Scientific Reports
5, 9933, doi: 10.1038/srep09933 (2015).

Acknowledgements

Jackson was funded by the TOTAL Chairs Programme at Imperial College London, and Vinogradov through
the TOTAL Laboratory for Reservoir Physics at Imperial College London. Petroleum Development Oman are
thanked for supporting Al Mahrouqi.

Author Contributions

M.D.J. and A.A.M. wrote the manuscript. M.D.J., A.A.M. and J.V. planned the experimental programme. A.A.M.
conducted the experiments. M.D.J., A.A.M. and J.V. interpreted the experiments.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Jackson, M. D. et al. Zeta potential in oil-water-carbonate systems and its impact on oil
recovery during controlled salinity water-flooding. Sci. Rep. 6, 37363; doi: 10.1038/srep37363 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2016

Scientific Reports | 6:37363 | DOI: 10.1038/srep37363

13

