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ABSTRACT: High-concentration brines generally cause the
wettability of petroleum fluid−brine−rock systems to become
less water-wet (more oil-wet). The addition of alcohols to the
brine, however, may produce an opposite effect. In this work,
we investigate the synergic effects of a low concentration of 1-
pentanol and brines on the wettability of petroleum fluid−
brine−rock systems. The variables examined include the
mineral type (mica, quartz, calcite), brine concentration (0−3
M), ion type (monovalent and divalent), crude oil (samples from sandstone and carbonate reservoirs), and 1-pentanol
concentration (0.5 and 1 wt %). Adding 1 wt % 1-pentanol to the brine only slightly affects the wettability of a petroleum fluid
on sandstone-like mineral surfaces (mica and quartz), whereas the effect is significant for carbonate-like mineral surfaces
(calcite). A maximum reduction of 80° in contact angle (measured through the brine phase) is observed at 0.1 M NaCl and 0.5
wt % 1-pentanol. ζ-Potentials of both brine−petroleum fluid and brine−rock interfaces are found to be insensitive to the
presence of 1-pentanol in the brine. Based on these observations, we propose that the accumulation of 1-pentanol in the thin
brine film confined between the petroleum fluid and the rock surface results in a significant change of the wettability. Our
finding may have various practical applications, one of which is the use of a low concentration of 1-pentanol for improving oil
production.

1. INTRODUCTION

Low-salinity waterflooding is gaining increased attention as an
innovative and efficient method to improve oil recovery from
hydrocarbon formations. The attraction of low-salinity water-
flooding originates from its simple nature: the method only
involves low-salinity brines and requires no additional
chemicals. Research has shown that low-salinity waterflooding
when effective is superior to other conventional enhanced oil
recovery methods in several aspects including higher efficiency
in displacing light- to medium-gravity crude oils and low
associated capital and operating costs.1,2

The underlying mechanisms governing low-salinity water-
flooding have attracted considerable research interests,
especially in the field of colloid and interface chemistry.3−8

Many studies believe that the low-salinity effect occurs as a
consequence of wettability alteration,3−8 and recently,
interfacial elasticity has also been proposed to be important.9

In relation to wetting, the injection of low-salinity brines may
alter the wettability of oil reservoir rocks toward a state more
favorable for oil recovery. Multiple hypotheses have been
proposed to explain how the wettability alteration occurs, and
there is still much debate in the LSW literature due to the
complex interactions between the components of brine, oil,
and rock. The mechanism that has received attention is related
to the stability of the thin brine film formed between the oil
and rock.1 Results from small-angle neutron scattering have
shown that the thickness of this thin brine film has an order of

Angstroms.10 Factors causing the increase in the thickness and
thus the stability of the thin brine film are believed to be
favorable for improving oil recovery.
Alcohols are amphiphilic molecules that may significantly

affect the interfacial properties of aqueous systems.11 In the
upstream industry, alcohols are widely employed as coadditives
to enhance the performance of various enhanced oil recovery
techniques, in particular surfactant−polymer flooding and
alkaline−polymer flooding.12−14 Early studies have established
that surfactant−polymer flooding can benefit from the alcohol
additives.12,13 When alcohol is employed together with a
surfactant, a middle-phase microemulsion may appear and
generate an ultralow interfacial tension that could not be
achieved by the surfactant alone.14 Very low interfacial tension
may lead to low residual oil saturation and thus is favorable for
oil recovery in homogeneous media. However, at very low
interfacial tension, the sweep may not be favorable in layered
and heterogeneous media. The sweep efficiency can be
improved with the addition of mobility control agents like
polymers.
Previous studies have mainly focused on the application of

alcohols in surfactant−polymer flooding and alkaline−polymer
flooding. To the best of our knowledge, the synergic effects of
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alcohols and brines have not been investigated. These gaps in
the literature have motivated our research. The objectives of
this study are to systematically investigate the impacts of
alcohols on the wettability of petroleum fluid−brine−rock
systems as well as the potential benefits of using alcohols as
additional additives to enhance the performance of low-salinity
waterflooding. Given the nature of the system being studied,
we selected an intermediate-chain-length alcohol, 1-pentanol,
in our investigation. Compared with short-chain-length
alcohols, longer linear alcohols are more likely to produce
pronounced effects on surface wettability due to their tendency
to accumulate at the fluid−fluid and fluid−solid interfaces. The
solubility of very long alcohols in water, however, is typically
low. Thus, an intermediate-chain-length alcohol like 1-
pentanol appears to be a good choice. Another reason 1-
pentanol is selected is because it has been reported to yield a
higher tertiary oil recovery than other alcohols in alcohol-
assisted alkaline flooding.14 We investigate the effect of the ion
species, brine concentration, and mineral types on the
wettability of a petroleum fluid−brine−rock system at two
different 1-pentanol concentrations. The results show that 1-
pentanol at low concentrations may be effective in wettability
alteration in carbonate rocks when used together with high-
salinity seawater.

2. MATERIALS AND METHODS
2.1. Materials. Two petroleum fluids provided by Chevron

Corporation are used in this work; they are referred as oil 1 and oil 2.
Oil 1 is from a sandstone reservoir and oil 2 is from a carbonate
reservoir. Their properties have been provided in our previous work
and are also summarized in Table 1.15

Muscovite mica, quartz, and calcite substrate slides are employed to
represent the surface of sandstones and carbonates. Mica and quartz
are the most abundant components of sandstones and calcite is the
primary component of carbonates.15 Mica and quartz slides are from
Tedpella; calcite slides are from Chevron Corporation. Prior to
testing, we cleaned the surface of mica and quartz slides using the
protocol developed in our previous work and polished the surface of
calcite slides using silicon carbide film disks with sizes in the order of
30, 15, 5, and 1 μm.15,19 Both sodium chloride (NaCl) and
magnesium chloride (MgCl2) aqueous solutions are used to evaluate
the effect of monovalent and divalent ions on wettability. All
chemicals used in this work (i.e., NaCl, MgCl2, 1-pentanol) are of
analytical grade and obtained commercially.
2.2. Contact Angle Measurement Procedure. We employ the

procedure developed in our previous work to measure the contact
angle.15,19 Approximately 500 mL of degassed brine solution is loaded
into a square-shaped beaker. The desired amount of 1-pentanol is
then added to the brine solution and it is stirred to achieve complete
mixing. The substrate slide, supported by a customized stainless-steel
holder, is submerged in the brine solution for 1 h. The aging time has
been shown to be adequate for the substrates to reach equilibrium
with the brine.15,19 We use the inverted pendant drop method, which
has been widely used to measure the contact angle of petroleum fluids
and brine solutions.15−19 Once placed, the droplets are allowed to

evolve for 3 days before the measurement is conducted. We have
shown that the 3 day aging is sufficient for the contact angle to
become stable.15,19 The droplet images are captured by a 12X
ThorLabs camera and are then analyzed by the “DropSnake” Image J
program to obtain the contact angle. A constant 100 μL droplet
volume is used to eliminate the influence of droplet size on the
contact angle.15,19 Four droplets are placed on the slides under each
condition and we report the results by their average and standard
deviation.

2.3. ζ-Potential Measurement Procedure. We employ a ζ-
Potential Analyzer & Particle Sizer (Brookhaven Instruments) to
measure the ζ-potential of rock−brine and petroleum fluid−brine
interfaces.15,19 The samples used for the ζ-potential of the petroleum
fluid−brine interface are prepared by mixing the brine and the
petroleum fluid at a 10:1 v/v ratio followed by sonication for 30 s. To
prepare the samples used for the ζ-potential of the rock−brine
interface, we add 0.1 g of rock powders to 5 mL of brine solution and
sonicate the mixture for 30 s. The mixtures are then allowed to settle
for 2 h before the ζ-potential measurement is conducted. Although
longer equilibration times have been used in several previous works,20

we find that the ζ-potentials of the systems examined in the present
work stabilize after 2 h.19

In a typical ζ-potential measurement, we load 1.5 mL of sample
into the cuvette. The instrument is set to automatically select the
appropriate magnitude and frequency of the applied electrical field
based on the conductance of the sample. Ten runs of 30 cycles are
performed for each sample and the results are reported by average and
standard deviation. We replicate each test two times to ensure
statistical significance.

3. RESULTS AND DISCUSSION
3.1. Contact Angle. 3.1.1. Oil 1−NaCl Brine−Mica

System and Oil 1−NaCl Brine−Quartz System. Figures 1

Table 1. Basic Properties of Oil 1 and Oil 2

oil 1 oil 2

density (g/mL) 0.93 0.86
asphaltene content (wt %) 3.3 2.1
resin content (wt %) 36.8 15.9
TAN (mg of KOH/g of oil) 0.21 0.18
TBN (mg of equiv KOH/g of oil) 5.60 1.14
viscosity at 25 °C (cP) 561 20

Figure 1. Effect of 1-pentanol on the contact angles of the oil 1−NaCl
brine−mica system. Error bars represent the standard deviation from
multiple measurements.

Figure 2. Effect of 1-pentanol on the contact angle of the oil 1−NaCl
brine−quartz system. Error bars represent the standard deviation from
multiple measurements.
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and 2 depict the variations of the contact angle with increasing
NaCl concentrations at two 1-pentanol concentrations for the
oil 1−NaCl brine−mica and oil 1−NaCl brine−quartz
systems, respectively. The trends observed in both systems
are similar. Without 1-pentanol in the brine, the contact angle
first decreases and then increases with increasing NaCl
concentration, a nonmonotonic trend that is in agreement
with recent investigations for similar systems.15,19 Results from
molecular dynamics simulations suggest that such a non-
monotonic trend is from the combined effect of ion adsorption
to the substrate surface as well as the interactions between the
substrate components and the surface-active components of
the petroleum fluid.21 In both Figures 1 and 2, the maximum
change of the contact angle caused by the addition of 1-
pentanol is less than 5°. Given the experimental uncertainty,
we conclude that the addition of 1-pentanol up to 1 wt % has a
weak effect on the contact angle for the oil 1−NaCl brine−
mica and oil 1−NaCl brine−quartz systems.
3.1.2. Oil 1−MgCl2 Brine−Mica System. Figure 3 shows the

variation of the contact angle with increasing MgCl2

concentration at two 1-pentanol concentrations for the oil
1−MgCl2 brine−mica system. Without 1-pentanol in the brine,
the contact angle changes nonmonotonically with increasing
MgCl2 concentration, with a maximum value at 0.5 M. This
trend is similar to those observed in previous works.15,19

Noticeable change in the contact angle due to 1-pentanol is
observed only at a moderate MgCl2 concentration.
3.1.3. Oil 2−NaCl Brine−Mica System and Oil 2−MgCl2

Brine−Mica System. To explore whether the trends observed
in Figure 1 are related to a specific petroleum fluid, we
performed contact angle measurements with oil 2, the
petroleum fluid from a carbonate reservoir. Figures 4 and 5
depict the variations of the contact angle with increasing brine
concentrations at two 1-pentanol concentrations for the oil 2−
NaCl brine−mica and oil 2−MgCl2 brine−mica systems,
respectively. Figure 4 shows that the contact angle remains
virtually constant at low and moderate NaCl concentrations,
followed by a sharp increase when the NaCl concentration
exceeds 0.5 M. This trend is different from the one observed in
the oil 1−NaCl brine−mica system, suggesting that the
nonmonotonic trends observed in Figure 1 depend on the
properties of petroleum fluids. Similar to the results observed
for the oil 1−NaCl brine−mica and oil 1−NaCl brine−quartz
systems, adding 1 wt % 1-pentanol to the brine produces no
measurable effect on the contact angle for the oil 2−NaCl
brine−mica system. Taken collectively, Figures 1, 2, and 4

suggest that 1-pentanol is not effective in altering the
wettability of these systems.
Figure 5 shows that the contact angle varies nonmonotoni-

cally with increasing MgCl2 concentrations for the oil 2−
mica−MgCl2 brine system, a trend similar to that observed in
the oil 1−mica−MgCl2 brine system. These results suggest that
the nonmonotonic variations of the contact angle observed for
the MgCl2 brine system are independent of the properties of
these two petroleum fluids.

3.1.4. Oil 2−Calcite−NaCl Brine System and Oil 2−
Calcite−MgCl2 Brine System. Figures 6 and 7 depict the
variations of the contact angle with increasing brine
concentrations at 0.5 and 1 wt % 1-pentanol concentrations
for the oil 2−NaCl brine−calcite and oil 2−MgCl2 brine−
calcite systems, respectively. In contrast to the results observed
for mica and quartz substrates (Figures 1−5), 0.5 and 1 wt %
1-pentanol in the brine produce a pronounced effect on the

Figure 3. Effect of 1-pentanol on the contact angle of the oil 1−
MgCl2 brine−mica system. Error bars represent the standard
deviation from multiple measurements.

Figure 4. Effect of 1-pentanol on the contact angle of the oil 2−NaCl
brine−mica system. Error bars (which are small) represent the
standard deviation from multiple measurements.

Figure 5. Effect of 1-pentanol on the contact angle of the oil 2−
MgCl2 brine−mica system. Error bars (which are small) represent the
standard deviation from multiple measurements.

Figure 6. Effect of 1-pentanol on the contact angle of the oil 2−
calcite−NaCl brine system. Error bars represent the standard
deviation from multiple measurements.
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wettability of calcite-related systems. Figure 6 shows that the
oil 2−NaCl brine−calcite system becomes more water-wet in
the entire NaCl concentration range with 1 wt % 1-pentanol in
the brine. This effect is particularly pronounced at higher NaCl
concentrations with a maximum reduction of ∼80° in the
contact angle observed at 0.1 M NaCl. At brine concentrations
higher than 0.01 M, even 0.5 wt % 1-pentanol in the brine can
affect the wettability significantly.
Figure 7 shows that the strongest effect of 1-pentanol is

observed at 0.01 M MgCl2. 1-Pentanol has a higher effect on
wettability alteration at 1 wt % than at 0.5 wt % for MgCl2
concentrations below 0.01 M, whereas the difference is
indistinguishable at higher MgCl2 concentrations. The
observations that low concentrations of 1-pentanol reduce
the contact angle for both the oil 2−NaCl brine−calcite and
the oil 2−MgCl2 brine−calcite systems are testament of the
complex interactions between 1-pentanol, brine ions, and
calcite components.
3.2. ζ-Potential. As demonstrated by numerous theoretical

and experimental investigations, the wettability of the
petroleum fluid−rock−brine system is linked to the thickness

of the thin brine film confined between the rock−brine and
petroleum fluid−brine interfaces, which are further regulated
by the two potentials at these two interfaces, respectively.1 In
this section, we present the ζ-potential measurements at the
rock−brine and petroleum fluid−brine interfaces without and
with 1 wt % 1-pentanol in the brine. We note here that
although the ζ-potential may provide information regarding
wettability, the ζ-potentials and wettability may not be directly
related, as discussed in our recent work.15

3.2.1. Rock−Brine Interface. Figure 8 displays the effect of
1-pentanol on the ζ-potential of rock−brine interfaces.
Without 1-pentanol, the ζ-potentials of the quartz−brine and
calcite−brine interfaces are negative at low to intermediate
brine concentrations. The magnitudes of ζ-potentials are
comparable to those in other studies under similar
conditions.16,22 At the same brine concentration, the ζ-
potential of the quartz−brine interface is less than that of
the CaCO3−brine interface, which is probably because CaCO3
can dissolve in the brine to release Ca2+ ions that can absorb to
the CaCO3−brine interface and partially neutralize the local
negative charges. The ζ-potentials of all studied rock−brine
interfaces become monotonically less negative with increasing
salt concentration except that of the quartz−NaCl brine, in
which the ζ-potential initially becomes more negative at low
NaCl concentrations and then less negative as the NaCl
concentration increases. These trends are consistent with those
in the literature in similar systems, which are related to the
increased adsorption of Na+ or Mg2+ to the interface.16,22,23

The ζ-potential is more sensitive to the changing concen-
trations of divalent ions, like Mg2+, which may be related to the
higher charges of the divalent ions and higher degree of ion
adsorption to the surfaces.16,24,25 Interestingly, adding 1 wt %
of 1-pentanol to the brine has no measurable effect on the ζ-
potential of rock−brine interfaces at the brine concentrations
examined in our work.

3.2.2. Petroleum Fluid−Brine Interface. Measurement of
the ζ-potential of the petroleum fluid−brine interface has

Figure 7. Effect of 1-pentanol on the contact angle of the oil 2−
calcite−MgCl2 brine system. Error bars represent the standard
deviation from multiple measurements.

Figure 8. Effect of 1-pentanol on the ζ-potential of rock−brine interfaces: (a) quartz−NaCl brine, (b) quartz−MgCl2 brine, (c) CaCO3−NaCl
brine, and (d) CaCO3−MgCl2 brine. Error bars represent the standard deviation from multiple measurements.
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received lesser attention compared with rock−brine interfaces.
Figure 9 depicts the effect of 1-pentanol on the ζ-potential of
the petroleum fluid−brine interface. Without salts, the ζ-
potential of the petroleum−water interface is negative, which
may be due to the adsorption of surface-active petroleum fluid
components (e.g., carboxylic acids, resins, and asphaltenes) at
the interface.26,27 The ζ-potential of the petroleum fluid−brine
interface generally becomes less negative with increasing brine
concentrations, a trend that is probably due to the adsorption
of cations to interfaces. Figure 9 shows that the addition of 1
wt % 1-pentanol makes almost all of the petroleum fluid−brine
interfaces less negatively charged at low salt concentrations
expect for the oil 1−MgCl2 brine interface. This could be
interpreted as an indication of the 1-pentanol adsorption at the
petroleum fluid−brine interface. The negatively charged −OH
head of 1-pentanol at the interface repels some of the larger
negatively charged functional groups to the petroleum fluid
from the interface, which in turn reduces the overall negative
interfacial charges. Moreover, the solubility of 1-pentanol in
brine usually decreases with increasing salinity,28 and
consequently, as the brine concentration increases, more 1-
pentanol molecules will appear at the interface between the

two fluids. At concentrations of ∼10−2 M in NaCl and 10−3−
10−2 M for MgCl2 brines (Figure 9), one can deduce that the
interface is fully saturated with 1-pentanol molecules and the
impact of 1-pentanol on interfacial charges is diminished.
Therefore, at higher brine concentrations, 1-pentanol has no
appreciable effect on the ζ-potential of petroleum fluid−brine
interfaces. The result that 1-pentanol has nearly no appreciable
impact on the interfacial charges at both rock−brine and
petroleum fluid−brine interfaces provides further evidence that
the wettability alteration caused by 1-pentanol may not be
through the modification of interfacial charges. Such
realizations lead to the mechanisms that we propose next.

3.3. Proposed Mechanism. In this section, we provide
one possible mechanism for the significant impact of 1-
pentanol on the wettability of oil 2 on calcite for both NaCl
and MgCl2 brines as shown in Figures 6 and 7. The results in
preceding sections suggest that the combination of 1-pentanol,
calcite surface, and cations (Na+, Ca2+, or Mg2+) leads to the
alteration of wettability in the petroleum fluid−brine−rock
system. ζ-Potential measurements indicate that 1-pentanol has
negligible effect on the electrical charge at the brine−
petroleum fluid interface except at very low brine concen-

Figure 9. Effect of 1-pentanol on the ζ-potentials of oil−brine interfaces: (a) oil 1−NaCl brine, (b) oil 1−MgCl2 brine, (c) oil 2−NaCl brine, and
(d) oil 2−MgCl2 brine systems. Error bars represent the standard deviation from multiple measurements.

Figure 10. Schematic illustration of the influence of 1-pentanol on the wettability of the petroleum fluid−brine−calcite system. Water shielding of
ions and salt anions are not shown for the sake of clarity.
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trations, which is caused by the adsorption of 1-pentanol to the
interface. There is no appreciable effect of 1-pentanol on the
electrical charge at the brine−rock interface in the entire range
of brine concentrations. Our discussions are in general terms
and more details can evolve from future molecular simulations
and microscopic measurements.
The proposed mechanisms are based on the assumptions

that 1-pentanol mainly dissolves in the aqueous phase. To
confirm the validity of this assumption, we mixed deionized
(DI) water containing 0.5, 1, and 1.5 wt % 1-pentanol with an
equal volume of crude oil and found that the equilibrium
concentrations of 1-pentanol in the aqueous phase are 0.49,
0.95, and 1.4 wt %, respectively, as determined by UV−vis
spectroscopy. These results indicate that the partitioning of 1-
pentanol in the oil phase is small.
The change in the thickness of the thin brine film between

the petroleum fluid−brine and brine−rock interfaces, as
illustrated in Figure 10, can shed light on the measured
contact angles in Figures 6 and 7. In a recent review, Myint and
Firoozabadi relate the thickness of the thin brine film to
wettability.1 As we illustrate in Figure 10, the thickness of the
thin brine film is related to the 1-pentanol effect observed in
Figures 6 and 7. Calcite dissociates in brine and generates Ca2+

ions,29,30 which form bridges with the negatively charged rock
surface and the charged acidic groups at the petroleum fluid−
brine interface.31−33 The interactions between 1-pentanol and
Ca2+ and the accumulation of 1-pentanol in the thin film lead
to a thicker brine film and consequently a stronger water-
wetting state, confirming the presence of 1-pentanol in the
aqueous phase. The reason for the stronger effect of 1-pentanol
at higher salt concentrations is its lower solubility in the bulk
and the consequent transfer of 1-pentanol to the thin brine
film. The process is very similar to the effect of salts on the
enhanced adsorption of ionic and nonionic surfactants in
hydrate anti-agglomeration as discussed by Jimeńez-Ángeles
and Firoozabadi.34 Both Figures 6 and 7 show that the effect of
0.5 wt % 1-pentanol on the contact angle reaches its maximum
at the brine concentration of ∼10−2 M. This is around the
same brine concentration at which the impact of 1-pentanol on
the ζ-potentials of oil 2−NaCl brine and oil 2−MgCl2 brine
interfaces diminishes (Figure 9c,d) and the thin brine film
becomes fully saturated with 1-pentanol molecules. These
observations further validate the proposed mechanism.

4. CONCLUSIONS
We demonstrate for the first time that a small amount of a
medium-chain alcohol, 1-pentanol, in brine may significantly
enhance the water-wetting of petroleum fluid−brine−calcite
systems. At 1 wt % 1-pentanol in brine, there is no appreciable
effect on the contact angle (measured from the aqueous phase)
of the two petroleum fluids on mica and quartz substrates. In
contrast to mica and quartz, adding 1 wt % 1-pentanol to the
brine significantly lowers the contact angle of a petroleum fluid
on calcite. The effect becomes pronounced even with 0.5 wt %
1-pentanol at high brine concentrations. We attribute the
effects to the reaction of water and calcite and the production
of Ca2+ ions. The pronounced effect at high salt concentrations
in 0.5 wt % 1-pentanol may be due to the lower solubility of 1-
pentanol in bulk brine and the increase in the concentration of
alcohol in the thin water film between the petroleum fluid and
the rock. The ζ-potential measurements suggest that 1 wt % 1-
pentanol in brine does not appreciably alter the charges at the
rock−brine and petroleum fluid−brine interfaces. The charges

at the thin film of water interfaces are likely to be different
from the ζ-potential measurements of petroleum fluid−brine
and rock−brine interfaces. In this work, we suggest the
effectiveness of 1-pentanol to be due to bridge formation
through the negative −OH of 1-pentanol and cations such as
Na+, Ca2+, and Mg2+ in the thin film. The main conclusion
from this work is that 1-pentanol at 0.5 wt % concentration
may have a significant effect toward water-wetting in carbonate
rocks in relation to improved oil recovery.
Based on the findings in this work, we suggest the following

future studies to be conducted to gain a more comprehensive
understanding of the synergic effects of alcohols and brines.
First, a comprehensive parametric investigation with different
alcohols and brines is beneficial to elucidate the complex
interactions between alcohols and components of rock, oil, and
brine. Furthermore, comparisons between experimental results
and simulations including DLVO and surface complexation
calculations would quantitatively validate the mechanisms
proposed in this work. Finally, it is suggested to further
evaluate the potential of using alcohols in low-salinity
waterflooding by coreflooding tests.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: af@rerinst.org. Tel: +1 6503269259.

ORCID
Yingda Lu: 0000-0002-7469-117X
Abbas Firoozabadi: 0000-0001-6102-9534
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The Chevron Corporation provided financial support and the
petroleum fluids for this research. We thank Dr Taniya Kar
from Reservoir Engineering Research Institute for measuring
the partitioning of 1-pentanol between DI waters and crude oil.

■ REFERENCES
(1) Myint, P. C.; Firoozabadi, A. Thin liquid films in improved oil
recovery from low-salinity brine. Curr. Opin. Colloid Interface Sci.
2015, 20, 105−114.
(2) Al-Shalabi, E. W.; Sepehrnoori, K. A comprehensive review of
low salinity/engineered water injections and their applications in
sandstone and carbonate rocks. J. Pet. Sci. Eng. 2016, 139, 137−161.
(3) Buckley, J. S. Effective wettability of minerals exposed to crude
oil. Curr. Opin. Colloid Interface Sci. 2001, 6, 191−196.
(4) Jackson, M. D.; Vinogradov, J. Impact of wettability on
laboratory measurements of streaming potential in carbonates.
Colloids Surf., A 2012, 393, 86−95.
(5) Strand, S.; Høgnesen, E. J.; Austad, T. Wettability alteration of
carbonates - Effects of potential determining ions (Ca2+ and SO42−)
and temperature. Colloids Surf., A 2006, 275, 1−10.
(6) Mohammed, M.; Babadagli, T. Wettability alteration: A
comprehensive review of materials/methods and testing the selected
ones on heavy-oil containing oil-wet systems. Adv. Colloid Interface Sci.
2015, 220, 54−77.
(7) Alshakhs, M. J.; Kovscek, A. R. Understanding the role of brine
ionic composition on oil recovery by assessment of wettability from
colloidal forces. Adv. Colloid Interface Sci. 2016, 233, 126−138.
(8) Alroudhan, A.; Vinogradov, J.; Jackson, M. D. ζ-Potential of
intact natural limestone: Impact of potential-determining ions Ca, Mg
and SO4. Colloids Surf., A 2016, 493, 83−98.

Langmuir Article

DOI: 10.1021/acs.langmuir.9b00099
Langmuir XXXX, XXX, XXX−XXX

F

mailto:af@rerinst.org
http://orcid.org/0000-0002-7469-117X
http://orcid.org/0000-0001-6102-9534
http://dx.doi.org/10.1021/acs.langmuir.9b00099


(9) Chavez-Miyauchi, T. E.; Firoozabadi, A.; Fuller, G. G. Non-
monotonic elasticity of the crude oil−brine interface in relation to
improved oil recovery. Langmuir 2016, 32, 2192−2198.
(10) Lee, S. Y.; Webb, K. J.; Collins, I. R.; Lager, A.; Clarke, S. M.;
O’Sullivan, M.; Routh, A. F.; Wang, X. In Low Salinity Oil Recovery-
Increasing Understanding of the Underlying Mechanisms, SPE Improved
Oil Recovery Symposium; Tulsa: OK, 2010.
(11) Zana, R. Aqueous surfactant-alcohol systems: A review. Adv.
Colloid Interface Sci. 1995, 57, 1−64.
(12) Bera, A.; Mandal, A. Microemulsions: a novel approach to
enhanced oil recovery: a review. J. Pet. Explor. Prod. Technol. 2015, 5,
255−268.
(13) Pei, H.; Zhang, G.; Ge, J.; Zhang, L.; Ma, M. Effect of the
Addition of Low Molecular Weight Alcoholson Heavy Oil Recovery
during Alkaline Flooding. Ind. Eng. Chem. Res. 2014, 53, 1301−1307.
(14) Iglauer, S.; Wu, Y.; Shuler, P.; Tang, Y.; Goddard, W. A. Alkyl
polyglycoside surfactant-alcohol cosolvent formulations for improved
oil recovery. Colloids Surf., A 2009, 339, 48−59.
(15) Aslan, S.; Najafabadi, N. F.; Firoozabadi, A. Non-monotonicity
of the Contact Angle from NaCl and MgCl2 Concentrations in Two
Petroleum Fluids on Atomistically Smooth Surfaces. Energy Fuels
2016, 30, 2858−2864.
(16) Nasralla, R. A.; Bataweel, M. A.; Nasr-El-Din, H. A.
Investigation of Wettability Alteration and Oil-Recovery Improve-
ment by Low-Salinity Water in Sandstone Rock. J. Can. Pet. Technol.
2013, 52, 144−154.
(17) Wang, W.; Gupta, A. In Investigation of the Effect of Temperature
and Pressure on Wettability Using Modified Pendant Drop Method,
Proceedings of the SPE Annual Technical Conference and Exhibition;
Dallas: TX, 1995; pp 117−126.
(18) Rao, D. N. In Wettability Effects in Thermal Recovery Operations,
Proceedings of the SPE/DOE Improved Oil Recovery Symposium;
Tulsa: OK, April 21−24, 1996; pp 623−640.
(19) Lu, Y.; Najafabadi, N. F.; Firoozabadi, A. Effect of Temperature
on Wettability of Oil/Brine/Rock Systems. Energy Fuels 2017, 31,
4989−4995.
(20) Alotaibi, M.; Nasralla, R.; Nasr-El-Din, H. Wettability Studies
Using Low-Salinity Water in Sandstone Reservoirs. SPE Reservoir Eval.
Eng. 2011, 14, 3−6.
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characterization of model, outcrop, and reservoir samples in low
salinity aqueous solutions. J. Dispersion Sci. Technol. 2011, 32, 519−
531.
(26) Marinova, K. G.; Alargova, R. G.; Denkov, N. D.; Velev, O. D.;
Petsev, D. N.; Ivanov, I. B.; Borwankar, R. P. Charging of Oil-Water
Interfaces Due to Spontaneous Adsorption of Hydroxyl Ions.
Langmuir 1996, 12, 2045−2051.
(27) Franks, G. V.; Djerdjev, A. M.; Beattie, J. K. Absence of Specific
Cation or Anion Effects at Low Salt Concentrations on the Charge at
the Oil/Water Interface. Langmuir 2005, 21, 8670−8674.
(28) Pithapurwala, Y. K.; Sharma, A. K.; Shah, D. O. Effect of salinity
and alcohol partitioning on phase behavior and oil displacement
efficiency in surfactant-polymer flooding. J. Am. Oil Chem.’ Soc. 1986,
63, 804−813.

(29) Saraji, S.; Goual, L.; Piri, M. Dynamic adsorption of asphaltenes
on quartz and calcite packs in the presence of brine films. Colloids
Surf., A 2013, 434, 260−267.
(30) Hamouda, A. A.; Maevskiy, E. Oil recovery mechanism(s) by
low salinity brines and their interaction with chalk. Energy Fuels 2014,
28, 6860−6868.
(31) Mahani, H.; Berg, S.; Ilic, D.; Bartels, W-B.; Joekar-Niasar, V.
Kinetics of low-salinity- flooding effects. SPE J. 2015, 20, 8−20.
(32) Haagh, M. E. J.; Siretanu, I.; Duits, M. H. G.; Mugele, F.
Salinity-Dependent Contact Angle Alteration in Oil/Brine/Silicate
Systems: the Critical Role of Divalent Cations. Langmuir 2017, 33,
3349−3357.
(33) Wang, L.; Siretanu, I.; Duits, M. H. G.; Stuart, M. A. C.;
Mugele, F. Ion effects in the adsorption of carboxylate on oxide
surfaces, studied with quartz crystal microbalance. Colloids Surf., A
2016, 494, 30−38.
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