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Abstract 

 

Low Salinity Flooding (LSF) is an emerging technology to improve oil recovery for both sandstone and carbonate reservoirs. Low 

salinity water injections for oil recovery have shown seemingly promising results in the case of clay-bearing sandstones saturated 

with asphaltic crude oil. Testing over the last 20 years has shown that incremental oil recovery using this method can be potentially 

significant, with sandstone reservoirs showing an incremental oil recovery range of between 5% and 30% of original oil in place 

(OOIP).The underlying mechanisms behind this phenomenon is not well understood, but many researchers have suggested that it 

is related to complex crude oil/brine/rock interactions. In recent years, positive results have been presented regarding the 

combination of low salinity water and surfactant injection. The answer requires a thorough understanding of oil recovery 

mechanism of low salinity water injections. Numerous hypotheses have been proposed to explain the increased oil recovery using 

low salinity water, including migration of detached mixed-wet clay particles with absorbed residual oil drops, wettability alteration 

toward increased water-wetness, and emulsion formation. The mechanisms of enhanced recovery are considered to be decrease of 

residual oil saturation and alternation of rock wettability. In addition, the mobility control mechanism due to induced fines 

migration by low salinity water, and the consequent flux diversion is also a possible mechanism for enhanced recovery in low 

salinity water flooding. It has been suggested that low saline water flooding has a potential for improved oil recovery in all clayey 

sandstone formation containing crude oil. The result from different work indicates that the initial wetting condition is a crucial 

property for the effect of low salinity injection. It is obvious that the dominant mechanisms of low-salinity waterflooding are yet 

to be discovered. However, wettability is considered a key factor that affects fluid distribution in a porous medium. Therefore, the 

main objective of this paper is to provide theoretical understanding of the effect of brine salinity on rock-wettability alteration for 

a better understanding of low-salinity-water mechanisms. This paper also contains different effects, parameters and mechanisms 

which alters wettability of rock towards more water wet condition, which ultimately helps to enhance recovery from sandstone 

reservoir. 
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_______________________________________________________________________________________________________ 

I. INTRODUCTION 

The oil industry is currently facing the biggest challenges to increase well productivity as consumption of oil is increasing day by 

day, particularly in the developed and means three fourth of oil is still present in reservoir. This residual oil mainly contains heavy 

polar component of crude oil as lighter component are already produced by primary and secondary methods. If we want to bridge 

the gap between the consumption and production, then enhance oil recovery is best method to produce residual oil still present in 

the reservoir. 

Low salinity waterflooding (LSW) is an emerging EOR technique in which the salinity of the injected water is controlled to 

improve oil displacement efficiency. Here salinity of water is adjusted in a such a way that we can maximize oil recovery without 

significant loss of productivity due to clay swelling and formation damage. The potential for improving oil recovery by low-saline 

water in sandstone reservoirs has high interest because of the relatively low cost and environment friendly process. It was observed 

that the ionic strength plays an important role in improving oil recovery in sandstone rocks for laboratory experiments. In addition, 

low-salinity water showed a huge success on the field scale by improving oil recovery from sandstone reservoir. Numerous 

mechanisms were proposed as the main mechanisms for incremental oil recovery by low-salinity water by different researcher’s 

i.e. Multicomponent Ionic Exchange, Double-Layer Expansion, pH effect, migration of fines, in-situ osmosis, etc. 

It is obvious that the dominant mechanisms of low-salinity waterflooding are yet to be discovered. However, wettability is 

considered a key factor that affects fluid distribution in a porous medium. Rock wettability depends on oil composition, 

composition of the aqueous phase, surface chemistry of the rock, depth of reservoir structure. Temperature and pressure also have 

significant effect on wettability. Therefore, the main objective of this paper is to provide theoretical understanding of the effect of 

brine salinity on rock-wettability alteration for a better understanding of low-salinity-water mechanisms. This paper also contains 
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different effects, parameters and mechanisms which alters wettability of rock towards more water wet condition, which ultimately 

helps to enhance recovery from sandstone reservoir. 

II. A BRIEF HISTORY OF LOW-SALINITY WATERFLOODING 

When Morrow and his co-workers studied the wettability effect on waterflooding recovery, they found that changes in injection 

brine composition and brine salinity affects oil recovery. Subsequently, Yildiz and Morrow (1996) confirmed that brine 

composition could indeed affect the waterflooding oil recovery, more recovery with the help of low salinity water, but they stated 

this phenomena also dependes on specific conditions of crude oil/brine/rocks systems. 

Tang and Morrow (1997, 1999) did  research on the impact of brine salinity on oil recovery. It was followed by the active 

research by the oil company British Petroleum(BP) (Webb et al.,2004,2005a,2005b;McGuireetal.,2005).British petroleum's work 

includes numerous core floods at ambient and reservoir conditions with live (from different fields) oils in both secondary and 

tertiary modes, single-well tracer tests , and log–inject–log tests. The company's work led to the registration of the LoSal™–EOR 

process trademark. Meanwhile, the researchers from several oil companies (e.g., TOTAL, Shell, Statoil) and universities worked 

on this topics well. In recent years, many companies and universities did active research on low salinity water flooding in different 

aspects. The number of published papers increased from 5 in 2007 to 25 in 2010(Morrow and Buckley, 2011) 

III. PROPOSED MECHANISMS OF ENHANCED OIL RECOVERY BY LOW SALINITY WATERFLOODING 

In most laboratory experiments, low salinity injection will lead to an increase in oil recovery. Field experiments also showed a 

positive result for low salinity waterflooding. Several mechanisms have been proposed over the years, based on observations from 

experiments. Still, the dominant mechanism behind this increase in recovery is yet to be discovered. However wettability is 

consider as a key factor that increases oil recovery in sandstone reservoir with low saline waterflooding. Therefore objective of 

this paper is to investigate the effect of brine salinity on rock wettability alteration to provide a better understanding of low-

salinity water flooding mechanisms. 

 Fines Migration 

Two mechanisms have been to proposed 

 Wettability alteration: It is proposed that clay particles are initially mixed-wet, and as low salinity water is injected, the release 

of these mixed wet clay fragments results in exposure of new underlying surfaces, which increases the water wetness of the 

system leading to an increase in oil recovery. 

 Diversion of Flow:  It is proposed that release of clay particles can block pore throats and divert the flow of water into new 

un-swept regions, and thereby improving the microscopic sweep efficiency. Morever, the increased recovery can also be 

related to the acceleration of particles, which are slower than water due to the differences in their mass, thus by the time the 

particles reach the pore throat, water has already swept the pore throat the particles will start blocking. 

 
Fig. 1: Release of clay fines from pore walls results in blocking of pore throat entry, a process called log-jamming 

 PH Effect 

 Numerous laboratory tests have shown that dilute brine waterflooding is associated with significant pH increase. This rise in 

pH is attributed to carbonate dissolution and cation exchange which are the consequences of low salinity brine/rock 

interactions. 

 Moreover, high pH enables a saponification reaction of crude oil acidic compounds which results in in-situ generation of 

surfactants leading to IFT reduction & oil-in-water emulsification, allowing additional oil production by capillary desorption 

and improvement of water sweep efficiency by the reduction of the aqueous phase mobility (Baviere 1991). 

 
Fig. 2: pH Effect 
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 Multicomponent Ionic Exchange 

In 2006, Lager et al. (2006), launched another mechanism called Multicomponent Ionic Exchange (MIE). It showed the importance 

of multicomponent ionic exchange chromatography on the water chemistry during waterflooding. This theory involved the 

competition between all the ions in the pore water for the mineral matrix exchange sites. 

On an oil-wet surface, organo-metallic complexes will be formed by bonding of multivalent cations to polar compounds in the 

oil. This is known to promote oil-wetness in petroleum reservoirs. At the same time, some organic polar compounds will be 

adsorbed directly onto the mineral surface, displacing the most liable cations at the clay surface, which in turn enhances the oil 

wetness of the clay surface (Lager et al. 2006). Injection of low salinity brine is believed to result in MIE, where polar organic 

compounds and organo-metallic complexes are removed from the surface and replaced by uncomplexed cations. This should, in 

theory, result in a more water-wet surface and thus increased oil recovery. 

 Electrical Double Layer Expansion 

The electrical double layer is considered to be the part of the water film coating the surface of a water-wet material that is closest 

to the surface. Between surface of each clay particle and surrounding water is an “electrical double layer”, consisting of an inner 

adsorbed layer of positive ions and an outer diffuse layer of mainly negative ions. The distance over which the ion 

distribution/concentration differs from the bulk value is referred to as the double layer thickness. Thickness of double layer depends 

on ion concentration in surrounding water. 

In the case of high saline water flooding the repulsion between oil/brine and rock/brine surface is less, thus repulsion between 

rock/brine and crude/brine is very less, due to which compaction of double layer takes place and does not allow oil droplet to 

detach from clay surface, which results in less oil recovery. 

When low salinity water is introduced to reservoir, double layer around each clay particle expands (repulsion between rock/brine 

and crude/brine is very high), enabling mono-valent ions such as Na, carried in injection water, to penetrate into the double layer. 

The monovalent ion displace the divalent ions, breaking the tethers between oil droplets. This allows the oil droplets to be swept 

out of the reservoir. 

 
Fig. 3: compression of electrical double layer in case of high salinity water (Source: video BP) 

 
Fig. 4: Expansion of electrical layer in case of low saline water (Source: video BP) 
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IV. NECESSARY CONDITION FOR LOW SALINITY EOR EFFECTS  

Based on systematic experiment by Tang and Morrow, there are certain necessary condition that must be satisfy to improve oil 

recovery by low salinity water successfully, like presence of mobile fine clay, polar components in crude oil and initial water 

saturation. Moreover, many experiments showed that oil-wet or mixed-wet initial wetting condition is crucial for applicability of 

low salinity waterflooding. 

As a thumb rule, it can be stated that presence of clay is essential in a formation to have potential of low salinity waterflooding. 

Although there is a exception for this rule, it is observed that incremental oil recovery is function of percentage of formation clay. 

Yet the relationship is very complex and type of clay is important as well. Clays with positive zeta potential and those swell with 

fresh water are detrimental for the process, because it increases formation damage i.e. bentonite. Kaolinite is a clay that shows 

potential to enhance oil recovery for the process even though its cation exchange capacity (CEC) is lower than bentonite. 

By simulation using software, it is found that low salinity injection into rock/oil/brine system in which low salinity waterflooding 

give lower concentration of divalent onto clay surface, may be indication of good candidate for low salinity waterflooding. 

V. WETTABILITY 

Fluid distributions in porous media are affected not only by capillary, viscous and gravity forces but also by forces present at fluid/ 

solid interfaces. Rock wettability is defined as the tendency of one fluid to spread on, or adhere to, a rock surface in the 

presence of other immiscible fluids. Wettability is an important factor regarding fluids entrapment, flow and distribution in pore 

space, due to its influence on capillary pressure, fluid saturations and relative permeability characteristics Relative permeability 

curves exhibit strong dependency on wettability which determines the location of the phase within the pore structure. Since overall 

wettability affects relative permeability and capillary pressure, it controls the ultimate recovery. 

 
Fig. 5: Wetting characteristic 

(Source Master’s Thesis, University of Stavanger. Rules of thumb indicate the differences in the flow characteristics due to rock 

wettability (Bavière 1991) 

A system containing water, oil and rock can be water wet, oil wet and/or mixed wet. Wettability depends on composition of the 

oil phase, water phase and chemical/physical composition of the rock. When one of the fluid phases is more attracted to the rock 

pore surfaces than another one, system establishes different types of overall wettability. 

 
Fig. 6: Contact angle for different wetting characteristics (Source: Nasralla et. Al.) 

Rock wettability can be indicated by using the contact-angle technique. AS shown in figure  For oil/water systems, if the contact 

angle is (0 to 75°) the rock is water-wet, (75 to 115°) intermediate-wet, and (115 to 180°) oil-wet. 
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There are many factors that affects wettability like Composition of the reservoir oil, Composition of the brine, Reservoir pressure 

and temperature, Depth of the reservoir structure.  

VI. ZETA POTENTIAL (Ζ) 

Zeta potential is the potential at the shear plane of the electrical double-layer. The magnitude of the zeta potential depends on the 

surface charge at the oil/brine and rock/brine interfaces, and also on the thickness of the double layer. Surface charges depends 

significantly on ionic strength of water. 

It was reported that sandstone rock and clays are negatively charged when brines above pH=2 (Hussain et al. 1996). Crude oils 

are positively charged at low pH, and negatively charged at high pH. As the solution pH increases, oil charge decreases until it 

reaches zero at the isoelectric point, and then further increased in pH results in strongly negative surface charge on oil surface. 

This trend was observed in all dead oils, and it has been determined that the isoelectric point occurs at pH ranges from 2 to 6, based 

on the oil composition i.e resins, asphaltenes and other polar component of crude oil(Buckley et al. 1989). 

Many experiments have been done by researchers for ζ potential measurements to determine the properties of different 

clays like kaolinite, illite, and chlorite in terms of their surface charges and point of zero charge (isoelectric poimt) values. 

They found the three clays in distilled water were negatively charged over pH range from 2.5 to 11. Kaolinite was the most 

negative clay, and it does not have isoelecric point. Chlorite and illite have isoelecric point at pH 3 and pH 2.5, respectively. 

Likewise, the effect of brine salinity on the surface charge was observed between oil and brine by Buckley et al. (1989) using 

different concentrations of NaCl solutions. Low ionic strength of NaCl solutions (high pH) resulted in a stronger negative charge 

on brine/oil interface compared with high ionic strength (low pH). It is evident that electrokinetic charges of both oil/brine and 

rock/brine interfaces are affected significantly by the ionic strength of the water. In the case of low salinity water surface charges 

on both oil/brine and rock/brine interfaces are strongly negative (almost similar), which results in more and more repulsion between 

oil/brine and rock/brine interfaces, thus expansion of electrical double layer takes place, which allows oil droplets to detached from 

the surface, thus results in more oil recovery by low saline water. 

VII. EFFECT OF DIFFERENT PARAMETERS ON WETTABILITY 

 Effect of temperature on wettability 

Temperature has significant effect on wettability. As shown in figure, increment in temperature made the surfaces less water-wet, 

with different water salinities. However, at the same temperature, if we compare contact angle of low saline water and high saline 

water, low saline water has more ability to alter rock wettability towards more water-wet condition. This demonstrates that low-

salinity water has a good potential for improving oil recovery over a wide range of temperatures.  

 
Fig. 7: Effect of temperature on contact-angle measurements 

 Effect of Pressure on Wettability 

Temperature does not have significant effect on wettability. As shown in figure, decreasing the pressure from 1,000 to 500 psi 

decreased the contact angle of the oil droplet slightly, which results in altering the rock wettability toward a more-water-wet state. 

This demonstrates that low-salinity water has a good potential for improving oil recovery over a wide range of pressure.  

https://en.wikipedia.org/wiki/Zeta
https://en.wikipedia.org/wiki/Zeta
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Fig. 8: Effect of pressure on contact-angle measurements 

 Contact Angle 

Researchers are using contact angle methods to evaluate the wetting characteristics of solid surfaces. This method is usually applied 

by using a small piece of rock and two immiscible fluids. To avoid any hysteresis issue, the rock surface should be smoothed and 

well-polished. 

Contact angle also has impact on recovery. It will be different for different lithology.  

 Berea Sandstone 

Contact angles was observed 50 and 51.5º for RA and LA, at particular condition (194ºF) as shown in Fig. The surface wettability 

remained unchanged after increasing the temperature, but the angles increased up to 55º. Increasing the cations results in reduction 

of the solubility of crude oil surfactants and/or the adsorption of anionic surfactants onto the sandstone rock. Anderson (1986) 

reported multivalent ions that results in alliteration of the wettability of oil-brine-silica systems from water to oil-wet condition. 

The ions included Ca+2, Mg+2, Cu+2, Ni+2, and Fe+2. 

 
Fig. 9: Contact angle measurement for Berea sandstone (Source: Alotaibi et. Al.) 

Interfacial energies of solid/fluids and fluid/fluid interface are affected by different ionic strength solutions. Hence, wettability 

and contact angle will be altered. In this case, more water-wet surface as reducing the salinity from formation brine to deionise 

water was observed. The rock surface changed towards intermediate state as a result of heating the fluids to a higher temperature. 

It was observed that the water film on the rock was stable and thus prevented any direct contact between the heavy ends in crude 

oil and the rock surface. Due to this reason, the aquifer water resulted in a strong water-wetting surface compare to sea water. 

 Scioto Sandstone 

Wettability of crude oil/formation brine/Scioto rock behaved as an intermediate condition, which shows that contact angles depend 

on the nature of the rock. Brine composition influenced the adsorption of insoluble components from crude oil on the rock surface 

(Xu et al. 2006). Greater the divalent cations in the formation brine, greater the positive charges on rock surface. Thus, these 

charges acted as attractive sites for the negative ends of polar components in crude oil (Xu et al. 2006). 
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Xu et al. reported that monovalent ions (Na+) can covered the rock surface and prevented the contact between the rock and crude 

oil. Therefore, it may keep the interface neutrally charged, so that the thin wetting water film would not be disturbed by acids/bases 

in the crude oil. The multivalent and monovalent cations acts oppositely on the adsorption of the thin wetting film. This is the main 

reason behind having different wetting characteristics.  

 
Fig. 8: Contact angle measurement for Scioto sandstone (Source: Alotaibi et. Al.) 

Seawater altered the Scioto rock surface towards water-wet condition at high temperature conditions. With Increasing the 

temperature, surface wettability became more water-wet. In the case of Scioto sandstone, aquifer water changed the rock wettability 

from water to intermediate wet. This is unexpected especially the aquifer water in Berea sandstone provided strong water-wet 

surface. From this observation, we can say that different rock mineralogy can alter the surface wettability. 

 Effect of Crude Oil 

The results obtained with one crude matches with another crude results; the contact angles with formation brine, and seawater were 

higher than the ones obtained with aquifer water, diluted aquifer, and deionized water, as depicted in Fig. It demonstrates that low 

salinity water alters the rock wettability towards water-wet regardless the oil composition. However, the change of wettability was 

greater for one crude than for another crude depends on Asphaltine content; decreasing the water salinity from formation brine 

salinity to deionized water reduced the contact angle. This shows that oil composition (Asphaltine content) has an effect on the 

efficiency of low salinity water of altering the wettability, and hence the oil recovery. 

    
Fig. 9: Crude oil one (Source: Nasralla et. Al.)      Fig. 10: Another crude oil (Source: Nasralla et. Al.) 

 Influence of Solution Cations and Ionic Strength on Rock Wettability 

Spontaneous imbibition is generally used to investigate the influence of solution cations and ionic strength of initial water on the 

initial wettability of Berea sandstones and the wettability modification by lowering the salinity of imbibing brine (More water-

wer) During secondary high salinity imbibitions, the oil recovery and imbibition rate of CaCl2 brine were generally much lower 

than that of the NaCl brine. This exhibit that the divalent cations (Ca2+) of initial water can greatly change the initial wettability 

toward more oil-wet, while the initial wet state is independent of the concentration of Na+. The higher the concentration of Ca2+, 

the more oil-wet rock will be. From this observation we can say that, as we increase salinity of the thin film of water between oil 

and mineral the resultant charge will be less negative or even more positive at brine/rock and brine/oil interfaces, which results 
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into a less repulsion between rock and oil droplet. Thus, thickness of electrical double layer will be less, which results into less 

recovery of oil as it doesn’t allow oil droplet to detach from the clay surface due to less repulsion force. Hence, the calcium bridges 

are much stronger and more effective than sodium bridges. The rock surface was covered by the hydrocarbon layers, and as a 

consequence, the rock surface changes wettability towards more oil-wet. The higher the concentration of Ca2, the more 

hydrophobic the mineral will be. 

Lowering the ionic strength of imbibing water can evidently improve the oil recovery. Less cations exist between oil droplet 

and mineral surface with the reduction of salinity, which results into more and more repulsion force between mineral surface and 

oil droplet, which allows oil droplets to detach from clay surface and ultimately increase oil recovery.  

These suggestions above are in accordance with the ζ potential of crude oil/brine and brine/crushed Berea interfaces. The effect 

of brine salinity and composition on ζ potential at crushed Berea/brine is depicted in Figure. 

 
Fig. 11: The ζ potential of crude oil/brine and brine/crushed Berea interfaces (Source: Anderson, W. G) 

From this fig. We can say that as salinity decreases(for both Nacl and cacl2) zeta potential is becoming more and more negative, 

which results into more and more repulsion force between mineral surface and oil droplet, which allows oil droplets to detach from 

clay surface and ultimately increase oil recovery.   

 Comparison of Nacl vs Cacl2 

As a result of the complexity of the crude oil−brine−rock system, there is no clear explanation of why the divalent cations (Ca2+) 

are of major significance in a low-salinity water. A better understanding of the underlying mechanisms of a LSWE. Initial 

wettability of the COBR system was dominantly controlled by the initial concentration of Ca2+ rather than Na+ in brine; i.e., the 

initial wettability changed to be more oil-wet with an increasing concentration of CaCl2 in initial water, while changing the 

concentration of NaCl in initial water had little effect on initial wettability. Moreover, reducing salinity of imbibing brine can 

outstandingly improve oil recovery of cores aged by CaCl2 brine, whereas no obvious enhanced oil recovery (EOR) by lowsalinity 

water was observed for cores aged by NaCl brine. Decreasing the concentration of either CaCl2 or NaCl brine was able to make 

the oil/brine and brine/rock interfaces become less positively charged or even more negatively charged, observed by ζ- potential 

measurements, resulting in increased electrostatic repulsive forces between the oil/brine and brine/rock interfaces. It suggest that 

the anionic groups of organic acid from crude oil, such as carboxylate, adsorb onto negatively charged mineral surfaces mainly 

through calcium bridges instead of van der Waals forces or sodium bridges and reducing salinity is able to increase the electrostatic 

repulsive forces between mineral surfaces and carboxylate groups and then break calcium bridges to change the wettability of the 

rock surface to be less oil-wet, and as a result, EOR occurs. 

 Zeta Potential 

This is the graph, which shows Zeta-potential measurements for Berea sandstone with different brines vs. pH. From graphwe can 

see that ph has effect on zeta potential, as ph increase zeta potential decreases and become more negative. The highest negative 

charges were obtained by DIW at higher pH than 6. These demonstrate that the brine salinity has a significant impact on 

electrokinetic charges at the rock/brine interface. 
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Fig. 12: Impact of water salinity on zeta potential at rock/brine interface vs. pH for Berea sandstone. 

Zeta potential can also measure for oil/brine interface. Below graph shows Zeta-potential measurements for Crude Oil A with 

different brines vs. pH. Zeta potential was positive at low pH, and as pH increases, zeta-potential magnitude decreases until it 

reaches zero at pH 3 to 6 with all brines. Zeta potential becomes negative and the magnitude increases with the increase of pH.  

 
Fig. 13: Impact of water salinity on zeta potential at oil/brine interface vs. pH for Crude Oil A. 

From this we can say that, in case of low salinity water, both oil/brine and rock/brine interface will be strongly negative, which 

results into more repulsion force between rock/brine and oil/brine surface and expansion of electrical double layer takes place, 

which allows the oil droplet to detach from clay and helps to increase recovery from sandstone reservoir. 

VIII. CONCLUSION 

Low salinity water flooding is an immature EOR technology with positive proof of field success. Either alone or in conjunction 

with techniques like polymer flooding, it has the potential to be a “game changer” in oil-wet sandstone reservoirs. As LSE does 

not involve importing large volumes of chemicals or require difficult surface handling and mixing operations, it can be more easily 

conducted in harsh operating environments than other chemical EOR process. Identification of the sufficient conditions for LSE 

and understanding the circumstances under which there is little or no LSE remain as outstanding challenges.  

The initial wettability state of a porous medium seems to be a key factor in the waterflooding efficiency of LS injection as more 

intermediate-wet cores give a better response. Lowering water salinity results in wettability alteration of mineral surface. Low-

salinity water resulted in more-water-wet surfaces. Oil composition, pressure and temperature have an impact on the alteration of 

rock wettability by low-salinity water. Change of the electric charge at oil/brine and rock/brine interfaces caused by low-salinity 

water is the primary reason for wettability alteration. When the electric charges become more negative at oil/brine and rock/brine 

interfaces, the repulsion forces between rock and oil increase and make the rock more water-wet as a result of expansion of the 

electric double-layer and stabilizing of the water film surrounding the rock.  

As coin has two sides low salinity water flooding also has some drawbacks i.e. compatibility of the planned injected water with 

the reservoir’s connate water and with the reservoir rock, the need for reducing salinity of sea water in off-shore areas is a major 

constraint. But at the end low salinity water flooding has potential to be a “game changer” and enhanced oil recovery in sandstone 

reservoir. 
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