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Abstract 

This experimental study investigates the osmosis and the spontaneous emulsification as oil 

mobilization mechanisms during the low salinity water flooding by measuring the connate water 

expansion area in an oil-wet microfluidic system. Two types of synthetical oil, heptane and 

dodecane and different salinity brines are chosen to use in the experiments. Meanwhile, 

surfactants are added into the oil phase to calculate the water transportation rate due to the 

spontaneous emulsification, comparing with the water transportation rate due to the osmosis. 

Dynamic light scattering and pendant drop experiments were conducted with the same fluids to 

study the spontaneous emulsification process. 

 

The HSW expansion due to the osmosis was observed at the microfluidic experiments with both 

heptane and dodecane under a salinity gradient. The water transportation rate for the osmosis is 

as high as the rate for the spontaneous emulsification with the enough amounts of surfactants 

added into the heptane. Insufficient surfactants added may inhibits the water transportation in 

the synthetic oil. The dodecane shows a weaker water transportability in the same condition.  It 

is still hard to give any conclusion on the effect of the oil viscosity and water solubility.  
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1.  Introduction 

Low salinity water (LSW) flooding is a promising enhanced oil recovery (EOR) method with the 

strength of low-cost and simplicity. In 1960s, Bernard [1] was the first person who stated that 

injecting low salinity water (0-1% NaCl brines) into sandstone cores could greatly decrease the 

core residual oil. After twenty years, low salinity water injection started to get more and more 

attention from the industry. Lots of field scale and laboratory experiments were operated and 

confirmed the effect of low salinity water flooding [2] [3] [4]. However, the mechanisms of LSW 

flooding are not well understood and still are under intense research. For fifty years, the study of 

mechanisms has focused on the salinity properties, fluid-rock interaction, and oil-water interface 

reaction. While the mechanisms are still not 

fully understood, six of them are considered having the greatest potential: 

 

(1). Fines migration [3, 4] 

(2). PH effects [5]  

(3). multi-component ions exchange [6, 7]  

(4). Double layer expansion [8]  

(5). Emulsification [9-11]  

(6). Osmosis effects [12, 13] 

 

Several factors like the rock types, oleic and aqueous composition, and the pore structure can 

highly affect the flooding effect. The previous studies have indicated that after the low salinity 

water flooding, the wettability of the rock will change to a condition that more favorable for the 

oil flooding, more water wet [7]. The wettability alteration reduces the flow resistance and thus 

increase the final oil recovery. Multi-component ions exchange (MIE) and double layer expansion 

(DLE) are two generally accepted mechanisms to explain this phenomenon.  

 

Advances in imaging technology enable a real-time pore observation of fluids that provides us 

more direct information on water flooding. In 2014, Mahzari and Sohrabi [14] published their 

findings about the effect of micro-emulsions, which were generated by crude oil during the 

contact period with LSW, may result in changes in the oil distribution and oil displacement. Later, 

other studies indicate that the aggregation of emulsions can change the residual oil distribution 

and finally improve the oil recovery [10, 11, 15, 16]. Some literature also reported the observation 

of the osmotic pressure increases over oil film where two sides of the oil film have different 

salinity brines. Meanwhile, emulsification happened in the oil phase, and the high salinity brine 

side of the oil showed obvious volume increase [16]. Both the connate water and oil phase may 

expand during low salinity water flooding, which can change the distribution of oil. 

 

The osmosis effect between connate water and low salinity water over oil films is another 

mechanism that need to be considered at the fluid-fluid interface. In 2016, Sandegen conducted 

an experiment that injecting pure toluene as oil phase into microchips and cores, observing 
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connate expansion [12]. Their results showed that the high salinity connate water expanded with 

nearby low salinity water shrinkage. It indicates that oil phase plays as a semi-permeable 

membrane which allows water molecules pass through. In 2017, Fredriksen et al. built their own 

2-D silicon-wafer microfluidic model to study the osmotic pressure effects, which showed similar 

results [13]. In our study, we will mainly focus on the fluid interface changes during the 

emulsification and study the possible mechanisms of the osmosis effect in low salinity water 

flooding. Considering with uncontrolled factors like microfluidic inner pressure instability caused 

by valve switching, movement of the observation platform, and weak magnification for 

microfluidic observations, a sophisticated experimental method needs to be designed. The main 

body of this master study is performed on a microfluidic system and consists of two parts: Firstly, 

verifying if the refined oil could act as semi-membrane by osmosis effect during the low salinity 

water flooding. Secondly, comparing cases with and without adding surfactants in the oil, 

controlling emulsification around the water-oil interface. By microfluidic experiments and 

dynamic light scattering analysis, three questions are studied:  

 

(1) Under a salinity gradient condition, can refined oil act as a semipermeable membrane without 

adding any polar components? And what is the main mechanism for it? 

(2) If adding surfactants, can reverse micelles carry water molecules across the oil phase? How 

does water pass through oil film? 

(3) What is the relationship between emulsification and osmosis effect on water transportation 

during the LSW flooding? 
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2. Background  

To understand the relationship between the industry needs and the experimental work, it is 

necessary to have a brief introduction of low salinity water and its proposed mechanisms. In this 

section, we will mainly go through the industry and laboratory studies of low salinity water 

flooding, discussing the mechanisms but focusing on the main theory of this study -osmosis and 

emulsification liquid membrane. 

2.1. Low salinity water enhanced oil recovery 

Enhanced oil recovery (EOR) are methods applied after primary and secondary recovery 

techniques have exhausted their usefulness [3]. Primary and secondary recovery techniques main 

rely on the pressure difference between the wellbore with reservoir underground. Enhanced oil 

recovery methods usually functioned by adding different chemical additives or changing reservoir 

properties like wettability, permeability, temperature etc. 

 

Low salinity water injection is a relatively new topic in EOR. The first systematic study of low 

salinity brine flooding was reported by Yildiz and Morrow in 1990 [6]. Many researchers started 

to focus on this area and study the effect of low salinity water. In 1999, Tang and Morrow tested 

low salinity with cyclic water flooding on Berea sandstone cores [4]. The core flooding 

experiment results showed that after repeatedly water flooding, decreasing with injection brine 

salinity gave significant improvement on the oil recovery. From Fig. 1 we can see that the T1F3, 

which has the lowest salty concentration, also has the highest recovery factor.  

 

There are also field results supporting the conclusion that LSW can improve oil recovery. Webb 

et al. in 2003 conducted a series of modified inject log tests, which showed an obvious increase 

of oil producing after LSW flooding the near well [17]. McGuire also did similar tests in Alaska 

with single well chemical tracer tests (SWCTT), which confirmed that results could be replicated 

in a different field [18]. Incremental recoveries of 6 to 12% OOIP were possible in North Slope 

reservoirs with LSW water flooding. The results indicate that the connate water, injection brines, 

the crude oil, and the rock all play an essential part in the interactions that determine the sensitivity 

of oil recovery to brine composition. In recent years, the research on LSW flooding enhanced oil 

recovery has progressed significantly. Several mechanisms have been discovered by researchers, 

however no unique mechanism is clearly identified to be the primary cause of the low salinity 

effect [19]. 
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Fig. 1: Effects of changes in injection brine composition on recovery of CS crude oil for cyclic water 

flooding of a CS core [4] 

 

 

 

 

Fig. 2: A 25% increase of oil recovery by LSW flooding (around 5000 ppm), from Alaska. [18] 
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2.2. The mechanisms of low salinity water flooding enhanced 

oil recovery  

 

Based on core flood experiments and field research works, many mechanisms have been 

purported to explain the low salinity water EOR. Because of most of the mechanisms are related 

to many other mechanisms, a context diagram was made to illustrate these relations as shown in 

Fig. 3 based on the diagram by Pollen [20]. Based on this diagram, we will go through the main 

mechanisms in this section. 

 

Fig. 3: Proposed low salinity water flooding mechanisms and their relationships with each other 

[20] 

2.2.1. Fine migration 

Fine migration is common in a clay-rich reservoirs. Morrow et al. [4] proposed that additional oil 

recovery can be caused by a situation with weaker internal bonds in the clay, leading to 

detachment of clay. Expand surfaces contributes to a more wetness condition during the low 

salinity water injection. Clay debris, which is got stuck at throat can lead to changes in flow paths 

and increased oil production. They also reported a reduction of cores permeability after the 

flooding of low salinity water. Their samples were rich in kaolinite and clay materials. They 

considered that the expanded detached clay particle work as blocking agent, causing high 

permeability paths to be blocked, which force the flow into new paths, increasing the sweep 

efficiency. Especially kaolinite and illite can detach from the rock surface with fresher brines. 

Injecting low salinity water into a clay-rich reservoir usually have following stages: fines 

migration, particle swelling, and swelling-induced migration. Fig. 4-6 shows the fins migration 

process during the LSW flooding. 
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Fig. 4: Polar components are absorbed on the rock surface to form a mixed-wet fines [4] 

 

 

Fig. 5: Partial stripping of mixed-wet fines from pore walls during water flooding [4] 

 

 
Fig. 6: Mobilization of trapped oil [4] 

 

Sheng [21] reported that the low salinity water can make both clay and minerals unstable. In 2018, 

Alhuraishawy [22] conducted core flooding experiments with different salinity brines injection 

and SEM observation of core samples before and after the flooding. As Fig. 7a shows, the rock 
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surface of original core sample was very rough where clay particles adhere to the surface. By 

injecting low salinity brines, the fines detached and migrated from the rock surface. The lower 

the salinity of brines, the smoother the rock surface. Fig. 7 shows the SEM characterization of 

sandstone after 3 different salinity brines flooding. His results showed that the LSW flooding will 

redistribute the flow paths by releasing sand particles and some fine minerals causing a narrowed 

flow path, which then leads to a better displacement performance. 

 

Some researchers believe that there is no direct evidence indicating a strong connection between 

fines migration and oil recovery increase. Lager et al. [6] presented that numerous BP low salinity 

flooding core experiments at reservoir condition showed no fines migration but still had 

increasing oil recovery. In his conclusion, there is no substantial evidence to show the link 

between fines migration and oil recovery. Similar results were subsequently identified by other 

researchers [7, 23] [24].  With the help of imaging, microfluidic can show fines mobilization in 

real-time. In 2019, W. Song [25] established the microfluidic experiment to directly visualize the 

pore-scale fines migration during fresh water flooding, including an additional increase in oil 

recovery.    

 

 

 

Fig. 7: SEM characterization of sandstone core samples before and after flooded by different NaCl 

concentrations, (a) original core sample, (b) core sample flooded by 1.0% NaCl brine, (c) core sample 

flooded by 0.1% NaCl brine, (d) core sample flooded by 0.01% NaCl brine. [22] 
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2.2.2. Multi Ion Exchange (MIE) 

Multicomponent ionic exchange was first suggested by Lager et al. [6] (Fig. 8). He believes that 

the cation exchange between mineral surface and injecting aqueous phase is the primary 

mechanism for increased oil recovery during low salinity injection. In the MIE theory, the original 

oil wet reservoir contains a lot of organo-metallic complexes, which are generated by polar 

component (resin and asphaltene). After low salinity water flushing over the grain surface, MIE 

will take place on the both clay and grain surface, increasing the thickness of water and altering 

the surface more water-wet, then leading to increased oil recovery. By associating field data with 

laboratory analysis, most of the samples showed decreasing concentration of divalent ions, 

especially 𝑀𝑔2+  and  𝐶𝑎2+  changed dramatically [26]. Thus, four possible exchange 

mechanisms are correlated with MIE occurring in LSW flooding:  cation exchange, ligand 

bonding, cation bridging, and water bridging, as Table 1 shows. Some studies also indicate that 

Van der Waals interactions, ligand exchange and cation bridging are the dominant adsorption 

mechanisms [6]. 

 

 

Table 1: The main potential mechanisms of MIE  [6] 

 

During the LSW flooding, cation exchange usually happened when molecules containing 

quaternized nitrogen or heterocyclic ring alter the metal cations which initially bound to clay 

surface. Ligand bonding occurs between a multivalent cation and a carboxylate group, formatting 

stronger bonds than cation bridging and cation exchange bonds and leading to the detachment of 

organo-metallic complexes from the mineral surface, especially in  Mg2+ solvated water. All four 

mechanisms of MIE are illustrated as Fig. 8 shown. In 2011, T. Austad [7] suggested that the MIE 

may be linked with the change in the concentration of  Mg2+. However, it is not completely caused 

by MIE as the increase of pH around clay surface can generate Mg(OH)2 during this period. Due 

to the generation of Mg(OH)2, local alkalinity can also decrease and may impact the desorption 

of organic material from the clay surface, which have a similar phenomenon as MIE. Meanwhile, 

Austad also discussed the works of the polar component in the crude oil. The adsorption of basic 

and acidic material which are important compositions of the polar component attached onto clay 

minerals is very sensitive to changes in pH.  An increase in pH is needed to remove some of the 

adsorbed organic material on the clay surface. We will discuss this detailly in the next section. [7] 
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Fig. 8: Representation of the diverse adhesion mechanisms occurring between clay surface and crude 

oil [6] 

2.2.3. pH Increase 

PH increase has been reported in some early research on low salinity water flooding. During core 

flooding experiments, Tang and Morrow [3] observed a production of the fine particles and 

displaced water pH showed an increase. T. Austad [7] emphasized that the local pH around clay 

surfaces may domain the effects of low salinity enhanced oil recovery. The chemical equilibrium 

is established by both basic and acidic organic materials absorbing onto the clay. So, three 

assumptions are established for enhanced oil recovery by LSW through such chemical 

mechanisms:  

 

1. Appropriate clay properties and enough amount present in the rock.  

2. Polar components in the crude oil, both acidic and basic.  

3. Inorganic cations present in formation water, especially Ca2+. 

 

The clay could act as a cation exchanger on its surface area. When the low salinity water flooded 

inside the reservoir, the equilibrium associated with the brine-rock interaction is disturbed, which 

is usually 𝐶𝑎2+ and 𝑀𝑔2+. The protons from the water will absorb onto the clay to offset the lack 

of charge. In the end, one hydroxyl ion will release into the water which can cause an increase of 

pH. Except the cations, some acidic and basic material can also have the similar reaction as shown 

below. 

 

𝐶𝑙𝑎𝑦 − 𝐶𝑎2+ + 𝐻2𝑂 =  𝐶𝑙𝑎𝑦 − 𝐻+ + 𝐶𝑎2+ + 𝑂𝐻− 

 

𝐶𝑙𝑎𝑦 − 𝑅𝐶𝑂𝑂𝐻 + 𝑂𝐻− =  𝐶𝑙𝑎𝑦 + 𝑅𝐶𝑂𝑂− + 𝐻2𝑂 
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𝐶𝑙𝑎𝑦 − 𝑁𝐻𝑅3
+ + 𝐻2𝑂 =  𝐶𝑙𝑎𝑦 + 𝑅3𝑁 + 𝐻2𝑂 

 

The suggested mechanism is schematically illustrated in Fig. 9 for adsorbed basic and acidic 

material. Both adsorbed basic and acidic material are detached from the clay surface, causing a 

wettability change to more water wet condition [27]. Additionally, for water-oil interaction, the 

Ph increase will also accelerate the emulsification and help to stabilize the water in oil emulsion 

[28]. Generally, increasing pH can be considered as both a root mechanism and a result caused by 

ion exchange. 

 

 

Fig. 9: Proposed mechanism for low salinity EOR effects. Upper: Desorption of basic material. Lower: 

Desorption of acidic material. The initial pH at reservoir conditions may be in the range of 4  

2.2.4. Double layer expansion (DLOV theory) 

Winsauer and Mccardell [29] first used excess double layer to explain different conductivity in 

reservoir rock. The double layer theory is a theory of colloidal dispersion stability where the zeta 

potential can be used to evaluate the ionic repulsion created by the closing particles. The zeta 

potential is the electrical potential at the slipping plane, as Fig. 10 illustrated. The double layer 

combines with the effects of van der Waals attraction and the electrostatic repulsion. The total 

potential energy is described as the sum of the attraction potential and the repulsion potential. In 

this system, the Van der Walls force is only a function of distance. For electrostatic repulsion, it 

can be represented by zeta potential. The electrostatic repulsion force usually works on 

maintaining the colloid stability of the water oil system. Usually, if two particles get very close to 

each other, the attracting could dominate the process and make them contact. As the distance 

increases, the potential energy, described as the combination of attraction potential and the 

repulsion potential, may find a thermodynamic equilibrium state (primary minimum). If the 

energy barrier was higher than primary minimum but not high enough to make particles detach 

completely, particles may stay at the second minimum. There is a high energy gap for the 

detachment stage [30]. Due to the change of brine salinity, electrostatic repulsion can fluctuate a 

lot, which may lead to instability in the water micro-environment between the oil and the clay 

surface. The excess double layer conductivity is depending on the specific ions in the electrolyte 
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and the total salt concentration. As the concentration of salts in water gets lower, the surface 

charge of clays can change to negative, which make the repulsive forces exceed the binding forces 

via the multivalent cation bridges, causing the oil particles to be desorbed from the clay surfaces 

[8] 

 

 

Fig. 10: Schema of Electric double layer and the relation with zeta potential [31] 

 

Ligthelm et al. [8] indicated that wettability alternation by double layer extension is the primary 

mechanism of LSW injection. For high salinity brine, a relatively thin double layer film exists 

between the oil droplet and clay surface, making it act as oil wet. After the low salinity water 

flooding, the film between low salinity water and rock will expand, making the rock surface more 

water wet. Fig. 11 shows the difference after the low salinity water flooding. In real reservoir 

conditions, both simulations and laboratory experiments have verified that the electrovalence 

plays an important role in water film thickness [8] [31]. The thickness of the double layer is very 

sensitive to electrovalence. Comparing with water only added sodium chloride, injecting water 

with divalent cations like calcium ions, magnesium ions yields less oil production [8]. Based on 

the FESAM (Field Emission Scanning Electron Microscopy) and the chemical analysis of the 

core flooding samples, Yang [32] indicated that the calcium bridges are much stronger and more 

effective than sodium bridges, and van der Waals forces to help organic materials adsorb onto 

minerals. Fig. 12 shows this process. 
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Fig. 11: Schema of double layer expansion on clay surface 

 

 

Fig. 12: Schematic model of the oil adsorption−desorption process: (a). formation of hydrophobic 

layers on the rock surface and (b). releasing oil layer when less calcium ions exist when low salinity 

flooding [32] 

 

 

It is noted that both DLOV and MIE as mechanisms for LSW EOR are based on the fact of 

wettability alteration. The wettability alteration sometimes is considered as an accompanying 

effect of the low salinity water effect, not the cause of LSW effects [7, 31].  The coexistence of 

DLOV and MIE effect on the wettability alteration is not contradictory but which one affects the 

most is still uncertain. After dozen years of study, we found that the mechanisms of LSW flooding 

enhanced oil recovery are very complicated. Therefore, the low salinity effect is a result of 

different mechanisms acting together, each with its own contribution. 

 

Note that all four mechanisms presented above are related to the fluid-rock interaction in rock 

systems. There is still no certain conclusion on LSW enhanced oil recovery mechanism. Lately, 

the effect of the fluid-fluid interaction has received more attention from academia. Spontaneous 

emulsification and osmosis are two potential mechanisms in LSW flooding. The process and the 

mechanisms for them are still unclear. In the following section, a brief introduction of the 

spontaneous emulsification and osmosis will be given. 
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2.3. Emulsification and Osmosis effect in low salinity flooding 

2.3.1. Osmosis as mechanism for improving oil recovery 

Based on previous emulsification studies, Sandengen published his study about the osmosis effect 

in low salinity water injection in 2013 [33]. Osmosis is a thermodynamic driving force for water 

transport caused by a difference in chemical potential between two aqueous solutions separated 

by a semi-permeable membrane [13]. The results by Sandengen showed that the high salinity 

connate water expanded with nearby low salinity water shrinkage. It indicates that the oil phase 

acts as a semi-permeable membrane which only allows water molecules to pass through. In 

Sandengen’s studies, both 2D microfluidic model and core X-ray scans were used to observe the 

expansion of connate water. In an oil wet environment, the high salinity connate water expands 

and pushes the oil film between HSW and LSW. After the LSW injection, the oil film contacted 

by LSW gradually appeared darker. Observing at a higher magnification, the darker area showed 

agglomerates of small bubbles. These small bubbles were not affected by pressure changes, which 

indicates that they are water emulsions. In the study by Emadi and Sohrabi [34], they described 

these water emulsion as ‘micro-dispersions’ to distinguish them from micro-emulsions. It is 

emphasized that they used crude oil, not synthetic oil. To avoid the interference of the micro 

dispersions, heating and cooling were introduced to provoke micro-emulsions on both sides of 

the oil film in the microfluidic experiments. The purpose of generating emulsion was to create an 

equal concentration of micro emulsion on both sides of the oil film. The case with assumed 

constant concentration of emulsions showed the same result as the previous experiments. This 

indicated that osmosis is an independent mechanism during low salinity water injection.   

 

Fig. 13: In experiments conducted by Sandengen, after the DIW (yellow) flooding, the 𝐂𝐚𝐂𝐥𝟐 (blue) 

expanded and displaced by DIW. Supporting the conclusion of osmosis water transport [12] 

In 2017, Fredriksen repeated the osmosis experiment by using capillaries, giving similar results 
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as Sandengen [13]. Oil-wet polytetrafluoroethylene (PTFE) tubes was used. These were injected 

with LSW, toluene and HSW sequentially.  After 20 days, almost all the LSW (yellow) was 

transported into the HSW (white), as shown in Fig. 14 (1). Sample without salinity gradient has 

no water transport for 20 days, as shown in Fig. 14 (2). Lifei [16], Naeem [35] also conducted 

similar capillary experiments, supporting the conclusions that both crude oil and synthetic gives 

oil osmotic water transport. However, in some realistic situations for LSW injection, osmosis 

usually works alongside other mechanisms such as, spontaneous emulsification and wettability 

alteration, which are also highly affected by the water salinity. The effect of osmotic water 

transport in EOR process is therefore hard to quantify.  

 

It should be noted that the synthetic oil used by Sandengen and Fredriksen was toluene, which 

has a very high water solubility, similar with the water content in crude oil. However, one 

difference between synthetic oil and the crude oil is that the existence of the polar component, 

which can act as the surfactants and form emulsions. It is still unclear that how much water is 

diffused into the oil film due to the osmosis or the emulsification. To study the osmosis effect 

during the LSW flooding, choosing the oil with a high water solubility may overestimate the water 

diffusion effect. 

 

Fig. 14: Capillaries experiment model set by Fredriksen. LSW is in yellow, red is the oil phase and 

the white is HSW. Experiment (2) shows a base-line experiment with equal salinity in two sides. [13] 

 

2.3.2. Spontaneous emulsification as mechanism for improving oil 

recovery 

An emulsion has been defined as a thermodynamically unstable heterogeneous system of two 

immiscible liquids where one is dispersed in the other [36].  In petroleum industry, the crude oil 

mixing with gas or water are the main objects to be studied on. Emulsion plays a vital role in 

many aspects, including drilling mud, enhanced oil recovery, acid fracturing and separation etc. 

In enhanced oil recovery, emulsions are usually formed by crude oil, water, and surfactants. These 

surfactants are usually some polar components in crude oil. Water in oil (W/O) and oil in water 

(O/W) emulsions, even water in oil in water (W/O/W) and oil in water in oil emulsion (O/W/O), 

can be observed during the water flooding, however the most familiar ones are the first two 

emulsions [37]. As shown in Fig 15 (a) that the W/O system appears when water droplets play as 
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a dispersed phase and mixing in the continuous oil phase. The O/W emulsions are inverted, as 

shown in Fig 15 (b). When the reservoir system is not static, during water flooding, the emulsions 

are always breaking up and re-forming, which leads to a very complicated system. The W/O 

emulsion is usually recognized at the down-hole or in the reservoir at early stage of flooding as 

the flow stream then consists of more hydrocarbon than water. At the late stage of water flooding, 

the water takes up more volume which leads to a O/W emulsion.  

 

Fig. 15: The schematic graph of W/O emulsion and O/W emulsion. Blue is water, brown is oil and 

yellow stands for the interface with surfactants.  [38] 

 

Emulsification is defined as the process of emulsions formation. In oil reservoir, the 

emulsification is a complicated physical and chemical process influenced by several factors, such 

as reservoir temperature and pressure, rock wettability, fluid properties, and pore structure. Under 

different circumstances, the emulsions have various behaviors on rheology and fluid-rock 

interaction, which can enable enhanced oil recovery on purpose. Surfactants EOR for example, is 

one of the most important application of EOR by emulsification. Surfactant flooding is a EOR 

technique used for mobilizing residual oil trapped in the reservoir. The surfactants can highly 

reduce the IFT between the oil and brine, alter the rock wettability of the porous medium, which 

can contribute to mobilizing residual oil.  

 

Emulsions of any significant stability should contain two immiscible fluids, and at least one 

emulsifying agent. The emulsifying agent, usually known as surface-active agent or surfactant, 

groups on the two fluids interface to reduce the interfacial tension. Surfactants are characterized 

with two functional groups, one hydrophilic and one hydrophobic. The hydrophilic group is water 

soluble and the hydrophobic is oil soluble. The energetically most favorable orientation for 

surfactants molecules is on the oil water interface, so that each side of the surfactant is placed 

towards the greatest affinity to minimize the energy. Because of this arrangement need some time 

to establish itself, the process of accumulation and arrangement is dynamically. Many factors can 

affect this process, such as salinity, ions properties, temperature, and the fluid properties.  When 

the concentration of surfactants around the interface is above the critical concentration needed to 

cover the fluid-fluid interface, also known as CMC (critical micelle concentration), the surfactants 

molecules can assemble the insoluble phase molecules and create the micelles in the soluble phase. 
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The micelles structure for O/W and W/O emulsion are shown as Fig. 16. The surfactant monomer 

usually exists on the fluid-fluid interface where the surfactant molecules show the consistent 

posture that the hydrophilic side towards water and hydrophobic side towards oil. Surfactant 

multimer is also called emulsion micellar. Meanwhile, the surfactant molecules can have a kinetic 

exchange between monomer and multimer at equilibrium. In general, the process of 

emulsification is referred to as a dynamic process. Fig. 17 shows this process schematically. In 

crude oil system, two immiscible fluids can be water/oil and gas/oil. For emulsifier, evidence 

indicates that the asphaltenes and the resins contents in the crude oil are the effective components 

for emulsion formation [39-41]. Fingas in 2014 [41] reported that the asphaltenes are the content 

in the crude oil that keeps emulsions stable, while the resins help the asphaltenes to be soluble in 

the oil phase. 

 

 

Fig. 16: The structure of the micelles for W/O emulsion and O/W emulsion Fig [42] 

 

Fig. 17: Schematic representation of surface adsorption of surfactant molecules at the air- water 

interface and surfactant micelles [43] 
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Emulsions are very complicated systems. Below is a list of factors that emulsions are influenced, 

given by the Kanicky [44], which can help us evaluate emulsion formation. 

 

⚫Chemical composition (molecular structure and concentration) of oil 

⚫Chemical composition (types and concentration of salts present) of water 

⚫Chemical composition (nonionic, anionic, cationic, zwitterionic and polymeric) and 

concentration of surfactants 

⚫Structure and concentration of cosurfactants 

⚫Number and types of finely divided particles present 

⚫Temperature and pressure of the system 

⚫Order of mixing of emulsion constituents 

⚫Energy input 

 

Spontaneous emulsification occurs in the oil phase during the low salinity injection and is 

considered an important factor for enhancing oil recovery [19]. Many researchers reported direct 

observation of emulsion generation with low salinity injection in microfluidic system. They 

suggested that the amount of water in oil emulsions can be used to evaluate the effects of the 

water injection [13, 34, 45]. In a developing reservoir, residual oil and high salinity water usually 

co-distribute in the swept region after primary displacement. Increasing water in oil emulsions 

causes expansion of the oil phase, which leads to mobilization of oil [13]. Emulsions also can be 

considered as a flow path, allowing water to be transported through oil films into connate water. 

This phenomenon is also called emulsion liquid membrane. However, the effects of emulsions on 

water transportation are still unclear.  

 

To understand the emulsification during low salinity water injection, we need a clear definition 

of spontaneous emulsification. The phenomenon of spontaneous emulsification can be described 

as self-emulsification, which is defined as the process of emulsions droplets formed by two 

immiscible liquids that out of in equilibrium due to external energy input. It can be explained by 

the schematic graphs shown in Fig. 18. The Gibbs free energy equation is defined as: 

 

∆𝐺 = 𝛾∆𝐴 − 𝑇∆𝑆 

 

where the 𝛾∆𝐴  is the interface initial energy and 𝑇∆𝑆  is the entropy of the dispersion. For a 

system in equilibrium, the entropy of the dispersion is positive and much lower than the interfacial 

energy, which will lead to a positive free energy, as Fig. 18 (a) shows. So that the external energy 

is required to generate emulsions. As indicated in Fig. 18 (b) for spontaneous emulsification, the 

free energy in the current state is higher than for forming emulsions, so emulsion generation gives  

the ∆𝐺<0, emulsion can occur spontaneously [46].  

 

In a study by Lopez-Montilla and Herrera-Morales, they discussed many mechanisms of 

spontaneous emulsification [47]. Among them, three mechanisms are related to our case: (1) 

interfacial turbulence (2) diffusion and stranding and (3) negative interfacial tension.  
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Fig. 18 Schematic Gibbs free energy profiles of emulsification process driven by external energy and 

internal energy [46] 

 

Interfacial turbulence: When two fluids are contacting each other with no external additive 

energy, the interface between them can start to develop unsteady motions, which may lead some 

fluid molecules to diffuse through the interface. These molecules can be stabilized by other forces, 

like gravity or osmotic pressure [47]. However, in our case, the interfacial turbulence usually acts 

in a complex situation, where extra energy from the movement of injected low salinity water can 

lead to huge interface instability too. The pure interfacial turbulence mechanism is not considered 

as the main reason for spontaneous emulsification during EOR. 

 



2.3. Emulsification and Osmosis effect in low salinity flooding 

20 
 

Diffusion and stranding: This mechanism requires the occurrence of droplets with a high value 

of interfacial tension in one fluid and a low value of interfacial tension in the other fluid. In simple 

terms, emulsions are created by a third component partly miscible with two immiscible fluids. 

Fig. 19 shows the direct observation by microscope of diffusion droplets of toluene in a water 

phase. An example showed at Fig. 18 of this mechanism occurs with an ethyl alcohol-toluene-

water system, as presented by Lopez-Montilla [47].  

 

 

Fig. 19: Drops of toluene formed by diffusion and stranding mechanism in a toluene brij30 sec-

butanol and octanol system [47] 

 

 

Fig. 20: Schematic diagram showing spontaneous emulsification process for a drop of oil in water 
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Negative interfacial tension: The last mechanism is negative interfacial tension. It was shown 

that the negative interfacial tension can occur in the certain water-oil-surfactants systems. If we 

put toluene containing cetyl alcohol on the top of an aqueous solutions of sodium dodecyl sulfate, 

the spontaneous emulsification will take place when the concentration of alcohol is beyond a 

specific concentration limit. The total interfacial tensions of the whole system will have a very 

low value, it could even be negative [47]. In recent studies, people believe that negative interfacial 

tension is not the main factor causing spontaneous emulsification [46]. The negative interfacial 

tension is usually altered by low interfacial tension, mainly caused by sufficient surfactants 

around the interface that extra surface area is created by diffusion fluids and surfactants. The 

extreme low interfacial tension allows more solvents into the solution. Otherwise, low interfacial 

tension is still an essential prerequisite to generate emulsions [48]. 

 

As we mentioned above, with the help of surfactants to lower the interfacial tension, this 

nonequilibrium system can lead to injection water diffuse into the oil phase and create 

microemulsions. These microemulsions in the oil phase are nano to micrometer scale. When low 

salinity water contacts with oil, emulsions are generated and assembled around the interface, 

shaping microemulsions with diameters from 1 to 100 micrometers. Large droplets are usually 

connecting with small droplets, which make a net structure, as Fig 21 shows [49]. The size of 

droplets or vesicles are affected by temperature, pressure, the concentration of surfactants and 

solvents, etc. Besides droplets, the environment is still oleic, and the mobility of oil molecules 

will decrease. The structure showed in Fig. 21 and Fig. 22 can give us a rough feeling of emulsion 

structure  [50] [51].  

 

 

Fig. 21: Cryo-SEM view of a microdroplet of the microemulsions [49] 
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Fig. 22: Schema of spontaneous emulsion in vesicles network structure [49] 

 

After normal water flooding, there is still remaining oil trapped in dead-end pores [52]. In this 

situation,placement could be a stack of high salinity water in the end of the dead-end pore, covered 

by trapped oil, and then flowing water. The emulsions are generated at the oil phase in the middle 

of the system. Fig. 23 gives a good example of this structure [53]. Flowing injection water bring 

the needed free kinetic energy continuously, which create a nonequilibrium system. As we have 

already discussed the spontaneous emulsification with oil and water, the emulsion system in LSW-

Oil-HSW structure would be our target to study. In a recent study, a simplified model was 

presented by Aldousary and Kovscek as Fig. 24 (a) shown [10]. For the initial situation, oil is 

equilibrated with the connate water. As far as we know, the amount of hydrated ions and water 

molecules that can be dissolved into the oil phase with very limited content in contacting. For 

instance, in 25 ℃ the water solubility in n-dodecane is around 65 ppm, and in 40 ℃ it is 127 ppm. 

Aldousary and Kovscek [10] pointed that the diffusion coefficient of water molecules in oil is two 

orders magnitude higher than the hydrated ions. When the surfactants occupying the interface, 

water molecules are easier to pass through the interface than hydrated ions. The concentration of 

these contents in oil are also affected by the oil properties [54]. The interfacial tension(IFT) 

gradually increases with the increase of salinity [55]. The relation curve is shown in Fig.25. 

 

 

Fig. 23: Dead-pore structure with HSW and crude oil. Blue, red and black indicate HSW, LSW and 

crude oil. [53]. 

 

The amount of water diffusing into the oil phase is highly influenced by the temperature, water 

salinity and oil properties. At the high salinity water side, the IFT is relatively high, contributing 

to less water dissolving into the oil and restricting the size of the emulsion droplets [55]. Fig. 26 
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shows the water contents in oil for water with different salinity.  As the brine concentration higher 

than the threshold limitation, emulsions will not generate around the interface and the system will 

be not in equilibrium.   

  

 

Fig. 24: (a) Proposed mechanism of spontaneous emulsification.  (b) Water diffuses (yellow hatches) 

into the oil layer while hydrated ions counter diffuses more slowly.  

 

After injecting the low salinity water, a super-saturation zone will form at the low salinity water-

oil interface, as Fig. 24 (a) shown.  A super-saturation zone means that in a region of oil, the water 

contents far beyond the water solubility. In general, the creation of a super-saturation zone is a 

process of spontaneous emulsification. When low salinity water approaches the oil interface, the 

polar components, which is regarded as the surfactants in crude oil, will be attracted to the 

interface. Considering oil components like alkane, benzene compound, hydrophilic parts favor 

water molecules and embeds with them on the interface, while the hydrophobic part is affected 

towards the oleic phase. Because the intermolecular forces between surfactant and water 

molecules are much lower than oil/water molecules, the surface tension will decrease [56]. When 

the concentration of surfactants around the interface is above the critical micelles concentration 

(CMC), reverse micelles will generate by diffused water molecules and dissociative polar 

components, shaping of emulsion droplets. As the concentration of emulsion increases, the 

nucleated emulsion droplets may remain as a group and coalesce to larger droplets based on the 

balance between Gibbs free energy and entropic limitations [57]. However, the size of these 

reverse micelles is highly dependent on the brine salinity, oil properties, and surfactants [54]. At 

the high salinity water interface, there is no obvious emulsification. From the study by Perles [58], 

the increasing ionic strength may cause more asphaltene and resin molecules to adsorb at the 

interface, forming more compact and rigid films. The repulsion between the charges of adsorbed 

molecules can cause the destruction of micelles interface. 

As the result of the huge concentration difference of emulsions on the two sides of the oil film, 

the system is in non-equilibrium. The chemical diffusion increases the entropy of a system, which 

means the emulsion micelles will tend to diffuse through the oil film to bring the system back to 

equilibrium. In recent studies, oil swelling, mobilization and wettability alteration are considered 

as the three main mechanisms of emulsification during low salinity water injection [13]. Most 

direct observations of have been reported for experiments with this phenomenon at very complex 
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environments. Additionally, the emulsion is hard to quantify. Our study will try to obtain this 

emulsion phenomenon under ideal conditions, and then extend it to reservoir conditions. 

 

 

Fig. 25 The IFT of the synthetic oil/water with different salinities [59] 

 

 
Fig. 26: Water content-Brine salinity relation diagram [16] 

 

Even though the processes of emulsification and osmosis are not clear yet, they are proposed with 

a consideration of oil as a semi-membrane. Now the questions are, what kind of hydrocarbon can 

be treated as a membrane; whether the two processes give their contributions on oil mobilization 

individually; and can we quantify the contributions? 
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3. Theoretical explanation 

3.1. Liquid membrane 

Liquid membrane systems involve a barrier liquid layer which is immiscible with both source 

phase and the receiving phase. If one component of the source phase moves through the 

membrane faster than another mixture component, this liquid barrier layer can be defined as liquid 

membrane (LM) [60]. 

 

Liquid membrane system is widely used in water treatment, biology, and pharmacy. Three groups 

of liquid membranes are defined: bulk liquid membrane (BLM), supported liquid membrane 

(SLM) and emulsion liquid membrane (ELM), as Fig. 27 shown. In our case, two of them are 

considered as the type of transport system in LSW flooding, the BLM and ELM. The thickness 

of liquid membrane varied widely, for example the thickness of lipid bilayer in cells can be several 

nanometers, while some liquid membrane in water treatment can be hundreds of micrometers. 

This variation in thickness leads to different diffusion methods. Factors that may affect the 

effectiveness of membrane transportation includes carriers’ type, ions properties, temperature, etc., 

which are still hot topics to study. At this background, a schematic graph can be drawn to illustrate 

the interaction between oil and water under a salinity gradient for both osmosis and spontaneous 

emulsification as Fig. 28 shown. 

 

  

 

Fig. 27: Three configurations of liquid membrane systems: bulk (BLM), supported (immobilized) 

(SLM or ILM), and emulsion (ELM). F is the source or feed phase, E is the liquid membrane, and R 

is the receiving phase. [60] 
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Fig. 28: The schematic diagram of interaction between oil and water. (a) pure oil under a salinity 

gradient. (b) surfactants added oil under a salinity gradient.   
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3.2. Diffusion theory 

In terms of thinking about Brownian movement of colloidal particles, Einstein [61] derived a 

theoretical equation of Fick’s law diffusion for small particles with a low Reynold number 

situation. This relationship is widely used in suspended particle dynamics. In previous studies, 

Salem [10], Lifei [16], and Pollen [20] used this equation to simplify the water diffusion with 

microfluidic experiment and one-dimensional capillaries experiment. In dead-end pore system 

with oil-wet surface, only the water diffusing through the oil phase will be considered with oil 

wet surface. By Fick's second law, the molecule diffusion can be described by: 

 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
 

 

where c is the concentration of water in oil, t is time, and x is the distance between two interfaces. 

D is the diffusion coefficient, which is highly affected by the diffused particles. Fick’s second law 

is used to describe how diffused solute changed with time. The diffusion coefficient, can be 

estimated it by the Stokes-Einstein equation: 

 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
 

 

where 𝑘𝐵 is Boltzmann constant, T is temperature, 𝜂 is dynamic viscosity of fluid, r is the radius 

of diffuse particles. As we mentioned above, this relationship is only valid for the spherical 

particles in a limited Reynolds number environment. For water molecules and reverse micelles in 

oil phase, a simplification is to approximate these as spherical particles [62].  

 

The water molecules diameter is 3 Å. Emulsion reverse micelles, made of about 100 surfactant 

molecules, the size may range from 10 to 1000 Å  [63]. The diffusion time scale is 𝑥2/2𝐷, where 

x is the thickness of the oil film. For typical situations, the dynamic viscosity of n-heptane is 

 3.76 × 10−4 𝑃𝑎 ∙ 𝑠  and for n-dodecane is 1.36 × 10−3 𝑃𝑎 ∙ 𝑠. The detailed information of the 

material will be introduced in section 4.1. By data supported by Salem [10], we also know that 

ions' diffusion rate is two orders lower than water. Basically, we can ignore the diffusion of ions 

in our ideal model. 
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4. Materials and methods 

4.1. Experimental design 

In this study, multiple experimental methods were employed to study the effect of osmosis and 

spontaneous emulsification during LSW water flooding: microfluidic, dynamic light scattering 

(DLS) and pendant drop observation. The microfluidic experiments are used to give a direct 

visualization of liquid interface movement and interfacial reaction. The DLS can supply the size 

of the micelles of water in oil emulsion. And the pendant drop observation can give us a better 

understanding of spontaneous emulsion accumulation on water surface. To have a better visual 

effect, we used synthetic oil rather than crude oil in our experiments. Previous studying indicated 

that heptane has the best performance as a semi-membrane among the tested hydrocarbon 

substances [35]. However, the study of higher alkanes (C7+) as semi-membrane is still absent. 

Based on these considerations, we select the n-heptane and n-dodecane as our target hydrocarbon. 

For emulsifier, we used SPAN 80 (Sorbitane monooleate, HLB=4.3). Brine samples with salinity 

of 0, 1700, 17000, 50000 and 170000 ppm were prepared using multiple salts as shown in Table 

2. High-salinity brine was synthetically made by mixing deionized water and different amounts 

of pure salts to gain a 20% w/v solution. The salts used in this study are NaCl, KCl, MgCl2, and 

Na2SO4. To avoid the gas generation, we did not add NaHCO3. Also, to avoid ion concentration 

difference between oil and brine, both dodecane and heptane are equilibrated by placing them 

with HSW for two days. Refined oil was colored with Oil Red O. Brines were colored with Methyl 

Blue. Because very little of the colorant was used to dye our fluids, the effect on the LSW salinity 

can be ignored. All the salts and coloirants are supplied by Sigma Aldrich. 

 

 

Table 2: The brines are prepared by mixing deionized water and different amounts of pure salts. The 

FW composition is taken from Middle Eastern carbonate field. [64] 
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4.2. Microfluidic experiment set-up 

As we mentioned in section 2.3, microfluidic experiments are widely used to observe the osmosis 

and spontaneous emulsification during low salinity water flooding. Microfluidic experiments are 

designed to visualize pore-scale fluid movement. The main difference between the behavior of 

fluids at the pore level versus larger scales is that gravity and inertia no longer play a dominant 

role. Surface tension, energy dissipation, and fluid resistance begin to dominate fluid behavior. 

The small size micromodels can imitate real reservoir rock systems in a convenient setup to some 

extent.  

 

The micromodel used is provided by Micronit. The chip is designed with randomly placing rock 

shape structures to resemble the actual shape of real rock, as shown in Fig 28. The total 

permeability of the chips is 2.5 Darcy, and the porosity is 57%. More information of the chips we 

used are listed in Table 2. The material of the chip is borosilicate glass, which is similar to quartz.  

    

 

Fig. 29: EOR physical rock network microfluidic chip supplied by Micronit 

 

 

Table 2: Channel information for micro chips 
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The observation platform is an OLYMPUS SZX-7 microscope with a UC90 camera, connected 

with a computer screen. The microfluidic system we used is shown as Fig. 30.  The system is also 

sketched below as Fig. 29 showed. The syringe pump connected to the left side of the micro-chip, 

which is aimed to inject the fluid with a constant rate. The vacuum pump is connected with a 

valve, so that we can switch it to the waste collector after we finish the suction. 

 

 

Fig. 30: Photo of microfluidic system 

 

 

Fig. 31: A schematic picture of the microfluidic system 

 

To obtain oil-wet chips we used SilicaSafa with heptane to change the wettability and methanol 

to wash out the wetting agent. The SilcaSafa/heptane fluid should keep injecting for 10 minutes 

to ensure the micro-chips altering to oil wet. After 24 hours drying, we vacuumed all the air in 

our system by a vacuum pump, and then injected high salinity brines, as Fig. 32 (a) shown. To 

study the mechanism of emulsification, microchips were filled with 170000 ppm water as connate 
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water at the beginning. Then, we injected oil with 100 μl/min to seal the high salinity water as a 

trapped water, this replicate the primary drainage in the reservoir as Fig. 32 (b) shown. A high oil 

rate is necessary in such oil wet system as the trapped water is easily to be washed out with a 

relatively low oil rate. After the system is in equilibrium, we inject low salinity water with a very 

low rate of around 5 μm/mins until the front reach to the outlet. At last, we close the outlet and 

inlet, creating an isolated environment for the system. We then waited 30 mins for the system to 

the equilibrium.  Fig. 32 (c) illustrates the chip after the procedure. 

 

Fig. 32: The procedure of the microfluidic experiments. (a) Vacuum the chip and inject the HSW (b) 

Inject oil (red) (c) Inject LSW and displace oil  

 

The observation area will look like Fig.31. Here we take the experiments with heptane as example. 

The clear white area is connate water, which is surrounded by grains and oil. The red part is the 

oil phase (heptane or dodecane in our cases), and the blue is the LSW. Because the surface in the 

microchips was altered to oil wet, the HSW zone is fully surrounded by the oil phase at this 

situation. If the volume of HSW expands, the only pathway for water is by diffusing into the oil 

phase and transporting through the oil film.  

 

Fig. 33: The microfluidic experiments view under the microscope` 
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Dynamic Light Scattering (DLS) was used to measure the micelles size of emulsions. We used 

Zetasizer 90, which was provided by Malvern Panalytical (see Fig. 34). Dynamic light scattering 

(DLS) is a technique that determining the size distribution profile of small particles in suspension 

or polymers in solution [38]. A monochromatic light source, usually a laser, shot through a 

polarizer and into the sample. The scattered light then goes through a second polarizer, where it 

is collected by a photomultiplier with the resulting image projected onto a screen. For different 

size of the particles, the Brownian motion of these particles or molecules causes the intensity of 

the light they scatter to fluctuate rapidly. Analysis of these short-term intensity fluctuations yields 

the speed of the Brownian motion, which is used to calculate the particle size with the Stokes-

Einstein relationship. The sample chamber for Zetasizer is shown below (Fig. 34). To study the 

emulsion properties generated by spontaneous emulsification, we set up a one interface model 

with different salinity brines covered by   oil at the top. The emulsion generation zone height is 

the same as laser height to detect the emulsion size change vis time. The schematic picture of the 

spontaneous emulsification in the test chamber is illustrated as Fig.35 shows. To compare the 

effects to the observation in the microfluidic experiments, we used the same brines as they were 

used in the microfluidic experiments i.e., 0 ppm, 1700 ppm, 17000 ppm, 50000 ppm and 200000 

ppm.  

 

 
 

Fig. 34: Dynamic light scattering device is Zetasizer ZS90 from Malvern Panalytical.  
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Fig. 35: A schematic illustration of the spontaneous emulsification in the DLS chamber 
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4.3. Pendant drop experiment set-up 

Pendant drop tensionmetry offers a solution to determine surface and interfacial tension and 

observe the droplet behavior in many colloidal systems. An experimental investigation of 

spontaneous emulsification is proposed with a water drop pendant in a refined oil environment 

with a surfactant added. The experimental apparatus consists of a camera, a dispensing system, 

and the light source. The drop shape analyzer we used is supplied by KRUSS DSA100E.  

 

 

 

Fig. 36: Sketch of the pendant drop experimental apparatus [65] 

 

 

 

Fig. 37: Drop shape analyzer DSA100E by KRUSS 
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5. Experimental results 

5.1. Microfluidic experiments results 

To study the osmosis and emulsification effect in low salinity water flooding, a series of 

microfluidic experiments were conducted. Table 3 lists the experiments that we set in n-heptane 

and n-dodecane with or without surfactant. Meanwhile, different salinity brines were also used to 

study the effect of the concentration of salts. From the literature, we already know that the 

optimum salinity for low salinity injection is around 2000 ppm brines. So, for comparison, we set 

the LSW at 1700 ppm as the optimum, while we consider 50000 ppm moderate and 200000 ppm 

HSW. In following sectionThe oil phase can act as a semi-permeable membrane when a salinity 

gradient is established [12]. We set up baseline experiments with equal salinity in the connate 

water and injected brines with both surfactants and no surfactants added to the oil. In total, there 

were 16 experiments conducted on microfluidic listed in the Table 3. And the measurements of 

the connate water for all 12 experiments are shown in Fig. 38. 

 

The results will be discussed based on our observation and compared to the literature. Meanwhile, 

we will also discuss some assumptions and models for oil semi-membrane systems in Chapter 6.  

 

 

Table 3: Microfluidic experiments with SPAN80 to study spontaneous emulsification effect and 

without SPAN80 to study the osmosis effect (a: experiments with n-heptane; b: experiments with n-

dodecane) 
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Fig. 38: The corrected connate water area changes vis time for all the microfluidic experiments 

5.1.1. Brine injection without surfactant added 

Some studies [13] [10] [45] proposed that the oil phase can act as a semi-permeable membrane 

that allows the osmotic water transport in oil. We observed that the HSW region isolated by pure 

alkane expanded after several days. For the experiment without surfactant added, the osmosis 

causing water transportation during the low salinity water flooding is studied. In this study, the n-

heptane and n-dodecane are selected as the oil phase. Experiment 0a and 0b are conducted with 

equal salinity brines as connate water and injected water as Fig. 38 and Fig. 41 shown. 

Experiments 1, 2 and 3 are conducted without surfactant. To be simplified, we use percentage to 

present the salinity of brines and 1700 ppm is rounded to 0.2%.  

 

Fig. 39: No area changes of connate water with equal salinity brines. 

Top is heptane/0.2% LSW and bottom is heptane/5% LSW. 
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From Fig. 39 we can see that all the connate water in Exp.1a (0.2% LSW) has an obvious swelling 

after 48 hours. However, comparing with the change in 0.2% LSW, the connate water in the Exp. 

2a with 5% LSW injection shows less size change. The experiments with dodecane also shows a 

similar phenomenon. The connate water swelling for dodecane with 5% LSW is much faster 

compared with the heptane. Fig. 40 shows the image that we measure for the dodecane.  

 

The connate water expands after the LSW was injected into the system. We evaluate the size 

change for both heptane and dodecane. To minimize the influence by the shape and size difference 

of connate water for different experiments, we used the corrected water flux that derived by the 

Fick’s law to help us compare the water flux (the derivation and the method will be introduced at 

the end of this section, p47). The Fig. 41 shows the curve of the corrected water flux. It should be 

noted that the distance between the HSW and the LSW is varied as the HSW expands. So, the 

curve of the water flux can only show the trend of the rate of the water. 

 

 

 

 

Fig. 40: Images of the isolated HSW area after 1-hour, 24-hour and 48-hour.  

Top is heptane/0.2% LSW and bottom is heptane/5% LSW. 
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Fig. 41: Images of the isolated HSW area after 1-hour, 24-hour and 48-hour.  

Top is dodecane/0.2% LSW and bottom is dodecane/5% LSW. 

 

 

Fig. 42: Curves of the variation in HSW area versus observation time for the oil phase without 

surfactants in the oil phase 
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5.1.2. Brine injection with surfactant added  

The other groups of microfluidic experiments were performed with surfactant (SPAN-80) added 

into the oil phase (n-Heptane and n-Dodecane). To investigate the effect on water transportation 

by adding surfactants to create spontaneous emulsion at the water/oil interface, we performed 8 

experiments with 1%-2% w/w SPAN 80 added. Meanwhile, two baseline experiments with equal 

salinity were set as references. Fig. 43 shows the graphs of one of the baseline experiments. 

Comparing with the reference group, with the equal salinity of 0.2%, the expands of connate water 

is negligible. Fig. 44 illustrate one example with 1% SPAN 80 added to n-dodecane and the 

salinity of brines are 0.2% and 20% as LSW and HSW. The other experiments had the similar 

phenomena of HSW expands.  

 

It is obvious that the HSW area increase dramatically. At the beginning and up to 20 hours the 

area of HSW increase moderately. As the distance between the HSW and the LSW decrease, the 

HSW area grows faster. After 70 hours, the oil film become a very thin oil layer and the HSW 

area increases much faster than before. This indicates the relationship between the water 

transportation rate and the thickness of the oil layer. During the first 60 hours, the area increases 

about 49.8%. In contrast, the area increase from 60 to 80 hours is around 84%.  

 

To compare the effect of different salinity, Fig. 41 shows an experiment with 5% LSW. The area 

increases about 24.1% during the first 24 hours, and 36.5% between 24 and 48 hours. As the width 

of oil phase separating the LSW and HSW is similar but the affecting HSW/oil interface for the 

5% LSW is larger than 0.2% LSW shown in Fig. 43, the HSW area increase is similar for the first 

24 hours. After 24 hours, the area increase became slower for the current 5% experiment. This is 

due to the increased distance between HSW and LSW. 

 

 

Fig. 43: Images of the reference experiments LSW/Oil/LSW system for surfactants adding. The area 

increase for connate water is negligible. (Exp. 4b) 
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Fig. 44: Images of the isolated LSW/Oil/HSW system with surfactants added to the oil imaged from 

0 to 80 hours. (Exp. 3b) 

 

 

 

Fig. 45: Images at 1h, 24h and 48h of the 1% SPAN 80 dodecane with 5% brine as LSW 

 

We also investigated the effect of changing the amount of surfactant in the oil phase. In Exp. 6 

and Exp. 8, the surfactant amount is doubled to 2% w/w SPAN 80 added to the oil phase. In the 

experiments with 2% SPAN 80, a clear supersaturation zone was observed in the case with 0.2% 

LSW. Fig. 45 (a) shows the generation of the supersaturation zone. The brown material is the 

mixture of connate water (20% HSW) and the dodecane with 2% SPAN 80, generated by the 

primary oil displacement. The mixture is not stable due to the high salinity of the aqueous phase. 

The mixture finally separated with two phases. From Fig. 45 we can observe emulsions 

accumulated at the left of the throat, a super- saturation zone. Black points and large water bubbles 

were observed in this region. The super- saturation zone seemed stable, as there were no observed 
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differences with time. The Fig. 46 shows the emulsion accumulation at the LSW/Oil interface. 

The system is the same as Fig. 45, with 2% SPAN 80 in the oil and 0.2% LSW and 20% HSW. 

Only the experiments with 2% SPAN 80 can observe this phenomenon. The mechanisms of the 

visible emulsion accumulation or visible supersaturation zone is still hard to define. Possible 

influence factors are surfactants concentration, pore structure, and the initial environment energy 

level (injection rate, temperature, and pressure). 

 

 

Fig. 46: Images at 1h, 24h and 34h of the 2% SPAN 80 dodecane with 0.2% brine as LSW. 

 

 
Fig. 47: Spontaneous emulsion accumulation was observed after the LSW flooding. (a) picture of 

the selected LSW/Oil/HSW system; zoomed images giving a close view of the brine-oil interfaces 

showing the change in emulsion behavior after 24 hours (b), 34 hours (c), and 43 hours (d). 

 

To compare the water transportation rate for different oil and salinity gradient, we used corrected 

water flux to represent. The corrected water flux is derived by Fick’s law, which is given by: 
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𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
 

 

Considering the flux in transit time, the equation can be: 

 

𝒒′ = −
𝑀

𝜌
∙ 𝐷 ∙

𝜕𝑐

𝜕𝑥
 

 

𝑞′ is the flux in transit time, D is the diffusion coefficient, c is the water concentration, and the x 

is the distance between the HSW and the LSW. Then, change the flux to the area change with 

time, we will have: 

 

𝑑𝐴

𝑑𝑡
=

𝒒′ ∙ 𝑆

ℎ
= −

𝑀

𝜌
∙ 𝐷 ∙

𝑑𝑐

𝑑𝑥
∙

𝑆

ℎ
 

𝑑𝐴

𝑑𝑡
=

𝑀

𝜌
∙ 𝐷 ∙

𝑑𝑐

𝑑𝑥
∙ 𝐿 

 

The S is the contacting area between the HSW and the oil. The contacting area is the area that 

have the water transportation, not include the HSW area contacting with the grain. The area 

divided by height of the micro-chip is the contacting length of the HSW zone. The length is varied 

during the HSW expands so that we only consider the initial length. By organizing the equation, 

we will have: 

 

∆𝐴 ∙ ∆𝑥

𝐿
=

𝑀

𝜌
∙ 𝐷 ∙ ∆𝑐 ∙ ∆𝑡 

 

For different connate water, the shape is also varied. The area of the connate water surrendered 

by the grain have no effect on the water transportation. If this area was large, the relative area 

only has slight change during the HSW zone expands. To decrease the influence by the shape of 

the HSW area, all the observation objects are calibrated by setting a reference circle, which is 

created basing on their arc at initial situation. The outline of the reference circle should fit for 

HSW reaction interface as much as possible. Fig.47 shows one example of our calibration. 

Meanwhile, the effect of the length of the arc will be covered by the area of the reference circle. 

At last, the equation will be:  

 

∆𝐴𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 ∙ ∆𝑥 =
𝑀

𝜌
∙ 𝐷 ∙ ∆𝑐 

and 

𝐴𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
(𝐴𝑛 − 𝐴1)

𝐴𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 

Where 𝐴𝑛 is the HSW area at different time, and the 𝐴1 is the HSW area at the initial time. 
As all our observation measurements calibrated by the circle, the rate of the water transportation 

can be defined by the area change of HSW zone multiply the distance between the HSW and the 
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LSW, which is the slope of the corrected area change curves. In the calculation of the corrected 

water rate, we also consider the ∆𝑥 as the initial distance between the HSW and LSW to simply 

our calculation. This calibration is not totally precise. But it can also eliminate part of the error 

that caused by the shape of observation zone. Fig. 48 shows the HSW area change for the 

experiments with surfactants added. In Chapter 6, we will have a detailed discussion of the results. 

 

Fig. 48: The reference circle needs to fit the reaction interface of HSW as much as it possible. 

 

 

Fig. 49: Curves of the variation in HSW area versus observation time for the oil phase with 

surfactants adding 
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5.2. Light scattering experiments results 

In our light scattering experiments, we measured the spontaneous emulsion droplet size with the 

same fluids as the one used in the microfluidic experiments. The size change of emulsion droplets 

and the emulsion accumulation may affect water transportation rate [10]. Fig. 50 shows images 

of the spontaneous emulsification process for 1700 ppm brines with 1% SPAN 80 / dodecane for 

27 hours. No obvious emulsion that can be visually observed. After two hours some white 

turbidity appeared on the oil water interface, where concentration of micelles is gradually 

increasing. At around 5 hours, we can see that white smokey dispersion appeared at the upper oil 

water interface. These white smokey dispersion are shaped by large emulsion droplets created by 

many small micelles due to the Ostwald ripening [66]. After around 7 hours the large emulsion 

droplets precipitated on the interface again due to gravity effects. However, the size of these 

emulsion droplets can be different because of hydrated ions concentration in the oil phase. We 

will discuss this in chapter 6.  

 

 

Fig. 50: Dodecane with 1% SPAN 80 contacting with 1700ppm brines. Emulsions deposits after 

3 hours and got thicker subsequently. 

 

Dynamic light scattering experiments gave a detailed description of the spontaneous emulsion 

size change process. The value also fit the visual observation results well. 16 sets of experiments 

were used to study the salinity and surfactants effect on the spontaneous emulsion generation.  

Fig. 51 shows the measurements of the emulsion droplets size vis time for dodecane and heptane 

with two typical salinities (low: 0.2% w/w salt, moderate: 5% w/w salt). For dodecane with 1% 

SPAN 80, the emulsion size distribution has two peaks, one is around 10 nm and the other one is 

around 1000 nm. In Fig. 51a, we can observe that for 0.2%, the size distribution become steady 

after 4 hours. The intensity of emulsion at peak 1 (10 nm) goes down during the first 4 hours, 

while the size of peak 2 vary. For the sample with 5% salts, a similar change is not easy to 

recognize, and the intensity of peak 1 is relatively high compared with the 0.2%, which indicates 

a higher composition of small size emulsions in the 5% sample. For heptane with 1% SPAN 80, 

the emulsion size distribution is not very stable. We can see that the intensity of peak 2 (500 nm) 

is decreasing with the time, while peak 1 (10 nm) is increasing. There are no small size emulsions 

in heptane with 5% salts brine at the beginning, as the smallest emulsion size is around 250 nm 

for the first 3 hours. After 24 hours, it shows a combination with various size of micro-emulsions. 

However, for heptane with 0.2% salts brine, only the small emulsion survives to the end. 
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(a). Dodecane 1% SPAN 80 (Left: 0.2% Right: 5%) 

 

(b). Heptane 1% SPAN 80 (Left: 0.2% Right: 5%) 

 

Fig. 51: The emulsion size distribution vis time for heptane and dodecane with 1% SPAN 80 

that contacting with 0.2% and 5% salts brine. 

 

 

In Fig. 52, we can see that the emulsion size distribution changed as the contacting brine salinity 

is increasing. For dodecane, the emulsion size with all salinity brines is more stable than 

heptane. DIW, 5% and 20% cases show a strong similarity between the emulsion size 

distribution and intensity. However, the intensity or the proportion of larger micro-emulsion for 

0.2% is much larger than the other cases at the first 20 hours. This phenomenon that may relate 

to performance of the water transportation as we will discuss in Chapter 6. 
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Fig. 52: The emulsion size distribution graphs for 1% SPAN80 dodecane with various salinity 

brines (0%, 0.2%, 5% and 20%) 
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5.3. Pendant drop experiment results 

An experimental investigation of spontaneous emulsification is proposed with a water drop 

pendant in a refined oil environment with surfactant. In this experiment, the purpose is to observe 

the spontaneous emulsion generation process. The droplets appear darker with time due to 

emulsion accumulation at the droplet surface. The interfacial tension for the water droplets with 

various salinity range from 3.47 mN/m to 4.71 mN/m. For all kinds of oil composition, the lower 

the salinity, the higher the IFT. The measurements of different salinity water interfacial tension in 

different oil are listed at Table 3. 

 

 

Table 4: The interfacial tension for pendant water droplets in different oil 

 

Fig. 51 illustrates stages of the spontaneous emulsification. The opacity of water drops increases 

as the time goes by, as micro-emulsion generates on the surface of the water droplets (Fig. 53a to 

Fig. 53b). the emulsion layer become thicker, and micelles accumulate with time. The micro-

emulsion then accumulates and form protuberance on the surface. From Fig. 53 c we can observe 

that after 8.5 hours the opacity of the droplet is not uniform anymore, which is assumed to be 

caused by the protuberance. By gravity, the large protruding part will detach from the water 

droplet, leading to shrinkage of the droplet. Water will diffusing into the oil phase may also lead 

to the shrinkage [51]. 

 

The size of the micro-droplets in the pendant drop experiment (Fig. 53d) is around 1μm, which 

is very similar with the measurements of micro-droplets that we got from the microfluidic 

experiments (Fig. 47). Considering with the microfluidic condition where under the salinity 

gradient between the HSW and the LSW, the micelles can transport away from the LSW side so 

that there are always new micelles generates at the LSW side. The size of the droplets is similar 

with the early stage of the natural developing condition. If the amount of the transporting 

micelles lower than the amount of generating, the micelles will accumulate at the LSW/oil 

interface. So, these images give us another view of the emulsion generation process in the 
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microfluidic throats and can help us better understanding the spontaneous emulsification on the 

pore scale. 

 

 

 

                          (a).                                               (b).                                      (c). 

 

   (d). 

Fig. 53: Shape of the pendant drop for Dodecane 1% SPAN 80-1700 ppm at different time. (a).0.5 

h (b). 1.5 h (c). 8.5 h. The diameter of the needle is 0.5 mm.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6. Discussion 

 

6. Discussion  

In this section, we will first discuss how the salinity, oil properties and surfactants affect the 

water transportation performance in oil based on the results we got from the microfluidic 

experiments. Then, with the photos from the pendant drop experiments and the measurements 

offered with DLS, the water diffusion and transportation theory in the LSW/oil/HSW system 

will be investigated.  

6.1. LSW Salinity  

The effect of a salinity difference for water transport through a semi- membrane oil film is shown 

in Fig. 50 below. Both pure n-alkane and surfactants added n-alkane are shown to have the 

characteristics to be a semi-membrane film. To determine the performance of the water transport, 

0.2% salt brine and 5% salt brine are selected for different oil composition. From Fig. 50, it is 

clear that more water pass through the oil film with a higher salinity gradient for all cases. It 

should be noted that we did not try all different salinities to find the optimum LSW but are mainly 

comparing two salinity gradients to see their effects. Larger salinity gradient indeed has a better 

performance for the water transportation. 

 

For pure n-alkane, the final corrected relative area difference for dodecane between 0.2% brine 

and 5% brine is 0.6 and for heptane is 1.8. The heptane shows more sensitivity to the salinity 

gradient change. Depending on the specific situation, the growth of the HSW zone stopped 

diminished over time. We did not observe reduced growth with time for the 0.2% brine case, as 

most of the observed HSW zone ended up connected to the LSW. For surfactants added cases, the 

growth tendency is more similar between 0.2% and 5% salts content. Both heptane and dodecane 

with 1% SPAN80 reach a relative area difference of 0.4 at 40 hours. The relative area growth 

gradient is shown in Table 4, which indicates the water transportation rate. We can see that the 

pure heptane with 0.2% brine injection have the highest water transport rate, 14 times larger than 

the 5% brine case. The gradients for dodecane have less difference between these two salinities. 

This gives the same conclusion as Naeem and Aldousary, who stated that heptane has the best 

semi-permeable properties as a membrane under a salinity gradient situation [10, 35]. After 

adding surfactants, the methods for water transport are different from the pure n-alkane. It depends 

on the emulsion concentration and surfactants properties. In our experiments, both dodecane and 

heptane have similar performance with and without 1% SPAN 80 added to the oil.  
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(a). Pure n-alkane  

 
(b). 1% SPAN 80 n-alkane  

Fig. 54: The curve of the HSW relative area growth in microfluidic experiments 
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Table 5: The relative area growth gradient for typical microfluidic experiments 
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6.2. Oil properties 

From the microfluidic experiments, we can learn that the oil properties can highly affect the 

performance of oil as a semi-permeable membrane. In our experiments, the dodecane shows a 

weaker ability to let water transport comparing with the heptane, as Fig. 55 shown. The slope of 

the curves with heptane (dots) are higher than dodecane (triangle). The dodecane has 5 more alkyl 

groups than heptane, which make it has higher weight and lower solubility. Considering the work 

of Naeem and Fredrikson, who conducted capillary experiments with toluene, heptane and crude 

oil, the heptane showed the optimum ability on water transportation even through toluene has a 

much higher water solubility[13] [35]. Our work supports their conclusion. It is still unclear how 

the water solubility in oil affects water transportation through the oil.  

 

 

Fig. 55: Relative area curve for Dodecane and Heptane with and without surfactants 

 

 

Before 24 hours, the surfactants added heptane shows a slightly higher water flux than 1% SPAN 

80 added dodecane. After 24 hours, the slopes for them are similar. The difference in the oil 

properties that plays a role in emulsification water transfer is mainly due to micelles properties 

and the oil viscosity. For spherical particles like emulsion micelles, the Stokes-Einstein equation 

is usually used to calculate the diffusion coefficient. Three parameters domain the diffusion rate: 

temperature, fluid viscosity and particles diameter. As the temperature is constant for all our 
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experiments, the micelles size and the viscosity of the fluid are main factors to be considered. The 

micelles size for the heptane and the dodecane changes with the time. By DLS experiments we 

can study how the emulsion size changes with time in a steady environment. It should be noted 

that the difference between the DLS chamber and the microfluidic is that the emulsions transport 

in the oil phase directionally in microfluidic experiments. In this circumstance, if there is enough 

surfactant supply for the emulsification, the emulsion size in the microfluidic can be assumed 

similar to the size at early times in DLS. As Fig. 56 shows, the small emulsion proportion for 

heptane in the early stage (at the first 2 hours) is far less than dodecane. By the Stokes-Einstein 

equation, the smaller the particles the higher transport rate they have. The emulsion generates in 

the dodecane thus have a better ability to transport water through the oil phase. It also explains 

why the heptane is less viscous but have the similar water transportation effects. 

 

 

 

Fig. 56: The emulsion size distribution vis time for heptane and dodecane  
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6.3. Surfactant concentration  

Different surfactant concentrations were used in our microfluidic experiments. Fig. 57 shows 

corrected relative area versus time for n-alkane with 0, 1% and 2% w/w SPAN 80. We can see 

that the slope of the curve for dodecane is 2%> 0%> 1%, while for heptane is 2% ≈0% >1%. 

The results do not fit with the assumption that more surfactants give higher diffusion rate. The 

water transportation rate in pure heptane is higher than the heptane with low concentration 

surfactants added. It can be concluded that the emulsification inhibits the molecular osmosis effect. 

The emulsification, which is the process of water packed as the micelles, captures large amount 

of the diffused water molecules, preventing them from transporting through the oil film. The 

micelles in heptane diffuse slower than the water molecules, which causes a lower water flux. 

This conclusion is not absolute, as dodecane with 2% SPAN 80 added shows a highest water flux. 

It is still hard to get the conclusion that the water directly diffusion and the emulsion transportation 

are coexistent under this situation. 

 

The same is, for both heptane and dodecane, an appropriately higher surfactant concentration can 

indeed increase the water transportation rate in synthetic oil. Comparing with the heptane, the 

dodecane is less sensitive to the surfactant’s concentration change. The surfactants concentration 

more domain the water flux as the increase of oil viscosity. It should be noted that the viscosity 

of heptane is 0.42 cp, toluene is 0.55 cp and dodecane is 1.98 cp. It is observed that the higher 

viscosity of the oil the lower of the water transportation rate due to the osmosis, and more 

influence by surfactants concentration. However, this conclusion still needs more experiments to 

support. 

 

(a). Dodecane with 0%, 1% and 2% SPAN 80 



6. Discussion 

60 
 

 

(b). Heptane with 0%, 1% and 2% SPAN 80 

 

Fig. 57: HSW relative area curve for dodecane and heptane with 0, 1% and % w/w SPAN 80 
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7. Conclusions and future research advice  

In this study, ideal 2-D microfluidic experiments were investigated to study osmosis and 

emulsification as underlying mechanisms to enhance oil recovery during low salinity water 

flooding. In our experiment, an oil wet system was used to observe connate water swelling. By 

setting different salinity of brines as injected LSW, the connate water expands of different roles. 

From our calculations, the diffusion theory cannot fully explain the osmosis effect. More studies 

need to focus on the mechanisms of water transportation methods in the osmosis. Microfluidic 

experiments were set to study the effect of spontaneous emulsification during LSW flooding. By 

adding oil soluble surfactants like SPAN 80, emulsions will generate around the interface 

between LSW and oil. However, it is difficult to quantify the emulsions effect and understand 

the inner mechanisms. The DLS and pendant drop observation experiments were conducted to 

help us better understand spontaneous emulsification. Through our studies, several inferences 

can be determined: 

 

(1) Hydrocarbon can play the role as a semi-membrane so that water molecules can pass 

through the oil phase under a salinity gradient.  The larger the water salinity gradient in two 

side, the higher the water diffusion rate. As a result, when the oil phase contacts LSW, 

enclosed high salinity connate water can expand, causing the oil mobilization. 

 

(2) A supersaturation zone due to spontaneous emulsification was observed at the LSW/oil 

interface when the oil contains surfactants. The surfactants, generating reverse micelles by 

enveloping diffused water molecules, which should have higher transportation rate in oil 

film. Spontaneous emulsification inhibits water transportation due to the osmosis effect in 

synthetic oil, causing a slower water flux. It is still not clear that whether the coexistent of 

the water transportation caused by the osmosis and spontaneous emulsification in high 

viscous oil, crude oil for instance. 

 

(3) The experiment with heptane shows a higher water transportation rate than the dodecane 

for both osmosis and spontaneous emulsification, which support the conclusion from 

previous studies. The connections between water transportation rate and oil properties such 

as viscosity and water solubility are need more studies. 

 

The mechanisms of water transport in oil by osmosis are still unclear. More case study with 

different salinity brines and different types of oil are needed. We conducted the microfluidic 

experiments under a rock-pore structure to simulate a real LSW injection. This structure inhibits 

the quantification of the effects. A capillary microfluidic system is more suitable for 

quantification. Further, it would be beneficial to find a method to monitor the water 

transportation process in the oil phase at real time, which can quantify the individual effects of 

emulsion transport and molecular diffusion transport. 
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