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1 Centre for EOR and CO2 Solutions, Heriot-Watt University 
2 Woodside Energies Ltd 
 

Abstract 

Direct pore-scale visualizations using micromodels for low salinity water injection (LSWI) 

have revealed that the contact between low salinity water and crude oil can provoke 

formation of water-in-oil micro-dispersions. This experimental work, using a number of 

different crude oils, aims to visually study the link between micro-dispersion formation and 

pore surface wettability alteration by low salinity water injection. The effect of aging time on 

wettability alteration by LSWI was investigated. It was observed that mixed-wet conditions 

established with a moderate aging time would increase low salinity ability controlled by the 

oil characteristics. Moreover, under tertiary LSWI, the trapped oil was mobilized if the crude 

oils exhibited capabilities of forming micro-dispersions. Interestingly, when a crude oil with 

little or no propensity to form micro-dispersions was used, low salinity effects such as 

wettability alteration and improved oil recovery were absent. Also, micromodel experiments 

could enable the investigation of LSWI for waxy crude oil, which is difficult to do with other 

approaches. To demonstrate the impact of micro-dispersion formation on polar components 

of the oils, infrared analyses were performed indicating the importance of oil polar agents 

enriched in aromatics and sulfoxides on controlling the formation of the micro-dispersions. 

After using various crude oils, it was concluded that the effectiveness of LSWI as the method 

to increase oil recovery is predominantly controlled by two factors; (i) initial degree of 

wettability of pore surfaces and (ii) the propensity of crude oil to form micro-dispersions. 

1. Introduction 

One of the main challenges of oil recovery by low salinity water injection (LSWI) is the 

conflicting insights reported for pore-scale mechanisms identified from various experimental 

information [ (Sheng, 2014), (Al-Shalabi, et al., 2014)]. As a result, it is currently difficult to 

reliably identify whether low salinity water injection would lead to additional oil recovery 

under conditions of a specific oil reservoir or not [ (Robertson, 2007), (Skrettingland, et al., 

2011)]. It is generally accepted that the wettability alteration towards a more water-wet state 

would result in the reduction of residual oil saturation. Judging wettability states from core-

scale experiments is not a straightforward task due to indirect nature of interpreting coreflood 
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information. However, unlike challenges of inferring core-scale tests, direct visualization 

experiments in micromodel can shed light on dynamic pore-scale interactions leading to oil 

mobilizations [ (Lifton, 2016), (Song & Kovscek, 2015)].   

From the body of researches reported in the past 20 years, it can be postulated that the focus 

on rock/brine interactions may not be adequate to explain how LSWI can mobilize the oil. It 

was firstly suggested that the mobilization of fine particles plays a crucial role in additional 

oil recovery (Tang & Morrow, 1999). Also, it was proposed that the mechanism of oil 

mobilization in low salinity waterflooding is similar to alkaline flooding (McGuire, et al., 

2005). However, it has been contradictorily reported that pH variations and fine migration 

cannot be the cause for the additional oil recoveries (Boussour, et al., 2009). Moreover, 

geochemical processes such as multiple ion exchange and double layer expansion have been 

pointed out as the dominant mechanisms behind improved oil recovery by LSWI (Lager, et 

al., 2006). However, in contrary, numerous experiments have been reported in which 

significant IOR took place in porous media with negligible capacities for geochemical 

interactions such as multiple-ion exchange [ (Pu, et al., 2008), (Didier, et al., 2015), (Sohrabi, 

et al., 2015), (Farzaneh, et al., 2015), (Alvarado, et al., 2014)].  

From a different perspective, pore-scale visualizations have recently received significant 

interest due to the direct nature of its observations [ (Emadi & Sohrabi, 2012), (Bordino, et 

al., 2013), (Emadi & Sohrabi, 2013), (Song & Kovscek, 2015), (Barnaji, et al., 2016) 

(Bartels, et al., 2017), (Fredriksen, et al., 2017)]. It was in 2012 that formation of water-in-oil 

micro-dispersions was firstly observed and reported (in the form of dark particles) in visual 

micromodel experiments when low salinity brines come in contact with a crude oil (Emadi & 

Sohrabi, 2012). Using “one” crude oil, the micro-dispersions started to form when low 

salinity water came in contact with crude oil [ (Emadi & Sohrabi, 2013), (Song & Kovscek, 

2015)]. It was identified that the micro-dispersions are packets of water surrounded by oil 

surface active compounds (Mahzari & Sohrabi, 2014). Also, it has been demonstrated that a 

strong link can be drawn between the oil propensity to form micro-dispersion and additional 

oil recovery [ (Mahzari & Sohrabi, 2015) (Sohrabi, et al., 2015)]. In agreement with 

micromodel experiments, micro-CT images of core experiments have also indicated the 

formation of a new phase within resident oil, which resembles micro-dispersions (Bartels, et 

al., 2016).   

Using a similar approach, several investigations started paying attention to visualization 

experiments in which they confirmed the formation of micro-dispersions [ (Song & Kovscek, 

2015), (Wang & Alvarado, 2012), (Moradi, et al., 2011), (Fredriksen, et al., 2017), (Bartels, 
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et al., 2017)]. Glass micromodels were treated to host clay particulates to inherit a more 

representative replication of sandstone rocks [ (Song & Kovscek, 2015), (Bordino, et al., 

2013)]. However, it has been demonstrated that presence of clay would not be essential to 

observe low salinity effects and oil mobilizations [ (Didier, et al., 2015), (Sohrabi, et al., 

2015)]. Indeed, a series of displacement experiments were performed on “glass” cores (made 

from borosilicate), which can be considered as a 3D representation of glass micromodel, 

where significant additional oil recovery was observed in a clay-free rock (Farzaneh, et al., 

2015). Therefore, thorough review of various porous media used for LSWI can highlight that 

pore-scale patterns and mineralogy would not be a determining factor for identifying the 

effectiveness of LSWI. This can be attributed to the fact that the predominant low salinity 

effects would take place in the form of fluid/fluid interactions, if favorable initial wettability 

conditions exist. The crucial factor for systems under low salinity water injection is to 

establish mixed wet conditions, which can also be achieved in clay-free porous media.   

In the published literature on visualizations, each study has used one particular crude oil to 

investigate low salinity effects and systematic comparison between different crude oils can 

not be found. Additionally, dynamics of wettability alteration or oil mobilization in porous 

media caused by micro-dispersion formation could not be directly demonstrated. Since the 

extent of micro-dispersion formation would be controlled by crude oil potency, it is important 

to design and carry out an investigation to comparatively examine the impact of different 

crude oils (with different propensity to form micro-dispersions) on low salinity effects and 

possible oil mobilization.  

Here, four different crude oils were selected and the quantity of the formed micro-dispersions 

for each crude oil were measured, which enable studying comparatively the impact of crude 

oil potency for forming micro-dispersions. Tertiary low salinity water injection was carried 

out using a high pressure high temperature micromodel setup to examine thoroughly the 

consequent changes in the interfaces and desorption of the trapped oil ganglia. The results 

demonstrated that the oil/brine/rock interfaces would become more water wet when low 

salinity water was injected after high salinity water. Moreover, inasmuch as our experimental 

results can demonstrate, the wettability alteration and the consequent improved oil recovery 

were chiefly controlled by the propensity of the crude oil to form micro-dispersions. These 

new visualizations would help to consolidate our proposed mechanism for oil recovery by 

LSWI and micro-dispersion formation. It should be mentioned that the visualization results 

presented here would shed lights on pore-scale events (particularly oil/brine interactions) and 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

 

for field applications, a series of core-scale and large scales evidence need to be put forward 

to consolidate the link between pore-scale phenomena and field applications.  

2. Fluids 

Four different samples of crude oils taken from oil reservoirs with similar viscosity and 

density (viscosity of 0.8-1 cp and density of 0.85 gr/cc) were considered for fluid/fluid 

interaction tests and visualization experiments. Two of the four crude oils (i.e. Crude-F1 and 

Crude-F4) have had waxy characteristics and these crude oils were heated up to 90°C and 

then gradually settled at reservoir temperature of 60oC to eliminate any adversity related to 

thermal issue such as wax precipitations. Then the resultant crude oils were filtered and 

centrifuged. The crude oils after thermal treatments were flowed through another filter 

installed at the inlet of the micromodel to make sure no solid particles entered to the 

micromodel and hence, the dark particles forming in micromodel cannot be artefacts. It 

should be mentioned that Crude-F4 is highly waxy and it is solid at ambient temperature. In 

terms of SARA (Saturates, Aromatics, Resins, Asphaltenes) analysis, Table 2 shows SARA 

measurements performed on three crude oils. SARA data for Crude-F1 would not be 

available. The measurement is normally carried out at room temperature but cooling the 

crude oils to ambient conditions would significantly affect the outcome of SARA 

measurements and hence, these analyses can be misleading fin some cases. It has been 

reported that conventional SARA analysis would not provide pertinent information for micro-

dispersion formation and efficiency of low salinity water injection [ (Mahzari & Sohrabi, 

2014), (Hadia, et al., 2012)]. Therefore, in this study, infrared analysis along with the SARA 

of the crude oils was employed to identify possible differences in the oil characteristics.  

Three different brines were used in this investigation, i.e. formation brine, seawater, and low 

salinity brine. Seawater has higher salinity compared to formation water. The low salinity 

brine was made up by diluting the seawater (adding distilled water) to reduce the total salinity 

to 1238 ppm. Table 3 shows the ionic composition of formation and seawater brines. To 

evaluate the pore-scale performance of LSWI for practical purposes, the visualization 

experiments were performed under the prevailing conditions (2990 psig and 60°C) of 

reservoirs containing Crude-F1, F2, F3, and F4 as listed in Table 1.  

Table 1: Experimental conditions of visualization experiments.  
Crude Oil Crude-F1, Crude-F2, Crude-F3, and Crude-F4 
Connate Water Formation Water (19617 ppm TDS) 

Injected Water  
-Seawater (35720 ppm TDS),   
-Low Salinity Water (1,238 ppm TDS) 

Temperature  60°C 
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Pressure 2990 psig 

Table 2: SARA analysis and crude oil properties 
Sample API Saturates Aromatics Resins Asphaltenes TAN TBN 

Crude-F1 23.5 -- -- -- -- -- -- 

Crude-F2 22.2 49.14 33.19 16.85 0.82 0.55 2.1 

Crude-F3 25.5 53.37 39.76 6.87 0.001 0.35 1.9 

Crude-F4 28.7 40.95 24.9 34.1 0.05 0.25 1.1 

Table 3: Composition of the brines used in this study. Low salinity brine was made with diluting the seawater to 
1238 ppm. 

Ions 
Formation water 

(ppm) 
Seawater 

(ppm) 
Na 6160 11000 

Ca 218.4 390 

Mg 728 1300 

K 240.8 430 

Cl 11200 20000 

SO4 40 2700 

TDS 19617.9 35720 

 

2.1. FTIR (Fourier Transform Infrared Spectroscopy) 

So far, body of evidence published on effectiveness of low salinity water injection has 

indicated that conventional SARA and acid/base numbers would not be explanatory to 

identify the oil components acting in processes leading to wettability alteration. FTIR 

technique enables the detection of the abundance of various bonds in a liquid, which can be 

used to comparatively identify changes in concentration of a particular compound in a crude 

oil. This is based on the relative absorbance of characteristic bond attributed to a compound [ 

(Melendez, et al., 2012), (Wilt & Welch, 1998)]. FTIR analysis has been employed to study 

properties of micro-emulsions and wettability in crude oil and aqueous systems (McDonald, 

et al., 1986; Akhlaq, 1999). This capability can be used for crude oils with a variety of 

unknown compounds. Analysis of attenuation variation of different bonds in different crude 

oils would indicate the pertinent components that control the propensity of different crude 

oils to form micro-dispersions. For Crude-F4, FTIR analysis was erroneous since Crude-F4 

solidified as it was charged into the FTIR chamber due to its waxy behavior. For infrared 

analysis, Jasco FT/IR-4600 was utilized. 

Figure 1 illustrates the results of FTIR spectroscopy performed on the crude oils. 

Transmittance of the samples are plotted against wavenumber. Higher transmittance 

translates to a lower quantity of a bond. There are variety of wavenumbers that can be 
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identified as the differences between the crude oils. Differences in oil composition 

(conventionally measured through gas chromatography) can bring about changes in FTIR 

results, which is not the primary interest of this study. However, a number of distinct 

wavenumber bands has been highlighted based on the micro-dispersion analyses. The 

primary objective of these qualitative measurements was to compare the crude oils based on 

their potency to form micro-dispersions. In other words, with aid of potency identification 

methodology (explained in section 3), it has been attempted to find FTIR changes that are in 

agreement with behaviors identified from the propensity of crude oils to form micro-

dispersions.  

 

Figure 1: Results of FTIR spectrometry obtained for Crude-F1, Crude-F2, and Crude-F3.  

3. Quantifying amount of micro-dispersions 

Out of four crude oils investigated in this study, three crude oils were contacted with brines 

of different salinities to investigate the spontaneous formation of water-in-oil micro-

dispersions. To determine the quantity of micro-dispersions formed, the crude oil samples 

after contact tests were tested by Karl Fischer Titration. The results showed that, at the low 

salinity, a clear jump in the amount of water content within the oil samples can be identified, 

which is in agreement with previous observations (Mahzari & Sohrabi, 2014).  
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As explained earlier, Crude-F4 is a highly waxy crude with pour point of 39oC, which makes 

it solidify at room conditions and hence, Karl Fischer Titration cannot be used for this 

particular crude oil. For this crude oil, micromodel visualizations were utilized to identify the 

micro-dispersion formation. In other words, for crude oils with thermally sensitive 

characteristics, it would be proposed to use pore-scale visualization at reservoir temperature.   

3.1.Methodology  

The design of fluid/fluid interaction experiments and micro-dispersion measurements was 

based on mutual interactions between crude oil and brine irrespective of rock properties 

(Mahzari & Sohrabi, 2014). Basically, during the experiments, the crude oil and brine were 

brought into contact for a prolonged period of time to ensure that the two phases are in 

equilibrium at reservoir temperature and room pressure. Since the interactions between the 

phases are presumed to occur “spontaneously”, another crucial feature of this design was to 

minimize physical mixing of the crude oil and the brine. Also, temperature can be considered 

as one of the important parameters that conceivably affects the formation of micro-

dispersions and hence, the tests were carried out at reservoir temperature. The complete set of 

the experimental instruments and sampling were performed at elevated temperature of 60oC.  

Karl Fischer titration (KFT) has been widely recognized as a chemically selective method to 

determine water concentration in various materials such as micro-emulsions and foods and is 

regarded as a suitable tool for measuring the amount of micro-dispersions in the oil samples 

after contacting with brine at various salinities. Thus, the crude oil samples after each contact 

were injected into KFT chamber to determine its water content.  

3.2.Results and Discussion 

Micro-dispersions are the packets of minute water droplets surrounded with oil polar 

components. Their quantities can be measured through the water content of the oil, which 

increases due to the contact with low salinity water. The original water content (after 

centrifuging and filtering crude oils) of the crude oils were measured and this parameter was 

used to normalize the micro-dispersion quantities in different crude oils. For the contact 

experiments, four brines were used to evaluate the role of salinity level on the extent of this 

fluid/fluid interaction. The base brine was the seawater and another four diluted versions of 

seawater brines were prepared for the contact tests. By adding distilled water to the seawater, 

the dilutions resulted in brine salinities of 28000, 19671, 10000, and 1238 ppm. Micro-

dispersion ratio for all three crude oils contacted with the base brine (seawater) was 0.95-1.1 
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(i.e. 
�����	��	��	�	�
���	��	����

�����	��	��	�	��
���	��	����
), which indicates that this brine would not trigger formation of 

considerable micro-dispersions.  

Figure 2 shows the results of water content (ratio of micro-dispersions to original water 

content of the oil prior to the contact) of the oil samples contacted with brines at different 

salinities. As can be seen, different crude oils have responded distinctly. Also, as the brine 

salinity decreased, the micro-dispersion ratio increased monotonically, which indicates the 

strong dependency of this phenomenon on the salinity level. Furthermore, in the salinity 

range of seawater down to 20,000 ppm, no significant micro-dispersion quantity was formed 

in all crude oils. However, at salinity of 10,000 ppm, Crude-F1 and Crude-F2 have deviated 

from Crude-F3, which highlights the better response of these two crude oils. When the 

salinity level decreased to 1238 ppm, a clear jump in the micro-dispersion ratio of Crude-F1 

and Crude-F2 can be identified. Evidently, Crude-F1 and Crude-F2 could positively form 

notable amount of micro-dispersions whereas, Crude-F3 can be considered as an impotent oil. 

 
Figure 2: Results of water content measurements performed for the oil samples contacted with brines at two 
salinities, i.e. formation and low salinity brines. The ratio of micro-dispersions to bond water (original water 
content of the oils) was plotted as the potential of the oil to form micro-dispersions. The dashed line connecting 
the points should not be considered as real measurements and they were included to highlight the trends.  
 

During the contact tests, an observation was obtained as a result of the oil/brine interactions, 

which can indicate the characteristics of these micro-dispersions. Despite the positive 

formation of micro-dispersions at reservoir temperature, Crude-F1 responded poorly to the 

contact test at “room temperature” and the micro-dispersion ratio was decreased to 2.1. 
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Similar trends were obtained for Crude-F2 with micro-dispersion ratio of 1.78 at room 

temperature. Two reason can be put forward to explain this phenomenon; firstly, in contrary 

to emulsion theory, the amount of micro-dispersions would be higher at higher temperature 

due to higher activity of oil polar components at higher temperatures. Secondly, it was 

observed that the thermal treatment (heating to 90 oC and gradual cooling to 60 oC) could re-

dissolve some of the precipitants, whereas at room temperature, they would nucleate and be 

cast out of the oil. Oil fractions sensitive to temperature can be generally categorized as the 

polar constituents.  

Therefore, oil components associated with micro-dispersion formation possess more polar 

characteristics as they become more active at higher temperature. The results of micro-

dispersion quantifications indicated that the low salinity brine has the capacity to form micro-

dispersions unlike formation brines. Crude-F1 and Crude-F2 responded to low salinity water 

similarly whereas Crude-F3 demonstrated the lowest amount of micro-dispersions. Also, for 

Crude-F4 with pour point of 39oC, micromodel tests would be considered as the basis for 

micro-dispersion analysis. 

The results of FTIR spectroscopy can be utilized to identify characteristics of pertinent polar 

components controlling micro-dispersion formation. Figure 3 illustrates FTIR results in the 

band interval (i.e. 1700-650 cm-1) where a systematic link between the compositional changes 

and crude oil potency can be identified. The changes in FTIR can be linked to micro-

dispersion phenomenon if the corresponding bonds are higher in Crude-F1 and Crude-F2 and 

also deficient in Crude-F3. Other changes are unimportant since they would not follow the 

trends identified as per the propensity of crude oils.  

Four distinct wavenumber bands can be picked from Figure 3 as the characteristic bonds that 

demonstrate a positive trend with micro-dispersion formation. At the wavenumber of 1600 

cm-1, which can be linked to C=C bond for aromatic rings, there is clear difference between 

Crude-F3 and other two crude oils. Also, in the region of 1030 cm-1, which can be attributed 

to S=O bond in Sulfoxide compounds, the positive correlation between attenuations and 

micro-dispersions quantity can be identified. Furthermore, three similar wavenumbers at 745, 

725, and 695 cm-1 have exhibited a meaningful change, which correspond to out-of-plane 

deformation of aromatic rings. In the vicinity of 1650 cm-1, which corresponds to C≡N bond, 

Crude-F3 has notably less attenuation compared to Crude-F1 and Crude-F2. All of these 

bonds would possess polar characteristics (Qi, et al., 2013) and interestingly, it has been 

reported that these bonds can be active in wettability alterations by crude oils (Akhlaq, 1999). 

Therefore, a clear link between the polar signature of crude oils (obtained from FTIR) and the 
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potency of crude oils to form micro-dispersions can be drawn, which would imply that crude 

oils positively responding to micro-dispersion formation can be screened from these tests. In 

the next section, it has been attempted to visually demonstrate the micro-dispersion formation 

and wettability alteration from pore-scale micromodel experiments.  

 

Figure 3: FTIR results in the wavenumber bands pertinent to micro-dispersion formation.  

4. Visualization experiments (micromodel) 

A glass micromodel consists of two glass plates; one of which is etched with acid to represent 

pore pattern of a porous medium. The cover plate allows the inflow and outflow of fluids 

within the confined porous medium. A camera equipped with a light source captures the 

images. Our unique micromodel facility is capable of working at reservoir temperature and 

pressure, allowing us to physically simulate and record the complex multi-physics involved 

in low salinity water injection. However, it should be noted that due to its small size and 2-

dimentional (2D) nature of this tool, data generated by such experiments are seldom used for 

35

45

55

65

75

85

95

6508501050125014501650

T
ra

ns
m

itt
an

ce
 (

%
)

Wavenumber (1/cm)

Crude-F3 Crude-F1 Crude-F2

Out-of-plane 
deformation of 
aromatic rings 

S=O bond in 
Sulfoxide 

C=C bond in 
aromatic 

rings 

C≡N bond 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

quantitative analysis. Basic dimensions of the porous medium used in this study are given in 

Table 4. Figure 4 shows the experimental setup used for micromodel experiments..  

 

 

 

Table 4: Physical properties of micromodel. 

Length Width Etch Depth Porosity Permeability 

7 cm 0.7 cm 40µm 0.61 10 D 

 

 

Figure 4: Schematic diagram of the micromodel rig. 

 

Having cleaned the micromodel thoroughly with sequential injection of toluene and methanol 

and distilled water, the pressure and the temperature of the experiment was set at 2990 psi 

and 60 oC, respectively. For performing tertiary low salinity water injection tests, the 

micromodel was first saturated with the formation brine. Then, the crude oil was injected 

from the bottom of the vertically oriented micromodel with a rate of 0.01 cc/hr. Having 

established the initial oil and water saturations, a secondary seawater injection was performed 

from top of the model to displace the oil and establish the residual oil saturation.  

Once the water distribution remained unchanged, the seawater injection was followed with a 

low salinity brine (1238 ppm), which was made up by diluting a seawater brine. The low 

salinity brine was injected from the top of the porous medium at a rate of 0.01cc/hr. During 
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this period, all the pertinent phenomena related to low salinity injection (formation of micro-

dispersions and wettability change) were visually monitored. It should be noted that the state 

of wettability is judged by curvature of interface between oil, water, and rock. Also, 

detachment of oil interface from the rock surface can be considered as an indication of 

wettability alteration. Comparison of secondary high salinity and tertiary low salinity in “one 

test” would enable analyzing representative pore-scale effects of low salinity. For these 

visualization experiments, it is not feasible to measure brine properties such as pH variations. 

This is due to infinitely small pore volume, i.e. 0.01 ml  

 

4.1.Results  

4.1.1. Crude-F2 

Two cases were conducted for this crude oil; (i) aging the micromodel for three days and (ii) 

aging for a day. Aging for three days is based on observations during aging period. Visually, 

we identified that after three days, the system became stable. The objective here was to see if 

the aging time would affect the performance LSWI, which would in turn highlight the role of 

initial wettability.    

3-day aging 

Having aged the micromodel for 3 days, a tertiary low salinity water injection was performed. 

Figure 5 illustrates one section of the micromodel demonstrating formation of micro-

dispersions (dark particles) after LSWI. The red arrows point to the accumulated micro-

dispersions and the blue arrows show the areas where wettability alterations towards more 

water wet states have occurred. Due to high aging time, the number of pore-scale sites 

undergoing the wettability alteration was limited. 
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Figure 5: Two images from a magnified section of micromodel during seawater (A) and low salinity water (B) 
injections. The blue arrows highlight the wettability alteration towards more water wet states due to low salinity 
injection. The red arrows show the formation micro-dispersions within the oil phase throughout the micromodel. 
The black arrow shows the injection direction.  
 

Figure 6 shows two images taken from a magnified section of micromodel, which highlights 

the change in contact angle occurred locally. As can be seen, the area pointed with a blue 

arrow exhibits a noticeable degree of contact angle change as compared in seawater and low 

salinity water injections sequences. In terms of additional oil recovery, slight oil saturation 

redistribution took place throughout the micromodel, which could not bring about notable oil 

mobilizations. The micromodel images were analyzed to calculate the oil saturation at the end 

of high salinity and low salinity water injection periods. The results of image analyses could 

indicate slight or negligible reduction in oil saturation when low salinity water was injected 

(the results are presented in the discussion section). Apparently, the prolonged aging period 

has established an oil wet state, which could not be favorable conditions for low salinity 

water. In the next part, less aging time was employed on the model and the response of the 

system to LSWI was investigated 

A 

B 
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Figure 6: Pore-scale observations of the oil detachment from rock surfaces due to low salinity water injection as 
pointed in the right image (B) compared with seawater injection in the left image (A). As can be seen in the 
right image, dark particles were formed in the oleic phase. 
 

One day aging 

In this visualization experiment, compared to 3-day aging, the aging time was reduced to one 

day to establish a wettability state where the oil adhered to the pore surfaces with a lesser 

strength. The aim was to visually investigate and demonstrate the impact of the initial 

wettability on the performance of LSWI. Figure 7 and Figure 8 demonstrate two sections of 

micromodel during early and late stages of tertiary low salinity water injection. The micro-

dispersions (dark particles) started to form from an early stage and their quantities increased 

as the test proceeded. On the other hand, the tertiary low salinity water injection led to 

detachment of the pre-adsorbed oil from the rock surface. In regions pointed to by the blue 

arrows, there are desorption of the oil from the wall of the 2-D micromodel, which can be 

interpreted as the change of the wettability towards more water wet conditions. The 

wettability modifications could not happen in all the interfaces, which is another indication 

that there is an optimum adhesion strength that can be targeted by the flowing low salinity. 

Image analysis for the oil saturation remained after low salinity water injection has indicated 

a notable additional oil recovery (which is shown in Figure 16). Therefore, employing 

identical fluids and rock, the difference in the aging time could lead to significant difference 

in the improvement of oil saturation by LSWI. In other words, inasmuch as these experiments 

could indicate, a moderate oil wet state would be more favorable for low salinity water 

injection.   
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Figure 7: Two images taken from a magnified section of micromodel at (A) early stages of low salinity and (B) 
late stage of LSWI. The red arrows highlight the formation of micro-dispersion as the crude oil contacts with 
invading low salinity brine. The blue arrows indicate the areas with modified wettability towards more water 
wet states due to switching to low salinity brine. The Black arrow shows the injection direction. 
 

  

Figure 8: Two images taken from a magnified section of micromodel at (A) early stages of low salinity and (B) 
late stage of LSWI. The red arrows highlight the areas with modified wettability towards more water wet states 
(detachment of the oil from the rock surface) due to switching to low salinity brine. The Black arrow shows the 
injection direction. 

B A 

B A 
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4.1.2. Crude-F1 

Another crude oil taken from an analogous reservoir was tested. Identical experimental 

procedure was followed. The seawater was injected after one day of aging. The injection rate 

(0.01cc/hr) was slow enough to have capillary dominant flow when oil is displaced by water. 

Figure 9 illustrates a magnified section of micromodel at different stages of oil, seawater, and 

low salinity water injections. In terms of micro-dispersion formation, the contact between 

resident oil and injecting “seawater” had not resulted in formation of dark particles (micro-

dispersion) or any apparent change in the oil color as can be seen in Figure 9B. After high 

salinity brine, the low salinity brine was injected in the micromodel. As the low salinity brine 

came into contact with the oil, the micro-dispersions started to appear in the form of dark 

particles (Figure 9C). The formation of micro-dispersions resulted in fluid redistribution as 

highlighted with the red circles. Moreover, the formation of dark particles led to changes in 

oil/water interfaces towards more water wet conditions in regions shown by the blue arrows 

in Figure 9D.  

Figure 10 demonstrates another magnified section of micromodel before (A) and after (B) 

low salinity water injection. According to the oil/water interfaces established in seawater and 

low salinity water injections, there are several pore-scale events occurring due to LSWI in 

which the curvature of interfaces has exhibited a more water wet behavior. The change in 

wettability can be judged if the contact line between the oil adhered to the glass surface could 

be changed. To explain it with more details, Figure 11 and Figure 12 highlight the same pores 

extracted from Figure 10 in which the changes in wettability can be seen as judged by 

curvature of interfaces. In Figure 11 the contact angle between oil and pore surface was 

changed notably as highlighted by black dashed lines. The contact angle can be calculated 

using image analysis. The highlighted contact angles for high salinity water injection for top 

and bottom images (Figure 11-A and Figure 11-C) are 54.52o and 104o, respectively. These 

contact angles were altered to 83.01o and 123o when low salinity water was injected (as 

highlighted in Figure 11-B and Figure 11-D). It should be noted that the reported contact 

angles are through the oil blobs and the lower the values, the more oil wet states established. 

These in-situ changes in contact angles can be interpreted as local wettability alterations 

towards more water wet conditions. Therefore, introducing a brine with a significantly lower 

ionic strength in this system can bring about a change in the wettability state of the 

oil/rock/brine system towards more water wet conditions. Also, the results of contact angles 

form high salinity water injection (Figure 11-A and Figure 11-C) would indicate that a mixed 

wet conditions existing in the micromodel. This is just an indication and analysis of all angles 
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would give more details about contact angle distribution during high salinity water injection, 

which is not main focus of this work. It should be pointed out that the images would represent 

a two-dimensional realization of pore-throat geometries with a three-dimension nature, which 

makes our interpretations more qualitative. In other words, wettability states are always 

relative. It is based on wettability alteration and we identified that wettability would be 

altered towards more water wet conditions relative to high salinity water injection. The basis 

of wettability judgment is contact angle, which is a qualitative measure. 

 

  

  
Figure 9: Magnified section of micromodel at different stages: (A) end of aging oil, (B) end of seawater 
injection, (C) early stage of low salinity water injection, and (D) late stage of LSWI. The red circles highlight 
the areas with oil saturation redistribution. The blue arrows point to the curvatures which altered to more water 
wet states.  
 

A B 

C D 
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Figure 10: One section of micromodel at (A) breakthrough of LSWI and (B) after 40 hours of extended LSWI. 
Wettability alteration towards more water conditions can be identified in the ovals. The connected oil wet parts 
(purple circles in (A)) became disconnected and more water wet after extended LSWI (light blue circles in (B)). 
Comparing the red and dark blue circles indicates the apparent change in the oil-brine interfaces.  

 
Figure 11: Four images from two pore geometries of the micromodel in which the injection of low salinity water 
resulted in changes in contact angles toward more water wet conditions. The left images were taken from 
seawater injection whereas the right images were taken from the same pores during low salinity water injection. 
The black dashed lines and black arrows would indicate the change in contact angle, which can be interpreted as 
in-situ qualitative wettability identification. 
 

Bright oil 

Darker oil A 
B 
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Figure 12: Magnified images during seawater (left image) and low salinity water (right image) injection 
sequences. Changes in contact angles toward more water wet conditions can be identified in the areas 
highlighted with red arrows. 
 

4.1.3. Crude-F3 

From the fluid/fluid interaction part, it was concluded that Crude-F3 had a very low tendency 

to form micro-dispersions. Therefore, it can be a candidate for investigating a system where 

there is a crude oil that would not respond to low salinity water injection. Like the previous 

visualization tests, the same procedure was followed and a tertiary LSWI was performed. For 

the test performed with Crude-F3, a period of one-day aging was employed. Figure 13 

illustrates one magnified section of the micromodel during seawater and low salinity water 

injection periods. First thing to note is the slight propensity of the oil to form the dark 

particles (micro-dispersions). Also, there is no detectable change in the interfaces between the 

oil/brine/rock systems. In terms of oil saturation and distribution, tertiary low salinity water 

injection did not result in any redistribution, which is in line with the fluid interaction results 

(i.e. micro-dispersion and FTIR) and confirms that Crude-F3 would not respond to the low 

salinity water injection. In Figure 13, no pore scale event (micro-dispersion formation or 

wettability alteration) took place and hence no highlighted part. It should be pointed out that, 

this test was repeated and the identical outcomes were obtained in terms of micro-dispersion 

formation, wettability alteration, and oil redistribution.  
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Figure 13: Two images taken from a magnified section of micromodel at two stages; (A) seawater injection and 
(B) low salinity water injection. In terms of micro-dispersion formation, the response of Crude-F3 crude oil is 
very poor. 
 

4.1.4. Crude-F4  

Since Crude-F4 is solid at ambient temperature (pour point is 39oC) due to its high wax 

content, the contact test could not be performed on this crude oil. To the best of our 

knowledge, using a crude oil with high wax content (which make the oil solidify at room 

conditions) is not precedented in the published reports. Hence, the results presented here can 

indicate that waxy crude oils may respond to low salinity water injection positively.  

In the contact test, Karl Fischer titration (KFT) is used to determine water content, which 

cannot work at 40oC due to reagent evaporation. However, micromodel visualizations can 

enable us to directly study the formation of micro-dispersions under reservoir conditions. 

Pore-scale visualizations at tertiary mode were performed on Crude-F4. Figure 14 illustrates 

a magnified section of pores containing oil and water during tertiary low salinity water 

injection. As can be seen, dark particles (micro-dispersions) started to form as low salinity 

water invaded the micromodel. These dark particles formed continuously over the course of 

low salinity water injection, which indicates the high propensity of this crude oil to form 

micro-dispersions.  
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Figure 14: Magnified section of the micromodel showing the evolution of micro-dispersions as low salinity 
water came in contact with resident oil. Red arrows point to the dark particles or micro-dispersions. As can be 
seen, water in oil micro-dispersions would precipitate at the bottom of oil ganglia due to higher density of water.  
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Dark particles or micro-dispersions are packets of water surrounded with oil polar 

components, which can bring about wettability alteration to the system. Micro-dispersions 

formed within oil blobs would tend to precipitate towards the bottom of the oil blobs due to 

gravity contrast between oil and water (Figure 14). The images taken from this direct 

visualization experiment indicates that this crude oil would exhibit a positive response to low 

salinity water injection. In terms of oil mobilization and possible oil recovery, Figure 15 

depicts two magnified sections of the micromodel at two stages, i.e. (Figure 15a) the end of 

high salinity water injection and (Figure 15b) the end of low salinity water injection. The oil 

saturation can be analyzed from these images and it can be evidently inferred that the tertiary 

low salinity water injection could efficiently mobilize the remaining oil (after preceding high 

salinity). Therefore, diluting the injection brine can lead to notable oil mobilizations and 

hence additional oil recovery for this waxy crude oil.   

 

  

Figure 15: Magnified section of micromodel indicating the reduction of oil saturation in the micromodel as a 
result of low salinity water injection. (A) Oil saturation distribution at end of high salinity water injection and 
(B) oil saturation distribution at end of low salinity water injection. 

5. Discussion  

There is a general consensus that low salinity water injection would change the wettability 

towards more water wet conditions, which may in turn lead to improved oil recovery due to 

the lower ionic strength of the injection water. However, the existing literature on the 

mechanisms of oil recovery by low salinity water injection contains conflicting results in 

particular about the role of geochemical processes and the additional oil recovery by LSWI. 

Multi-component ion exchange and expansion of electrical double layer are the most repeated 

processes amongst the geochemical phenomena. The current poorly consolidated 

understanding is due to lack of enough direct observation of the mechanisms involved in oil 
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recovery by low salinity water injection and misinterpretations of indirect experimental 

results such as core-scale tests. 

Herein, we aimed to generate direct experimental evidence by visualizing the pore-scale 

events taking place during the LSWI. As a result of tertiary low salinity water injection, a 

degree of oil mobilization was observed in cases where wettability could be favorably altered. 

Having employed image analysis, Figure 16 illustrates the oil saturation estimated after 

seawater and low salinity water injection sequences. It should be pointed out that the absolute 

values of oil saturations after high salinity water injection would not be a good indication of 

core-scale experiments, which is not the primary objective of micromodel experiments. The 

primary objective is to investigate the dynamic interactions when the low salinity water 

displaced the high salinity brine. Therefore, the changes taking place on the oil saturations 

and comparison of the behavior of the different crude oils are the main focus in this work.  

Having aged the micromodel for a day, Crude-F1 and F2 and F4 could respond to LSWI 

positively. As can be identified, additional oil recovery by LSWI could be observed in glass 

pore-scale in the absence of clay. Hence, clay and its associated mechanisms may not be the 

predominant factors for additional oil recovery by LSWI. We have proposed the micro-

dispersion formation mechanism as a predominant mechanism behind the low salinity water 

injection. However, for this mechanism to work the initial wettability of the porous medium 

must be mixed to weakly wet. Also, FTIR analyses have indicated that only certain oil polar 

agents are associated with micro-dispersion formation, which can be linked to the process of 

wettability alteration. Figure 17 illustrates the series of processes taking place to mobilize 

trapped oil; micro-dispersions are formed, surface active moieties are dislodged from the 

surface, the bond between the oil and rock weakens, and the injection water can overcome 

adhesion forces and oil is produced. The sequence of interactions is not primary focus of this 

work and it was hypothesized based on the results. What was observed is that, it is important 

to have an oil with capability to form micro-dispersions and different crude oils would have 

different propensities. 

In our visualization experiments, it has been observed repeatedly at different locations of 

micromodel that formation of micro-dispersions would be associated with changes in the 

interfaces between oil, brine, and the rock towards more water wet states. The wettability 

alteration has sometimes resulted in detachment of the oil and in some cases, we observed 

apparent change in the curvature between the phases. Due to the two dimensional nature of 

micromodel visualizations, changes in interface curvature would not be the only source of 

wettability interpretations. However, detachment of oil from the rock surface can be 
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accounted as the effective change in wettability. Figure 18 demonstrates one magnified 

section of the micromodel at the end of seawater injection (image in left hand side) and 

during tertiary LSWI (right hand side image). During the LSWI, micro-dispersions started to 

form and evidently, the oil droplet initially attached to the micromodel wall was detached and 

mobilized towards the outlet. Although it cannot be identified that this mobilized droplet has 

been produced, the detachment of the droplet is a direct indication that LSWI weakened the 

bond between the oil and rock, which confirms the mechanism described for LSWI in Figure 

17. Also, since images were taken in 30 minutes sequences, formation of micro-dispersion in 

this particular oil blob could not be captured. It should be pointed out that, the role of rock-

brine interactions was not considered in this work and the primary focus of this visualization 

study is to highlight the different behavior of different crude oils, which would impact the oil 

recovery as well, and hence propensity of a crude oil to from micro-dispersion can be 

important for low salinity water injection.  

 

 

Figure 16: Oil Saturation distribution estimated from image analysis in the micromodel at the end of high 
salinity (seawater) and low salinity water injection sequences. Crude F1 and F2 responded positively to low 
salinity water injection when the system was aged for one day. 
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Figure 17: Two illutrations showing the arrangements of indigenous surface active materials of oil in two 
systems; high salinity (left) and low salinity (right). In a high salinity environment (left), surface active agents 
tend to adhere onto the rock surface creating oil-wet conditions. However, when low salinity water contacts the 
oil, water in oil micro-dispersions forms and indigenous oil surfactants leave the rock surface accumulating 
around the water micro-dispersions. 
 

 

Figure 18: Very magnified images of pores in which mobilization (detachment) of the oil trapped at the end of 
seawater injection (left image) could be directly seen when low salinity water was injected (right image). The 
black arrows show the formation micro-dispersions within the oil phase. 
 

6. Conclusions 

In this study, four different crude oil samples were used to perform a number of integrated 

fluid/fluid characterization and pore-scale visualization experiments. From both contact tests 

and flow visualization experiments, it was observed that three crude oils have a significantly 
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higher propensity to form micro-dispersions, compared to Crude-F3. Infrared analysis could 

enable identifying pertinent compounds of the oils that can control micro-dispersion 

formation. A positive trend can be observed between the oil potency to form micro-

dispersions and polar agents enriched with nitrogen, sulphur, and aromatic rings.  

It was directly visualized that the formation of micro-dispersion was associated with changes 

in wettability of the system towards more water wet. Using a glass porous medium under 

reservoir conditions, it was observed that the low salinity effects can lead to oil detachment 

from the rock surface in the absence of clay minerals. Furthermore, the initial wettability was 

identified as a key parameter in effectiveness of low salinity water injection. The results of 

visualization experiments demonstrated that a mixed wet or weakly wet state would be the 

favorable wettability conditions for LSWI. Using Crude-F3 (with no desire to interact with 

low salinity water), waterflood efficiency was “independent” of the injection brine salinity, 

i.e. low salinity brine did not show any benefit over seawater. Also, the observations obtained 

from Crude-F4 could highlight the fact that waxy crude oils can respond to low salinity water 

injection positively. This comparative investigation would demonstrate that the potency of 

crude oil to interact with low salinity brines (in the form of micro-dispersions) would play the 

predominant role in the efficiency of LSWI. Hence, two factors need to be in play for low 

salinity water to improve oil recovery; favorable initial wettability at weakly wet and a high 

propensity of oil to form micro-dispersions.  
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Highlights 

• Visualization experiments were performed to investigate the oil/brine interactions using 

different crude oils 

• Infrared analysis was carried out to identify crude oil compounds that are pertinent to micro-

dispersion formation as the main interaction for low salinity water injection. 

• The results have indicated that crude oil propensity to form micro-dispersions can play an 

important role in efficiency of low salinity water injection. 

• The outcome of this work can be used to screen suitable crude oils for low salinity water 

injection.  


