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      Abstract 

Previous macroscopic core flooding tests have shown that injecting low salinity 

water improves oil recovery in sandstone and carbonate reservoirs through 

wettability alteration. However, consistent mechanistic clarification of the 

underlying physicochemical mechanisms involved in oil wettability at the pore-

scale level is not fully understood. In this work, a microfluidic approach is used to 

provide in-situ visualization of oil-brine flow to give an indication of the micro-

mechanisms affecting oil sweep efficiency. The potential of enhancing oil recovery 

by low-salinity flooding at the microscale is also investigated, which would help in 

predicting a reservoir's performance before committing to production processes at 

a large field scale. Two types of crude oils with various acid numbers were used, 

and hydrophilic and hydrophobic physical microstructures were used to mimic 

sandstones and carbonates. The results revealed a reduction by 7-10% in the 

residual oil for the water-wet microstructure when the seawater was diluted twice 

from its original concentration, apparently due to a decrease in the attractive 

forces. There is no change in the recovery factor for the oil-wet micromodel for the 

two kinds of crude oils examined. Tertiary low-salinity flooding did not show any 

effect on the initial wetting state of the hydrophobic surface, rendering it with a 

strongly oil-wet condition. It is also observed that flow dynamics of the two 

microstructures examined are different, as the snap-off-coalesce phenomenon 

mailto:D.Wen@leeds.ac.uk


2 

 

dominants the flow in the water-wet system, while oil moved by a piston-like 

displacement with a stable or irregular front in the hydrophobic system. In contrast 

to some of the published macroscopic results, our pore-scale displacement shows 

that low salinity flooding seems to be an unsuitable choice for enhanced oil 

recovery for strongly oil-wet reservoirs. 

 

       Keywords:  low salinity, enhanced oil recovery, wettability, pore-scale 

displacement, carbonates 

 

 

1. Introduction 

Enhanced oil recovery (EOR) techniques have a long history, but much 

development has taken place in the last two decades. Recently, smart water has 

been considered as an emerging and economical EOR technique for extracting 

the residual oil and increasing the recovery factor of the hydrocarbon reservoirs. 

In the literature, there is a general agreement that reducing the salinity of water 

below 5000 ppm revealed positive results for sandstone reservoirs by shifting 

rock wettability from mixed-wet to more water-wet conditions [1-8]. However, 

some of these studies showed that low-salinity water flooding is not sufficient for 

carbonate reservoirs and its effect has only been detected for sandstone 

reservoirs with a high clay content [1,9]. In recent years, a number of authors 

found that injecting low-salinity water could improve oil recovery in carbonate 

reservoirs [10,11]. Despite this interest, the feasibility of low-salinity flooding in 

carbonates is still controversial due to a poor understanding of the detailed 

mechanisms behind the process. 

 Wettability alteration to a favorable wet condition, detected indirectly through 

changes in relative permeability or capillary pressure [3], is the most plausible 

mechanism, significantly affecting EOR during low salinity water flooding [4,11-

18]. However, there is no universal agreement on the physicochemical 

mechanisms behind this alteration. This could be due to the fact that most of the 
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macroscopic techniques exhibit some restrictions on providing in-situ microscopic 

detail of the physicochemical interactions that take place between interfaces. This 

leads to a lack of reliable predictions of reservoirs' performance under low-salinity 

flooding, calling for more efficient methods for assessing wettability at the scale of 

pore surface heterogeneities. Microfluidics is an ideal technique for this purpose 

and has been used previously as a diagnostic platform in biological and chemical 

processes [19,20]. In recent times, microfluidic technology has gained a wider 

acceptance for use in the oil and gas sector. For instance, Sieben et al. [21] used 

a microfluidic apparatus as a rapid method for measuring the fractional amounts 

of saturates, aromatics, resins, and asphaltenes in crude oil. Lin et al. [22] utilized 

a microfluidic T-junction device consisting of a collision chamber for in-situ 

observation of coalescence rate in different monodisperse water-in-oil emulsions. 

Such a device was also used to study the fundamental aspects of gas flotation by 

evaluating the impact of salinity, oil, and gas compositions, as well as oil droplet 

size on oil attachment efficiency through spreading of oil over the gas bubbles 

surfaces [23].  

A number of researchers have sought to evaluate the effectiveness of different 

flood processes to enhance oil recovery by using an optical microfluidic 

apparatus. These include water flooding in different periodic and random pore 

networks [24,25], multiphase flow using non-Newtonian fluids with various 

rheological properties [26], foam flooding [27,28], multiphase flow with synergetic 

nanoparticles and surfactants in macroemulsions [29], polymer flooding using 

shear-thinning fluids and hydrophilic micromodels with varying grain sizes [30], 

and multiphase flow using hydrophilic silica nanoparticles suspended in seawater 

(SW) [31]. 

         More recently, there has been growing interest to evaluate the effectiveness 

of low-salinity water flooding to enhance oil recovery in sandstones at the pore-

scale. In 2013, Emadi and Soharbi [32] conducted visualization experiments of 

fluid movement in a homogenous water-wet micromodel at reservoir conditions. 

They found that when high-salinity water was replaced by low-salinity solution, 
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microdispersions (water-in-oil emulsion) at oil/water interfaces were formed, 

which was considered as an underlying mechanism affecting the fluid 

redistribution and sweep efficiency. Another study by Barnaji et al. [33] on the 

potential of low salinity for EOR in sandstones suggested that low-salinity water 

flooding did not show any improvement in the oil recovery for a non-coated pore 

network, i.e., with no clay minerals. Amirian et al. [34], however, showed different 

results to those of Barnaji et al. [33] that no correlation was found between the 

presence of clay minerals and the potential of low-salinity water flooding for EOR. 

This raises ambiguity regarding the effect of clay minerals, and thus further 

studies are needed to fill the general gap in our knowledge. A very recent study 

by Fredriksen et al. [35], in which they examined the mobilization of oil at a 

microscale using silicon-wafer micromodels, demonstrated that osmosis and 

diffusion of water molecules driven by salinity contrasts represented the main 

pore-scale mechanisms responsible for oil mobilization during low-salinity 

flooding. 

From the aforementioned literature, it is clear that the microfluidic 

technique has been used by many researchers to evaluate the performance of 

different displacing fluids to improve oil recovery in silicate-glass micromodels, but 

there is no consensus on the underlying micromechanisms affecting oil recovery 

during low-salinity flooding. On the other hand, most of the previous pore-scale 

studies up to now have been conducted on the strongly water-wet 

microstructures, representing sandstone reservoirs. However, too little attention 

has been paid to assess the pore-scale displacement efficiency in an oil-wet 

system to resemble carbonates, which prevail in most of the world’s oil reserves 

(>60%) [36]. It should, however, be important to emphasize here that most of the 

hydrocarbon reservoirs are initially water-wet due to the hypothesis that the 

reservoir was originally occupied by water before the migration of the hydrocarbon 

and then rock surfaces turn into more oil-wet as a result of the  presence of polar 

organic compounds in crude oil, which help to diffuse a thin film of interstitial 

water; thereby, oil is attracted to the rock surfaces rendering it to oil-wet [37]. 
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In this work, we provide surrogate rock pore structure with full visualization 

of fluid movement to understand the complexities of the various interfacial 

phenomena governing surface wetting of crude oil on carbonates and sandstones 

in a brine environment, giving an indication of the underlying mechanisms 

affecting oil sweep efficiency at the microscale. Silicon glass and polymer-coated 

physical pore networks were used to mimic the hydrophilic (sandstones) and 

hydrophobic (carbonates) surfaces, respectively. Two kinds of crude oils with 

various chemical properties were used for the drainage process, while synthetic 

seawater and different diluted versions of seawater were used for the imbibition 

displacement. The dynamics of displacement of various saline solutions in the 

water-wet and oil-wet systems are critically compared. The potential of low-salinity 

water flooding to improve the microscopic sweeping efficiency and the associated 

wettability effects are visually evaluated.  

 

2. Materials and Methods 

2.1 Microfluidic chips 

Two-dimensional silicon glass and polymer-coated chips (45 × 15 mm2; length × 

width) from Micronit were used to mimic natural hydrophilic and hydrophobic 

surfaces. The chip has a physical pore network to resemble a real physical rock 

pattern. The chip is designed by randomly engraving the rock shape structures 

onto a glass plate by laser. Such kind of random placement gives throats in the 

channels that go between the rocks. The chip has a total internal volume of 5.7 µl, 

a mean channel width of 50 µm, and a mean channel height of 20 µm. The average 

porosity and permeability of the two-dimensional microstructure are 0.57 and 2.5 

Darcy, respectively. Porosity is estimated by using image analysis technique by 

dividing the number of pixels, which belongs to the pore space with the total 

number of pixels of a given image, while permeability is calculated by measuring 

the differential pressure across the chip and applying Darcy’s law [24]. Figure 1 

illustrates the schematic diagram and microscopic images of the physical pore 

network considered in this study. 
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Figure 1. (A) Schematic diagram of the physical structure (pores and throats 

are displayed as channels in green and grains in white) . (B) Full-length image 

shows the geometry of the physical network. (C) Magnified section from the 

red square in (B ) shows the pore-throat distribution and flow channels in the 

network.  

(A) 

(B) (C) 
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2.2 Brines 

 The same synthetic brines used in our previous work [37] were also utilized in 

this study. Synthetic seawater (SW) and artificial formation water (FW) were used 

as the high salinity brines. All brines were prepared in the lab by mixing deionized 

water (Milli-Q, a resistivity of 18.2ޓ Mȍ.cm) with reagent grade salts (Merck, 

Sigma-Aldrich, a purity grade of 99 ޓ%). The artificial low salinity (LS) solutions 

were made by diluting the prepared seawater with different proportions of deionized 

water, see Table 1. The physical properties of all prepared brines were 

characterized, and the details are given previously [38]. 

 

         Table 1. The composition of high salinity and low salinity brines 

 

 

 

 

 

 

 

 

 

* Interfacial tension for oil/brine system (mN/m), measured by CAM 200-KSV. 

 

 

2.3 Crude oil 

  Two types of dead crude oils were supplied by Shell from an oil field in the 

North Sea. A Malvern Bohlin Rheometer and Micromeritics Acupyc-1330 were 

used to measure viscosity and density, respectively. The bulk composition of oils 

was analyzed by SARA fractionation technique. The physicochemical properties of 

the crude oils are listed in Table 2.  

Salts  
 

FW SW 2dSW 5dSW 10dSW 20dSW 50dSW 

NaCl  124.50 26.50 13.25 5.30 2.65 1.33 0.53 
Na2SO4  0.43 4.10 2.05 0.82 0.41 0.20 0.08 

CaCl2.2H2O  57.79 1.54 0.77 0.31 0.15 0.08 0.03 
MgCl2.6H2O  16.87 11.41 5.70 2.28 1.14 0.57 0.23 

NaHCO3  0.40 0.11 0.05 0.02 0.01 0.01 0.00 
TDS (g/L)  200.00 43.65 21.82 8.73 4.37 2.18 0.87 

Salt concentration 
(ppm) 

 200000 43650 21828 8731 4366 2183 873 

pH  6.70 7.96 7.58 7.34 7.24 7.15 7.01 

IFT Oil A*  35.00 31.80 30.50 29.54 28.73 27.21 25.66 

IFT Oil B *  37.70 34.60 33.71 32.80 31.70 31.00 30.60 



8 

 

Table 2.  Physicochemical properties of crude oils 

 

 

 

 

 

 

 

 

 

     

      

       2.4 Experimental Procedure 

 In this work, the microfluidic apparatus was used to visualize oil displacement in 

porous media during secondary and tertiary flooding, as shown in Figure 2. The 

system consisted of a microfluidic solid casing to hold the chip with inlet and 

outlet ports, high pressure syringe pump (Nexus 6000) with a minimum flowrate of 

0.0001 µl/min, a polyetheretherktone tubing (OD= 1/16Ǝ, IDEX) to join the inlet of 

the chip to the pump, a controlling valve to control the direction of flow, and 

pressure transducers. A high magnification microscope (Olympus SZX16-ILLT) 

was used to visualize the chip, which was outfitted with a digital camera (5 M 

pixel, Colour USP3 Vision, Sony Pregius IMX250, Canada) to capture digital 

images when the fluids flow along the pore channels. The images were recorded 

every 20 seconds by Point Grey Fly Cap 2 software.  

        To perform the experiments, the microfluidic physical chip was put into the 

casing and an Isopropyl alcohol, IPA (Sigma-Aldrich, purity grade of 99 ޓ%) was 

Specification Crude Oil 
A 

Crude Oil 
B 

Specific gravity at 25 °C, gm/cm 3 0.84 0.83 
°API 38.00 39.5 
Dynamic viscosity at 20 °C, cp 7.40 5.50 
Dynamic viscosity at 50 °C, cp 4.52 2.94 
Total acid number (TAN), mg KOH/g 
 

0.46 0.25 

Composition (wt. %) @25 °C 
 

 
Saturates 64.53 73.70 
Aromatics 28.81 22.75 
Resin 6.19 3.34 
Asphaltenes 
 

0.47 0.21 

Elemental analysis (wt. %) 
@ 25 °C  

 

Nitrogen 0.88 1.14 
Sulphur 0.19 0 
Oxygen 5.12 2.2 
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first flushed through the chip to remove trapped air bubbles, followed by rinsing 

with a sufficient amount of Milli-Q water. Afterward, the clean pore network was 

saturated with a super saline solution (200000 ppm), representing formation water 

in the real reservoirs. Next, 10 pore volumes of dead crude oil were injected at a 

steady flowrate of 50 ʅl/hr to displace formation water and establish initial water 

saturation (Swi). The saturated microchip was then left for about 24 hours to attain 

the adsorption equilibrium conditions. To increase the distinction between high- 

and low-salinity solutions during the pore-scale displacement, a red tracer dye 

(Rhodamine B base, Sigma-Aldrich) was mixed with the injected low saline 

solutions. Seawater was then pumped in a secondary mode recovery, whereas 

tertiary mode recovery was performed by sequentially injecting different diluted 

versions of seawater through the microphysical chip. The low injection rate of 5 

ʅl/hr was used in all cycles of the injection, representing the typical pore velocity 

(1 m/day) in real reservoir water flooding. After oil production is stopped, the 

injection rate was increased to 10 and 15 ʅl/hr for each cycle of brine injection to 

ensure that the remaining oil saturation was reached, and no more oil was visibly 

removed with the higher flow rate. For each stage of the displacement, the saline 

solution was continuously flooded for 6-12 hours. Optical images for fluid 

distribution were recorded at different stages of secondary and tertiary flooding. 

The microscale displacements were conducted at ambient temperature (23°C) 

and atmospheric pressure. For data reliability, the flooding tests were repeated 

two times for both microstructures examined. 
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Figure 2. Schematic diagram of  microfluidic system used in the experiments. 

 

2.5 Image Analysis 

        A set of digital images acquired during the displacement process were 

quantitatively analyzed using image processing software FIJI to evaluate the 

quantity of oil recovered after each stage of brine injection. The digital images were 

first segmented to distinguish between phases. The oil-filled pore spaces were 

then identified by thresholding of its pixels’ intensity, Figure 3B, and the oil area 

was represented completely by red, while non-oil area appeared as black. After 

that, the images were binarized and the pixels of oil were counted (see Figure 3C). 

The microscopic sweeping efficiency during brine flooding was determined by the 

following equation [39]: 

ܧ  ൌ  ͳ െ ܵ െ ܵ௪ͳ െ ܵ௪  
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where, ܵ is remaining oil saturation upon exposure to the saline solution and ܵ௪ is irreducible water saturation, i.e., the percentage determined when the chip 

was saturated with oil and before starting the displacement process.  

The dynamic contact angle during brine imbibition was also assessed by using 

FIJI contact angle plugin. The best-fit analysis automatically detects the contact 

angle at the intersection of the tangent line.  Contact angles (40) were measured 

for each type of the micromodel examined by a random selection of different 

locations on the network. Each measurement was repeated, and the accuracy of 

the measured contact angle is reported to be ± 2°. The minimum, me an, and 

maximum contact angles for the hydrophilic system were determined to be 20°, 

35°, and 49°, respectively. For the hydrophobic system, the measured contact  

angles ranging from 102° to 140° with a mean value of 115°. 

 

 

 

 

 

 

 

 

 

Figure 3. Typical example of the image analysis procedure by FIJI for 

determining the residual oil saturation after brine flooding. (A) Segmented 

image with red for grains, light green for oil, and pink for brine. (B) Image 

after thresholding to distinguish between oil phase in red and background in 

black. (C) Binary image with oil phase in white. 
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3. Results and Discussion 

3.1 Effect of salinity on the pore-scale displacement efficiency in  a 

hydrophi lic network 

 Table 3 summarizes the observed results from the series of pore-scale 

displacement of the hydrophilic and hydrophobic microstructures. The initial oil 

saturation was almost the same (0.88-0.89) after drainage displacement for the 

water-wet micromodel saturated with crude oils A and B, respectively. The residual 

oil saturation at the end of secondary flooding by seawater (imbibition) was 

determined to be 0.37 and 0.23, i.e. 57.9% of the oil in the system were recoverable 

in the pore network saturated with crude oil A, but with a significant displacement 

(74%) for that saturated with crude oil B, having less polar organic components 

(acid number= 0.25 mg KOH/g). For each oil/brine system, the flooding tests were 

repeated, and the observed oil saturation trend was almost the same with a small 

variation of about 3%. The discrepancy in the microscopic sweeping efficiency 

could be attributed to the difference in the oil composition, represented by the 

concentration of active polar components. Polar compounds composed of 

heteroatoms such as oxygen, nitrogen, and sulphur, which were generally found in 

the resin and asphaltene fractions of crude oil [40]. The oxygen compounds are 

mainly carboxylic acids (-COOH), but also include phenolic acids [37,41]. 

Carboxylic acids are interfacially active due to their polarity and hydrophilicity, and 

even quantities in the lower range could have an influence on the interfacial activity 

[42]. The quantity of petroleum acids is characterized by the total acid number 

(TAN), equivalent to the milligrams of KOH required to neutralise the acidity of 1g of 

oil [42]. Therefore, if we consider crude oil A with a high polar content (O=5.12 

wt.%, TAN= 0.46 mg KOH/g) and with the presence of high saline solution, we can 

expect that the acidic components will tightly bind to the divalent cations (Ca2+ and 

Mg2+) of seawater, resulting in less desorption efficiency for crude oil A compared to 

crude oil B. Farooq et al. [43] also found that the high concentration of divalent ions 

resulted in less desorption efficiency due to the complex formation between Ca2+ 

and dissociated asphaltene groups. On the other hand, injection seawater which 

has a high concentration of monovalent cations (Na+), could lead to the 
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replacement of the divalent cations that are bonded to the acidic polar components 

by these monovalent cations, helping to detach some of the polar components from 

the surface and improve the displacement efficiency. 

A typical example of the segmented images of water-wet micromodel, showing oil 

distribution after high- and low-salinity water flooding is illustrated in Figure 4. The 

overall pressure drop across the micromodel was also measured, as shown in 

Figure 5. It is clear that a considerable increase in the maximum pressure 

difference was observed, particularly at the earlier stage of seawater flooding, 

suggesting a high capillary pressure and a strong resistance to the water flow and 

therefore a higher viscous pressure drop is required to overcome the critical 

capillary entry pressure. Afterward, the pressure drop was decreased and was 

relatively stable as a result of oil production and an increase in the relative 

permeability of water.  

 

Table 3. Summary of micromodel experiments  

 

 

 

 

 

 

 

 

Micromodel 
type 

Crude 
oil 

 
 

Wettability Initial oil 
saturation 

(Soi) 

Residual 
oil 

saturation 
(Sor) at 

secondary 
mode 

Residual oil 
saturation 

(Sor) at 
tertiary mode 

Oil recovery 
enhancement 

(%) 

silicon-glass A water-wet 0.88 0.37 0.30 - 2dSW 
0.29 - 5dSW 

8 

silicon-glass B water-wet 0.89 0.23 0.14 - 2dSW 10 
polymer-coated A oil-wet 0.87 0.50 0.50 0 
polymer-coated B oil-wet 0.84 0.47 0.46 - 2dSW 1 



14 

 

 

Figure 4. Micromodel images after secondary and tertiary flooding in a 

hydrophilic surface saturated with crude oil A. Red: grains, green: oil, purple: 

brine. 

 

 

 

 

 

 

 

 

 

                 

                

                 Figure 5 . Pressure drop across the hydrophilic micromodel saturated with 

crude oil A during secondary and tertiary flooding. 
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It is important to emphasize that during secondary imbibition oil was transported 

along the pore-throat pairs due to the multiple snap-off and coalescence process, 

i.e. the flow was under ganglion dynamic regime. It has been reported that the 

stability of displacement and fluids distribution are controlled by the capillary 

number (which is defined as ܰܿ ൌ  is the oil/brine interfacial tension, 31.8 ߛ is the viscosity of the injecting fluid, and ߤ ,where v is the velocity of the injecting fluid ,ߛȀߤߥ

mN/m for seawater) and viscosity ratio (M = ȝw/ȝo, ȝw and ȝo represent the 

viscosities of the displacing and displaced fluids, respectively) [44]. In the case of 

seawater injection, the capillary number is low (4.9×10-8) and M ख़1, indicating that 

the flow pattern falls within the unstable capillary fingering regime according to 

Lenormand’s stability diagram [45]. The ganglion dynamics happen when oil 

trapped inside the pore-throat pairs is dominated by capillary forces rather than 

viscous forces [46,47]. Figure 6 shows two series of magnified images taken at two 

different locations of the hydrophilic micromodel during secondary seawater 

imbibition, clarifying snap-off and coalescence events. It is obvious that the snap-off 

occurred because of water film swelling in a throat between two contiguous pores 

(marked by a black stippled circle in Fig. 6C). This affects the stability of the 

oil/brine interface at the throat, leading to a discontinuity in the oil phase and 

forming an isolated cluster (ganglion), which was finally stabilized in a single pore 

(Fig. 6D). These observations are in agreement with earlier visual studies by 

Amirian et al. [34] and Rücker et al. [47] for water-wet systems. 

At the beginning of brine flooding, the snap-off process occurred frequently 

due to the capillary disequilibrium and therefore the number of disconnected oil 

clusters was increased. After snap-off, the local capillary pressure was relatively 

increased as the individual clusters tend to find a new place with the minimum local 

energy [48]. For this, it is observed that the disconnected clusters prefer to 

internally reconnect (coalesce) with other movable clusters in the adjacent pore with 

lower capillary pressure, moving then along rigorously from pore-to-pore, leading to 

an improvement in the microscopic displacement efficiency and a decrease in the 

oil saturation. This suggested that the viscous forces showed a very small effect on 

the pore-scale displacement when the high salinity solution was injected, and the 
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net oil transport was almost due to the ganglion dynamic regime (oil cluster 

mobilization) even though the associated capillary number is very low (<< 10-5). 

Figure 6E-G illustrates a sequence of coalescence during seawater injection. As the 

oil saturation was reduced, the coalesced clusters were trapped into pore throats, 

and the seawater had continuously proceeded in tandem along the walls of the pore 

without sweeping the receding oil in the pores’ center; hence no more oil was 

produced after 9 hours of continual seawater flooding. 

 

 

   Figure 6 : Two series of the same magnified sections at two different 
locations in the pore network during oil-seawater displacement. (A-D) Shows 
the sequence of snap-off. (E-H) S how s the sequence of coalescence and 
ganglia movement. Red: grains, green: oil, purple: brine. 

 

It is obvious that a reduction in the trapped oil clusters was observed in some 

parts of the network after continuous injection of twice-diluted seawater in tertiary 

mode (Fig. 4C), resulting in an enhancement in oil recovery of 7% compared to 

10% for the case of the micromodel saturated with crude oil B (see Table 3), 

coinciding with a small reduction in the overall pressure drop, suggesting a 
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decrease in the flow resistance to brine. The experiments were repeated, and the 

same trend was observed. It has been reported that the capillary trapping is mostly 

dominated by the change in the flooding velocity, pore geometry, and rock-fluid 

interaction (wettability alteration) [33,45,49,50]. In this case, twice diluted seawater 

was injected at the same low rate as seawater (5 µl/hr); therefore, we expect that 

the mobilization of oil clusters would not be by viscous forces. Also, a close 

examination of the pore network images after exposure to twice diluted seawater 

showed a very minor change in the in-situ contact angle over the time scale of 

injection, but the wetting state remains within the same strongly water-wet 

condition, Fig.7B. Such results are incongruent with what was previously observed 

from some core floods within a Darcy-scale that a reduction in the residual oil 

saturation with the decrease in brine salinity was attributed to the wettability 

alteration from strongly water-wet toward an intermediate-wetness [51,52]. 

However, the findings of the present work agree with the results by other 

researchers [16], showing higher oil recovery with water-wet wettability. On the 

other hand, it was found that the interfacial tension was approximately constant 

(30.5 and 33.7mN/m for oils A and B, respectively) as the seawater was diluted 

twice from its original concentration. Consequently, the capillary number remains 

within the low range (4.6-5×10-8), which is far smaller than that required for residual 

oil mobilization (Nc=10-5 for hydrophilic surface) [25,53]. 
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Figure 7. Magnified images at different locations in the hydrophilic 

micromodel show a typical example for in-situ contact angle between the 

oil-brine and brine-solid when the system was flushed with (A) seawater, (B) 

2dSW, (C) 5dSW and (D) 10dSW. The stippled circles refer to a thin film of 

brine coated the walls of the pore, preventing oil from reaching the 

surfaces. Red: grains, green: oil, purple: brine. Resolution of the images = 

1.5 µm. 

 

As twice diluted seawater showed less impact on the interfacial properties and 

therefore on the capillary forces, we found that the most likely reason behind oil 

mobilization is the reduction in the attractive electrostatic forces (adhesive forces) 

between the trapped oil and silicate surface. It has been reported that in the 

presence of a water film the oil/solid interface becomes charged [54]. Furthermore, 

the low-salinity solution has a neutral pH =7.58 (Table 1), meaning that the 

silica/brine interface is almost negatively charged [17,37,55]. In comparison with 

other diluted brines, twice-diluted seawater contained a high concentration of 

monovalent cations such as Na+, which could substitute the divalent cations (Ca2+ 

and Mg2+) bonded to the negatively charged polar organic components of oil (-

COOH) during secondary seawater injection [17,38]. Thereby, the divalent ions 

leave the silica surface along with the crude oil, helping to improve the microscopic 

sweep efficiency. Figure 8 shows the potential chemical interactions between 

silica/oil/brine at a molecular scale level. The results are qualitatively supported by 
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our previous work to evaluate the desorption efficiency of oil with different 

compositions from silica surfaces upon exposure to low saline solutions [38].  

 

 

 

 

 

 

 

 

     Figure 8. Proposed chemical interactions between oil/brine/hydrophilic 
surfaces at a molecular scale level. 

 

Another probable explanation in which twice-diluted seawater influences the 

trapped oil mobilization is by considering the effect of the viscoelastic interface. It 

has been recently suggested that when the low saline solutions come in contact 

with the polar organic components of oil, a highly viscoelastic film will be formed 

[56,57]. It has also been hypothesized that the interactions between the charged 

surface and the ions in electrolyte will lead to creating an ionic structure along the 

interface, known as the electrical double layer (EDL) [34,58,59]. The concentration 

and type of ions existing in the electrolyte play a crucial role in the magnitude of the 

conductivity and thickness of the electrical double layer. At very high salinity and 

ionic strength, a shrinkage in the thickness of the EDL would occur and vice versa 

[60-62]. It is, therefore, speculated that when twice-diluted seawater was flooded 

continuously for more than 6 hours, an expansion in the electrical double layer 

(EDL) would happen. This leads to screening off all the interactions with the bulk 

solution, and hence increasing the affinity of polar organic components into the 

oil/brine interface, which favorably promoted the viscoelasticity at the interface. As a 

result, the trapped oil clusters were dispersed in the saline solution, i.e., the 

sweeping process can be much easier.  
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 Injecting 5dSW into the hydrophilic porous media displayed a minor increase 

(1% of OOIP) in oil recovery for the micromodel saturated with oil A (see Fig. 4D) 

but with no improvement in recovery factor for the case of oil B. Any further 

decrease in the salinity also did not show an increase in the microscopic 

displacement efficiency for the two kinds of crude oils examined, a typical example 

is shown in Figure 4E, F. Such results could be traced back to the reduction in the 

concentration of monovalent ions (Na+) and therefore their binding at the solid-

water interface could be reduced. The EDL expansion could also be not large 

enough to stimulate the attraction of polar components toward the interface to form 

the viscoelastic interface. The previous study suggested that a critical expansion of 

the EDL is required for oil displacement [63]. These results also substantiate 

previous macroscopic core flooding experiments discussed in the literature that the 

low-salinity effect on EOR from sandstone (silica) is mostly dominated by the 

presence of significant clay minerals [64]. The pressure drop was relatively constant 

with the stepwise low-salinity injection, consistent with a constant resistance to the 

flow of brine.  

 

 

3.2 Effect of salinity on the pore-scale displacement efficiency in a 

hydrophobic network  
From the second set of microfluidic experiments, examining the impact of 

different saline solutions on the microscopic sweeping efficiency in a hydrophobic 

microstructure, it was found that the initial oil saturation at the end of drainage 

displacement were 0.87 and 0.84 for oils A and B, respectively. More than half of 

the oil was trapped in the hydrophobic pore network at the end of secondary 

flooding by seawater, as the sweeping efficiency were calculated to be 42.5% and 

44% for oils A and B, respectively. Repeating the visual experiments with seawater 

as the displacing fluid results in almost the same recovery factor with the variation 

of about 2% for the two types of crude oil examined. Figure 9 shows an indicative 

example of the binary analysis of the micromodel images for a hydrophobic pore 

network saturated with crude oil A. Like the hydrophilic microstructure, the 
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corresponding pressure profile at the beginning of seawater flooding was 

increased, and then it was decreased once the brine displacement front began to 

cross-flow through the micromodel (Figure 10). It is worth noting that the snap-off-

coalescence phenomenon was not observed when brine was flooded through the 

hydrophobic pore network and brine smoothly displaced oil in a piston-like way 

with a stable or sometimes irregular displacement front, as the oil was moved 

ahead of the brine, and only the irreducible oil was left behind the displacement 

front. Figure 11 shows a typical example of the brine front, advancing with time on 

the right-hand side of the micromodel. 

        

          

         Figure 9 . Segmented micromodel images after secondary and tertiary 

flooding in a hydrophobic surface saturated with crude oil A . Red: grains , 

green: oil, purple: brine. 
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       Figure 10. Pressure drop across the hydrophobic micromodel during   

secondary and tertiary flooding. 
 
      

 

    Figure 11. Segmented images, showing brine front advancing during 

secondary injection in the hydrophobic micromodel. Red: grains, green: oil, 

purple: brine. 

 

The analysis of recorded images did not show any dramatic change in the 

residual oil saturation during the sequential flooding of different dilution versions of 
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seawater, Figure 9C-F, and thereby no positive effect on the microscopic sweeping 

efficiency. The results also revealed that injecting twice diluted seawater in the 

hydrophobic micromodel saturated with crude oil B showed a minor improvement 

(1%) in oil recovery (Table 3). Although the results contradict some macroscopic 

core flooding experiments that show a positive effect of low salinity on EOR from 

carbonate surfaces as a result of wettability alteration to preferentially water-wet 

conditions [10,65], they are in agreement with those of Lager et al. [1] and Fathi et 

al. [9]. The foremost reason for this inconsistency is due to the fact that in this 

study the wetting state at the pore scale level did not change during the entire 

course of low-salinity displacement and all the pore walls remain within a strongly 

oil-wet condition. Figure 12 illustrates the contact angle and oil/brine interfaces at 

typical locations at the end of the imbibition displacement. It has been reported that 

it is difficult to detach polar oil components that bond strongly to the hydrophobic 

surface by low-salinity solution and the only way to remove them is by increasing 

the salinity of the injected water, which can promote the reactivity of the surface 

and modify the wettability to water-wetness [1]. Such a hypothesis is consistent 

with what is observed in this study during the microscopic displacement. A close 

inspection of the recorded images in Figure 13 illustrates that a thin oil film coated 

the walls of the pore that were already invaded by brines, meaning that the surface 

had a higher affinity to oil than water and therefore promoting the interaction 

between oil components and grain surfaces. For this, streaming brine toward the 

grains was not able to replace the attached oil film, and the grain surfaces remain 

within oil-wet conditions. This could provide compelling evidence that the 

multiphase flow of the oil-brine system and in-situ contact angle over a pore-scale 

with a length of micrometers are different from those reported in the literature 

within a macroscopic scale level [11,14,66], helping in reliably predicting reservoir 

performance under low-salinity flooding. 

The overall pressure drop (Figure 10) across the pore network also remains 

within the same level during the stepwise low-salinity injection with a value of 20 

kPa ± 2, suggesting a constant flow resistance and stable brine flow. 
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Figure 12. Segmented images of in-situ contact angle measured at different 

locations in the hydrophobic micromodel when the system was flushed with 

(A) seawater, (B) 2dSW, (C) 5dSW and (D) 10dSW. Red: grains, green: oil, 

purple: brine. Resolution of the images = 1.5 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 . Magnified images at different locations in the hydrophobic 

micromodel during low-salinity flooding, illustrating strongly oil-wet surfaces 

as the oil occupies the smallest pores and brine advances over it . Thin oil 

films are left on the walls of some invaded pores, showing strong adhesive 

forces between oil and grain surfaces. 
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3.3 Effect of low salinity flooding on the secondary recovery of the 

hydrophilic and hydrophobic networks 

The other two series of microdisplacement were conducted on hydrophilic and 

hydrophobic microstructures saturated with crude oil A to examine the efficiency of 

secondary low-salinity injection on oil production compared to high-salinity solution 

(seawater).  For this, 5 times dilution of seawater was flooded in secondary mode, 

while 10 times dilution of seawater (4366 ppm) was selected to inject in tertiary 

mode since previous core flood studies indicated that reducing the salinity of water 

below 5000 ppm revealed positive results for sandstone and carbonate reservoirs 

[1-7,10]. Figure 14 shows oil distribution after secondary and tertiary low-salinity 

flooding through the hydrophilic and hydrophobic pore networks. Obviously, a clear 

distinction in the magnitude of oil recovery from that of secondary seawater 

injection was observed (Figure 14A), 49% compared to 57.9% recovered from the 

seawater secondary flooding under the same test conditions (see Table 3). This 

might be commonly traced back to the reduction in the ionic strength of the 

solution, particularly in terms of divalent ion concentration, which was supposed to 

play the greatest role in the oil desorption efficiency from the water-wet surfaces 

[67]. However, the discrepancy between high- and low-salinity secondary flooding 

was less pronounced for a hydrophobic surface. Hence, 38.8% of the oil was 

produced by injecting 5 times dilution of seawater in secondary mode compared to 

42.5 % when seawater was flooded through the hydrophobic surface. Injecting 10 

times dilution of seawater in tertiary mode did not reveal any positive effect on the 

incremental oil recovery for both surfaces examined. This could provide compelling 

evidence that the sequence of displacement did not heavily affect the potential of 

low-salinity water to enhance oil recovery, as the same impact of 10 times dilution 

was observed when high-salinity seawater was injected in secondary mode. 
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Figure 14. Segmented micromodel images after secondary and tertiary low- 

salinity flooding for (A) hydrophilic micromodel and (B) hydrophobic 

micromodel. Red: grains, green: oil, purple: brine.  

 

 

The overall corresponding pressure drop across the hydrophilic and hydrophobic 

microstructures recorded during the secondary and tertiary low-salinity water 

flooding is shown in Figure 15. Peak pressure drops of 93 kPa and 48 kPa were 

observed before the breakthrough time for the hydrophilic and hydrophobic 

surfaces, respectively. The pressure was then stabilized at 80 ±3 kPa and 37±2 

kPa with the continuous 5 diluted seawater flooding. Injecting 10 times dilution 

revealed a little further increase in the pressure drop for both surfaces examined 

with a small fluctuation in the pressure values for the oil-wet microstructure. This 

could be attributed to the disequilibrium in the local capillary pore pressure and 

(A) 

(B) 
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occasional resistance to flow through the hydrophobic pore network. Such results 

are in line with what was previously observed from the macroscopic core flooding 

experiments on chalk, showing higher fluctuations in the pressure drop upon 

exposure to 10 times dilution [68]. Cissokho et al. [69] also stated that there was 

an increase in pressure drop when the low-saline solution was injected into the 

sandstone cores even if no extra oil was recovered. 

 

       

       Figure 15. Pressure drop for (A ) hydrophilic micromodel. (B) 
Hydrophobic micromodel during secondary and tertiary low-salinity 
flooding. 

 

 

 

      4. Conclusions 

 In this work, the impact of ionic strength and brine salinity on the pore-scale 

displacement efficiency is experimentally investigated using two types of 

micromodel with the same pore geometries but different wetting properties. The 

results revealed that the dynamics of displacement and flow pattern during 

secondary flooding by seawater (high salinity) were different in the hydrophilic and 

hydrophobic surfaces. For the hydrophilic system, oil moved through a multiple 
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snap-off and coalescence process, while a piston-like displacement of oil by brine 

was dominant in the oil-wet microstructure. For the hydrophobic microstructure, it 

was found that no change in the initial wettability was observed during a sequential 

low-salinity injection as the pore surfaces remain within a strongly oil-wet condition 

due to the highly bonding effect between polar oil components and pore surfaces. 

Thereby, tertiary low salinity flooding did not show any positive effect on the 

microscopic displacement efficiency for the oil-wet system. However, an 

improvement in oil recovery of 7-10% was observed by injecting twice-diluted 

seawater through a hydrophilic micromodel due to a reduction in the electrostatic 

attractive forces (i.e., adhesive forces) and electrical double-layer expansion, 

which could promote the viscoelasticity at the interface. Furthermore, the effect of 

oil composition represented by active polar components on the microscopic 

displacement efficiency is more pronounced for the hydrophilic surface than that of 

hydrophobic one at different salinities. The potential of low salinity to enhance oil 

recovery was not affected by the sequence of flooding.  

The present findings provide direct evidence that the multiphase flow of the 

oil/brine system and in-situ contact angle variation at the pore-scale are different 

from some of those reported previously at the macroscopic scale for both oil-wet 

and water-wet porous media, suggesting extra cautions are needed to predict 

and/or interpret the effect of low-salinity injection on reservoir performance.  
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