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 5 
Abstract 6 

One the most promising Enhanced Oil Recovery (EOR) methods, Low salinity water injection 7 

(LSWI) has faced several critical challenges, of which understanding the underlying 8 

mechanism is still of utmost importance. Here, we combine traditional coreflood experiments 9 

with several analytical tools to gain an insight into the mechanism of additional oil recovery 10 

by LSWI. Two crude oil samples with contrasting propensities to form microdispersion were 11 

chosen for coreflood experiments in a clay-rich sandstone core. Microdispersion is a term 12 

denoting the spontaneous formation of separated water phases within the crude oil phase by 13 

surface-active materials such as asphaltenes and/or carboxylic acids contributing to additional 14 

oil recovery by wettability alteration and crude oil swelling. Investigating the reasons behind 15 

the different responses to tertiary LSWI, it appeared that clay is not a decisive factor for low 16 

salinity effect (LSE) as previously believed. Additionally, surface charge evaluations and ionic 17 

composition of effluents showed that electrical double layer expansion and multi-ion exchange 18 

(MIE) mechanisms are not primary contributors to LSE. Extensive investigation by FT-IR 19 

spectroscopy and water content measurements suggests the underlying mechanism associated 20 

with LSWI is microdispersion formation by acidic materials (i.e., carboxylic acids and/or 21 

carboxylic functional groups of asphaltenes). The performance of tertiary LSWI, in terms of 22 

additional oil recovery, agreed well with the propensities of crude oils toward microdispersion 23 

formation. Experimental findings obtained herein contribute to resolve uncertainties around 24 

the mechanism of LSWI and look at reservoir eligibility for use of this EOR method.  25 



1 Introduction 26 

Low Salinity Water Injection (LSWI) has been well documented as to having major benefits 27 

over conventional High Salinity Water (HSW) injection in oil reservoirs [1-13]. Although 28 

several decades have passed from the first successful Enhanced Oil Recovery (EOR) operation 29 

of LSWI, the underlying mechanism has still not been conclusively agreed upon. The 30 

importance of understanding the main mechanism is essential when screening for suitable oil 31 

reservoirs for application of this EOR method. A satisfactory screening method requires a solid 32 

data set in the literature of waterflooding, something that is currently missing. Each reported 33 

experimental work has looked at the performance of LSWI from their own perspective and 34 

justifying further oil recovery based on a reversed engineering method. This has led to several 35 

proposed mechanisms, each of which justify the Low Salinity Water Effect (LSE) in 36 

contrasting fashion. For each proposed mechanism there is research which both favours and 37 

contradicts author’s studies. In this study, we aim to perform an evaluation that highlights the 38 

plausible importance of clay minerals, formation of microdispersion and electrical double layer 39 

expansion during LSWI. 40 

Injection of Low Salinity Water (LSW) had long been considered to only be implemented in 41 

sandstone reservoirs [3, 14-18] until Yousef et al. [19] reported successful LSWI in carbonate 42 

cores. The researchers believed the prominent role of clay minerals, which had been mainly 43 

shaped through MIE theory introduced by Lager et al. [3]. However, long before that study, 44 

early experimental works also highlighted the central impact of clay minerals during LSWI 45 

due to clay swelling and incremental pressure drop across coreflood systems [20-24]. 46 

Afterwards, the promising role of clay minerals was investigated and it was argued that the 47 

incremental oil recovery during LSWI is controlled by total clay content and clay type 48 

parameters [25]. When the key functionality of clay minerals was further doubted, it was 49 

asserted that only the clay minerals with high Cation Exchange Capacity (CEC), such as 50 



kaolinites, are responsible for LSE [2, 26-28]. Nonetheless, the effect of clay minerals with a 51 

high CEC was investigated in a clay-rich Berea sandstone core that appeared to have a negative 52 

response toward LSWI [15]. The discrepancies around the role of clay minerals became more 53 

evident when researchers introduced a correlation between kaolinite content and the 54 

incremental oil recovery [3, 16]. However there were reports linking positive performance of 55 

LSWI in rocks with differing clay minerals [29] and even more contrasting, in clay-free 56 

sandstone rocks [10, 17, 30, 31].  57 

Eventually, the LSE was observed in carbonates [19, 32] with no trace of clay minerals which 58 

had not been considered previously due to researchers building the mechanism of LSWI around 59 

the central role of clay minerals in sandstone formations. Soon after, new mechanisms linking 60 

LSWI were proposed in literature as a means to justify Yousef’s observation around the LSE 61 

in carbonate rocks [33-36]. Amongst them, Double Layer Expansion (DLE) [37] and local pH 62 

increase (∆𝑝𝑝𝑝𝑝) leading to wettability alteration [38] were the most referred to mechanisms. In 63 

DLE model, a decrease in salinity of injection water was argued to be effectual in changing the 64 

surface forces between rock/brine and oil/brine interfaces leading to increased electrostatic 65 

repulsion and lower oil adhesion toward the rock surface [33-35, 39-44]. But this was contrary 66 

to mineral adhesion tests indicating higher adhesion forces between oil and mineral surface in 67 

lower salinities at a fixed pH [45, 46]. In addition, a recent study showed that the surface 68 

charges of crude oil and carbonate rock particles in low salinity brines become less negative in 69 

higher temperatures revealing the lower expansion of electrical double layer [34]. This is 70 

inconsistent with the experimental results acquired through coreflood experiments in carbonate 71 

and sandstones suggesting the higher oil recovery is due to stronger wettability alteration at 72 

higher displacement temperatures (i.e., 130℃) [38, 47-50]. Other inconsistencies in DLE 73 

mechanism are zeta potential measurements (as a tool to measure the surface charges at the 74 

shear plane) which mainly have been conducted at ambient temperature with the rock powder 75 



in absence of crude oil. These make the DLE mechanism seldom applicable under real reservoir 76 

conditions. Moreover, the model of DLE used for calculation in DLVO model and surface 77 

complexation models (i.e., see [51]) can be only deployed at very low ionic strength (<0.1 M) 78 

when the ions are assumed to act as point charges [52]. 79 

Just like MIE model, in the local pH increase model [2], the presence of clay minerals is an 80 

essential prerequisite for observing the LSE, although the potential determining cations in 81 

formation water (i.e., Ca2+ and Mg2+) and polar compounds within the crude oil also provide 82 

major factors in the rock’s wettability state. The pH increase mechanism has been reported 83 

several times by Austad and others during LSWI [2, 4, 53] where they have reported pH 84 

dependent behaviour of acidic and basic compounds toward rock surfaces [54, 55]. However 85 

we believe local pH increase is implausible to occur at reservoir scale due to the buffer 86 

characteristics, such as CO2 [26]. Moreover, there are many reports arguing the pH increase in 87 

effluent during LSWI has occurred with no LSE [29, 56, 57], which is not consistent with the 88 

pH increase mechanism. Austad et al. [2] explained the decrease in Mg2+ concentration, that 89 

Lager et al. [14] had attributed to MIE, to an increase in Mg(OH)2 precipitation at pH > 9, 90 

however, such high pH had not been reported by Lager et al in the production well. 91 

These inconsistencies was around until microdispersion was initially reported to be a 92 

phenomenon associated with LSWI [58]. It was the first time that the possible role of crude oil 93 

was not overlooked in a rock/oil/brine system, where the rock system was considered as 94 

important as the crude oil phase. Formation of microdispersion was proposed to be the 95 

mechanism that can best predict the performance of LSWI regardless of rock type, above any 96 

other proposed mechanisms. Subsequently, it was shown that microdispersions are micelle-97 

structure clusters of water molecules surrounded by polar species within the crude oil at the 98 

oil/water interface [6, 7]. Recently, microdispersion formation has been also reported by 99 

several researchers as the underlying mechanism of LSWI irrespective of terminologies [8, 12, 100 



13, 59-72]. Based on the new proposed mechanism, a novel screening method was introduced 101 

63 which offered an accurate correlation between the potency of crude oils to form 102 

microdispersions and LSE in terms of additional oil recovery. The proposed screening method 103 

[73] was successfully employed in another study which showed that formation of 104 

microdispersion is a promising factor controlling the LSE during tertiary LSWI [74] in 105 

carbonate oil reservoirs. Recently Mehraban et al.[75]  showed through microfluidic 106 

experiments that injection of LSW causes not only wettability alteration but also oil swelling 107 

of which the latter substantially improves the microscopic sweeping efficiency. Also, 108 

microdispersion formation alongside with partitioning of surface-active compounds have been 109 

discovered as the dominant phenomena at the oil/water interface controlling the LSE [76]. 110 

The primary objective of this study was to investigate the effect of clay minerals on the 111 

performance of LSWI, therefore a clay-rich sandstone core was selected to be flooded by LSW. 112 

Initially, six crude oil samples with different physicochemical properties and unique 113 

propensities toward microdispersion were collected from carbonate oil reservoirs in the Middle 114 

East. Selecting crude oils from carbonate sources was crucial since the objective was to 115 

differentiate the fluid-fluid and rock-fluid interactions and as a result of that, a clear picture 116 

about the mechanism and the impact of clay minerals would be acquired. Secondary high 117 

salinity water injection (HSWI) and tertiary LSWI were carried out using the most and the least 118 

potent crude oils toward microdispersion. Surface charges of crude oils and rock particles 119 

alongside the cation exchange assessment were conducted through zeta potential and ionic 120 

chromatography analysis of effluents. FT-IR analysis was performed to discover the 121 

composition of the crude oil samples during secondary HSWI and tertiary LSWI. 122 

Understanding the chemical compositional changes of oil/water interface during waterflooding 123 

would lead to characterise the most responsible surface-active materials within the crude oil, 124 



which itself makes it possible to achieve a consistent screening method for LSWI based on 125 

fluid-fluid interactions. 126 

2 Materials and Methods 127 

2.1 Brine Compositions 128 

Brines with varied salinities were made by mixing appropriate amount of pure salts [BioXtra 129 

grade salts, ≥99.5 (AT), Sigma-Aldrich] with Deionized water (DW) [molecular biology 130 

reagent grade with a conductivity of approximately 0.05 𝜇𝜇𝜇𝜇/𝑐𝑐𝑐𝑐, Sigma-Aldrich]. The mixing 131 

procedure was carried out using a magnetic stirrer. The solution was then vacuumed to remove 132 

any possible dissolved air. The compositions of the brines are shown in Table 1. It should be 133 

stated that the composition of HSW is equivalent to an oil reservoir in the Middle East, while 134 

the seawater (SW) composition stands for the Persian Gulf seawater. Accordingly, SW25d 135 

represent 25-times diluted SW, and salinity of LSW is equivalent to 100-times diluted SW. 136 

 137 

Table 1. Geochemical ionic composition of brines. 138 
Salts HSW (ppm) SW (ppm) SW25d (ppm) LSW (ppm) 

NaCl 141314 28400 1136 284.05 

KCl 628 800 32 8 

MgCl2 2854 13729 549 137 

CaCl2 40286 1828 73 18 

Na2SO4 2586 4490 179 44 

NaHCO3 2014 100 4 1 

TDS* (ppm) 189689 49347 2000 493.53 



Ionic Strength** 
(mole/Litre) 3.674 0.83 0.033 0.008 

*Total Dissolved Solids 
**Ionic strength is defined as 

𝐼𝐼 =
1
2
�𝑐𝑐𝑖𝑖𝑧𝑧𝑖𝑖2
𝑛𝑛

𝑖𝑖=1

 

Where 𝑐𝑐𝑖𝑖 is the concentration of ionic species i in mol/L and 𝑧𝑧𝑖𝑖 is its charge. 

 139 

2.2 Crude Oil Samples  140 

Table 2 shows the physicochemical properties of the crude oil samples being used in this study. 141 

All crude oil samples were centrifuged before the experiments to remove any possible solids 142 

or emulsion. Asphaltene content of crude oil samples were measured according to IP 143 143 

standard procedure. The Total Acid Number (TAN) and Total Base Number (TBN) in 144 

accordance with ASTM D664 and ASTM 2896, respectively. To minimise possible contact 145 

with clay minerals the crude oil samples were collected from carbonate oil reservoirs in the 146 

Middle East. It was crucial they weren’t from sandstone sources where clay minerals are a 147 

constituent, thus the results can be interpreted from pure fluid-fluid interactions. Crude oil S2, 148 

S3, and S4 appeared to be more asphaltenic crude oils with a comparably high TAN showing 149 

either presence of acidic materials such as carboxylic acids and phenols or natural acidity of 150 

asphaltene molecules due to hydroxyl and/or carboxylic groups within their structures. Crude 151 

oil S1, S5, and S6 also showed more resin-based characteristics with a higher TBN that were 152 

revealed to have low potencies toward microdispersion formation. Although, the possible link 153 

between the physicochemical properties of crude oils measured by SARA analysis and the 154 

performance of crude oils toward microdispersion requires more research. 155 

 156 

It has been shown that the crude oil samples with a strong propensity to form microdispersion 157 

react positively toward LSWI [66, 73, 74, 77]. The affinities of crude oils to from 158 



microdispersion were quantified by Karl Fischer Titrator [Titrator Compact C20SX, Mettler, 159 

Toledo] and reported in Table 2. The reported ratios in Table 2 are the average values of 3 160 

measurements with the error of ±50 ppm for each sample. Crude oil S1 and crude oil S2 were 161 

the weakest and the most potent crude oils in terms of microdispersion formation, respectively, 162 

as such they were selected for the coreflood experiments.  163 

Table 2. Detailed SARA, Total Acid Number (TAN), and Total Base Number (TBN) measurements showing 164 
the physicochemical properties of crude oil samples. 165 

Crude 
ID 

Saturated 
(%wt) 

Aromatics 
(%wt) 

Resins 
(%wt) 

Asphaltene 
(%wt) 

TAN 
(mg of 

KOH/g) 

TBN 
(mg of 

KOH/g) 

LSW WMD 
Ratio* 

 

Crude S1 76.06 21.13 2.49 0.32 0.11 2.98 2.32  

Crude S2 33.64 46.76 16.93 2.67 0.30 0.55 13.24  

Crude S3 25.51 48.34 24.98 1.17 4.18 2.52 3.20  

Crude S4 24.07 42.37 31.27 2.29 1.62 0.17 11.21  

Crude S5 50.18 33.12 16.25 0.45 0.46 1.24 4.55  

Crude S6 26.50 47.97 24.93 0.60 5.65 1.57 4.15  

*Water Microdispersion Ratio of LSW = Water content of crude oil after contact with LSW in ppm
Intrinsic (bond) water content of crude oil in ppm

 

 166 
 167 

Formation of microdispersion usually occurs at the oil/water interface which has always been 168 

a challenge to separate from the bulk oil in laboratories. It is demanding for two reasons; firstly, 169 

to measure the amount of spontaneously formed microdispersion, and to secondly, investigate 170 

the compositional changes at the interface arising due to formation of microdispersions. 171 

Quantifying the produced microdispersion and determining the main responsible compounds 172 

of crude oil for that microdispersion could contribute toward a suitable screening tool for oil 173 

reservoirs in respect LSWI. The crude oil and brine were contacted in a specially designed 174 

chamber, shown in Figure 1-a. A 3-day period was used to ensure that the oil/water interactions 175 

had reached an equilibrium after adsorption of surface-active materials from the bulk oil into 176 

the interface and the formation of microdispersion (Figure 1-b). The water phase was slowly 177 

depleted from the bottom valve, before samples were taken from the interface (Figure 1-c). The 178 

interfacial crude oil samples taken from the oil/water interface were analysed by both KFT 179 



method (to measure the amount of microdispersion within each sample) and FT-IR analysis 180 

(which will be elaborated on further in the Discussion section) to quantify and analyse the 181 

microdispersions. 182 

 183 

 184 

  185 
Figure 1. Graphical abstract of crude oil/brine contacting procedure and oil/water interface creation for microscopic 186 

analysis.  187 

2.3 Core Sample  188 

For coreflood experiments, one sandstone core sample was drilled from a preserved reservoir 189 

whole core this was reused in order to obtain the most comparable results throughout the two 190 

planned experiments. By using a sandstone core, it was argued there should be noticeable 191 

findings relating to the promising role of clay minerals on the performance of LSWI. 192 

Environmental-Scanning-Electron-Microscope (ESEM) imaging and X-ray diffraction (XRD) 193 

methods were performed on a thin section and the crushed powder of the rock sample 194 

respectively, to characterise the mineralogical aspects of the core. The ESEM images of the 195 



thin section in Figure 2 suggests the suitable homogeneity and prevalent presence of clay 196 

minerals within the core sample with the XRD analysis giving more details about mineralogical 197 

properties of rock samples and reported in Table 3. Besides quartz, the rock sample is 198 

composed of kaolinite, illite, and chlorite minerals. With the rock sample containing a 199 

considerable amount of kaolinite, which is a non-swelling clay mineral, this fulfils the 200 

requirements of the LSE being observed with respect to MIE model.  201 

Table 3. Detailed composition of core sample used in the coreflood experiments acquired by XRD. 202 

Minerals Composition (wt 
%) 

Quartz 85.2 

Dolomite 0.1 

Calcite 1.5 

Plagioclase feldspar 4.7 

Pyrite 0.0 

Gypsum 0.3 

Illite 1.9 

Kaolinite 3.4 

Chlorite 0.6 

Siderite 0.0 

K-feldspar 0.8 

Muscovite 1.2 

Ankerite 0.3 

Total 100.0 

 203 
 204 



205 
Figure 2. ESEM images acquired for a thin section of the core sample in which the dark patches show the void spaces (i.e., 206 
pores), the grey grainy areas indicate the clay minerals, and the crystalline grey sheets represent the quartz grains. Also, the 207 

bright shiny particles within the figures are crude oil spots remaining after cleaning the thin section. The magnifications 208 
from 400 to 40 then to 10 𝜇𝜇𝑐𝑐 indicate the present of clay minerals more clearly.  209 

2.4 Fourier Transform Infrared Spectroscopy (FT-IR) 210 

The interfacial crude oil samples from the oil/water interface were further analysed through IR 211 

spectroscopy to gain an insight into the compositional changes taking place at the interface. 212 

The IR spectra were acquired using a Jasco IR spectrometer [FT-IR 4600 instrument]. The 213 

samples were spread entirely on single-reflection glass chamber of the spectrometer. For each 214 

sample, 18 scans were taken and combined to minimise the measurement error. The 215 

background spectrum was captured in regards air phase to establish a baseline for internal 216 

calibration. The glass chamber was successively cleaned by toluene and methanol [reagent 217 

Pores

Quartz

Clay

400 

40 

10 



grade, Sigma-Aldrich] and dried with pressurised dry Nitrogen (N2) gas to remove any possible 218 

contaminate prior to each experiment.  219 

2.5 Coreflood Experiments  220 

The initial conditions and properties of the core sample during the coreflood experiments are 221 

listed in Table 4. As illustrated, the physical properties of the core sample such as porosity and 222 

permeability are near identical after the first experiment. The core was cleaned with the 223 

successive injection of toluene and methanol solvents until the effluents became transparent 224 

and the permeability of core was restored to the original value. 225 

 226 

Table 4. Physical properties of core sample during the first and the second experiments and the initial 227 
conditions. 228 

 Core Length 
(cm) 

Core Diameter 
(cm) 

Core Porosity 
(%) 

K [Brine] 
(md) 

Swi 
(%) 

Oil Viscosity 
At 80 c (mPa.s) 

Ex#1- Crude S1 12.84 2.44 21.31 71.32 0.10 0.817 

Ex#2- Crude S2 12.84 2.44 20.82 70.43 0.08 2.856 

 229 

 The schematic diagram of the coreflood rig used in this study is presented in Figure 3. Dual-230 

cylinder Quizix pumps (SP-5200, Chandler Engineering) were used to inject the fluids through 231 

the core, to maintain the overburden pressure (OBP) and back-pressure regulator (BPR). 232 

Pressurised N2 gas at 1500 psi was used to keep the pressure across the core by the BPR. 233 

Quartxdyne pressure transducers (Quartzdyne Inc, U.S.A) (+/- 0.005 MPa) were used to record 234 

the inlet and outlet pressures across the core during the experiments with Platinum Resistance 235 

thermometers (PRT) (+/- 0.1 K) mounted inside the oven to control the temperature. The core 236 

was placed vertically, with injection fluids (i.e., secondary high and tertiary low salinity water), 237 

injected from the bottom to the top of the core, thus gravity segregation effects can be ignored.  238 

The core was initially saturated with HSW at ambient conditions and allowed to soak for two 239 

days to achieve geochemical equilibrium with HSW. Initial water saturation was established 240 



in the core by succeeding displacement procedure of viscous inert fluids with less viscous inert 241 

fluids. Finally, dead crude oil was injected, initially at ambient conditions, before continuing 242 

injection at 80℃. The core was allowed to age for 28 days at 80℃ and 1500 psi, with an 243 

injection rate of 0.2 cm3/hr. The pressure drop across the core was monitored during the aging 244 

period to capture potential wettability change. After aging with the related crude oil, HSW was 245 

injected in secondary mode with an injection rate of 5 cm3/hr (equivalent to 1ft/day). HSW 246 

injection continued until no further oil production was observed. Two bumped floods were 247 

applied at high injection rates of 25 and 50 cm3/hr to eliminate any capillary end-effects. 248 

Tertiary LSWI was carried out with the same injection rate and two comparable bumped floods 249 

with the same rates. During both secondary and tertiary waterflooding stages, the pressure drop 250 

across the core and the oil production were measured. 251 

252 
Figure 3. Graphical schematic diagram of the coreflood rig. 253 
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2.6 Zeta Potential Measurement 254 

The surface charges of crude oil samples at ambient conditions (temperature of 20℃ and 255 

pressure of 14.7 psi) were measured at pH of 7 using a Zetasizer Nano-ZSP [ZEN5600, 256 

Malvern Instruments]. The instrument measures the electrophoretic mobility of oil droplets 257 

dispersed within a brine solution, the electrophoretic mobility can be converted into zeta 258 

potential through Smoluchowski approximation of Henry’s equation [52].  259 

The ratio of 1:10 was chose to disperse 2 cm3 of the centrifuged crude oil sample in 20 cm3 of 260 

brine using an ultrasonic probe [UP400St, SciMed Products Ltd]. Immediately after sonication, 261 

5 cm3 of the prepared emulsion was mixed with 50 cm3 of parent brine and left on a magnetic 262 

stirrer for 1 hour. The sample had its pH adjusted along the acid/base titration with NaOH (0.1 263 

M) and HCl (1 M).  264 

Measuring the zeta potential of rock particles was more straightforward. A weight percent ratio 265 

of 5 % was chose to disperse 5 gr of rock particles in 100 gr of the brine using the ultrasonic 266 

probe. Immediately after sonication, the prepared suspension placed on a magnetic stirrer to 267 

ensure it remained homogenized. The NaOH (1 M) and HCl (0.1 M) solutions were used to 268 

adjust the pH during homogenization process. 269 

Each reported zeta potential value is an average value of five measurements with 13-100 runes 270 

per measurement, depending on the quality and conductivity of the samples. The measurement 271 

error was approximately ±3 mV which was estimated based on five measurements for each 272 

sample.  273 

3 Results and Discussions 274 

3.1 Surface Charges Evaluations  275 

It has been argued in numerous studies that the LSE is a result of several mechanisms all 276 

contributing to the additional oil recovery [37, 78]. Electrical double-layer expansion has been 277 



proposed as an initiative driver for LSE through easing the required conditions for other 278 

introduced mechanism such as MIE 75 and pH-induced wettability alteration [2, 54]. Having 279 

investigated the surface charges at the oil/brine and rock/brine interfaces in our systems, the 280 

electrostatic forces and electrical double-layer expansion in LSE can be differentiated from the 281 

other mechanisms. For this purpose, the surface charges of two well-known clay minerals 282 

(Kaolinite and montmorillonite), as the main constitutes of the sandstone core, and the crude 283 

oil samples were measured in different brines and shown in Figure 4.  All the measurements 284 

were carried out at ambient temperature and pressure and at the fixed pH of 7. Amongst the 285 

determining factors, pH is of the most dominant parameters controlling the surface charges at 286 

both rock/brine and crude oil/brine interface. Therefore, the pH of the brines was kept constant 287 

throughout the experiments avoiding the complexities of pH effect. The surface charges of 288 

crude oil samples S1 and S2 at lower salinities (DW and LSW) show a stronger negative 289 

response which indicates higher adsorption of negatively charged surface-active materials into 290 

the oil/water interface. In higher salinities, the surface charges of crude oil samples get close 291 

to the point of zero charges which can be explained by the intense screening effect (shielding 292 

effect [69]) at the interface, restricting the adsorption of surface-active materials from the oil 293 

bulk into the interface [33, 79]. The surface charges of rock particles are negative in lower 294 

salinities with the negative surface charges tending to decrease in higher salinities. The surface 295 

charges of crude oil S1 and kaolinite particles are -55.2 and -30.33 mV, respectively at LSW. 296 

According to electrical double layer theory [33, 37, 80], these negative surface charges would 297 

cause a massive electrostatic repulsion between rock/brine and oil/brine interfaces, 298 

subsequently leading to wettability alteration toward more water-wet state. This can be 299 

concluded based on the electrical double layer theory so far that injection of LSW should lead 300 

to the electrical double layer expansion with the observation of the LSE from both experiments 301 

using crude oil S1 and crude oil S2.  302 



 303 
Figure 4. Zeta potential of crude oil S1, crude oil S2, and different clay minerals in different brines at a pH of 7.0. 304 

Secondary vertical axis shows the IFT values between crude oil samples and different brines. 305 

3.2 Displacement Efficiencies through Coreflood Experiments 306 

After learning that electrical double layer expansion is approximately the same for using crude 307 

S1 and crude S2 in the proposed clay-rich sandstone coreflood experiments. The main objective 308 

of this work was to study the possible mechanisms involving in LSE and introduce the most 309 

responsible mechanism. Discounting the electrical double layer expansion mechanism, 310 

providing the core composition which included a substantial amount of clay and the formation 311 

water contained considerable concentrations of Ca2+ and Mg2+ then the MIE mechanism was 312 

also prominent. Moreover, the crude oil samples (i.e., crude oil S1 and crude oil S2) were 313 

selected so that microdispersion formation happened noticeably only in Crude Oil S2. 314 

Therefore, performing these two contrasting coreflood experiments increases our 315 

understanding around the underlying mechanism of LSWI and contributes towards a potential 316 

screening method of oil reservoirs towards LSWI. 317 

Investigating the effect of LSWI on oil recovery; a secondary HSWI was performed to establish 318 

the residual oil saturation in both experiments. The low injection rate of secondary HSWI (5 319 

cm3/hr which is equivalent to 1 ft/day), allows the capillary forces to work alongside the 320 
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viscous forces. Overall oil recovery is however primarily controlled by viscous forces. Given 321 

that both experiments were conducted in the same core, the viscous forces only derive from 322 

injection rate and mobility ratio (𝑀𝑀 = 𝑣𝑣𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣𝑣𝑣 𝑣𝑣𝑜𝑜 𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤𝑤𝑤
𝑣𝑣𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣𝑣𝑣 𝑣𝑣𝑜𝑜 𝑣𝑣𝑖𝑖𝑜𝑜

). The initial wettability state affects 323 

oil recovery production during the secondary HSWI, as such the same aging procedure was 324 

applied for both experiments to ensure similar initial wettability states.  325 

Experiment 1: Crude Oil S1 326 

With initial conditions established within the core of 10 % initial water saturation and 90 % 327 

initial oil in place (IOIP), HSW was injected into the core. Figure 5-a shows oil recovery and 328 

full pressure-drop profile across the core during secondary HSWI. Water breakthrough (WBT) 329 

was observed at 0.37 pore volume (PV) of injected water resulting in the oil recovery of 43.35% 330 

of Initial Oil in Place (%IOIP). After HSW breakthrough, brine injection was continued until 331 

3.5 PV during which additional oil was recovered with the final oil recovery reaching 50.95 332 

%IOIP. The pressure-drop across the core increased before breakthrough exhibiting a decrease 333 

in the incremental rate of capillary forces, corresponding to displacement of the viscous fluid 334 

(crude oil) by the less viscous fluid (HSW). Pressure-drop suddenly decreased and reached a 335 

constant value after 2 PV, when the oil recovery curve diminished. As shown in Figure 5, the 336 

injection rate was ramped after 3.5 PV to 25 cm3/hr, then 50 cm3/hr to minimise the capillary 337 

end-effects and ensure residual oil saturation within the core. The oil recovery increased to 338 

55.38 %IOIP (showing approximately 5% more oil recovery) during bumped floods. Thus far, 339 

HSW has been injected into the core and 55.38 %IOIP has been recovered meaning that there 340 

is 36.62 %IOIP remaining.  341 

The injection fluid was then switched to LSW, with it being argued that only a modification to 342 

the capillary forces can lead to improving oil recovery, due to viscous force application to the 343 

core during the bump-floods of secondary HSW injection. Figure 5 plots the oil recovery and 344 

pressure-drop behaviour of tertiary LSW in which even after approximately 20 PV injection of 345 



LSW, no oil production occurred meaning the remaining 36.62 %IOIP of residual oil saturation 346 

was isolated from production. The pressure-drop behaviour is consistent with the recovery 347 

curve indicating no mobilization of residual oil within the core. A bump flood at the end of 348 

injection (increasing the injection rate from 5 to 25 and 50 cm3/hr) also failed to contribute any 349 

additional oil recovery. Despite the crude oil S1 and clay particles showing an intensive 350 

electrostatic repulsion between rock/brine and oil/brine interfaces, the mechanism of electrical 351 

double-layer expansion cannot be applied herein as there was no oil recovery for LSWI. 352 

Furthermore, presence of clay minerals did not contribute to LSE in terms of the additional oil 353 

recovery. In contrast, crude oil S1 showed a poor response toward formation of 354 

microdispersion meaning the screening process proposed with the microdispersion mechanism 355 

correctly predicted the performance of LSWI.  356 

357 

Figure 5. Oil recovery curves and pressure drop profiles across the core for the first experiment with crude oil S1 during 358 
secondary HSWI and tertiary LSWI.  359 

Experiment 2: Crude Oil S2 360 

After performing experiment 1 with crude oil S1, the core was restored and reused again (as 361 

outlined in the Materials and Methods section). Using the restored core sample with identical 362 



physical properties such as permeability, porosity, pore geometry, pore size distribution, and 363 

connate water saturation in the second experiment makes the comparison of LSE in the 364 

experiments more relevant. Figure 6 illustrates the oil recovery and pressure-drop profile across 365 

the core for the second experiment with crude oil S2. After establishing the initial oil in place 366 

of 92% of crude oil S2 (8 % of initial water saturation), the secondary HSWI was carried out 367 

with a rate of 5 cm3/hr. The water breakthrough occurred at 0.46 PV of injection water when 368 

oil recovery was 45.56 %IOIP. The HSW injection was continued with the same injection rate 369 

for 7.5 PV which resulted in an oil recovery of 65.82 %IOIP. Given an increase in injection 370 

rate to overcome the capillary end-effects and establishing residual oil saturation (i.e., injecting 371 

rate was increased to 25 and 50 cm3/hr), the oil recovery reached 67.72 %IOIP. The substantial 372 

oil recovery during the secondary HSWI can be explained by the comparatively higher 373 

viscosity ratio of crude oil S2 compared to crude S1 (viscosity of displaced fluid (crude oil S2)/ 374 

viscosity of displacing fluid (HSW solution)) (Table 4) leading to an increase in saturation end-375 

points during the second experiment. 376 

With 67.72 %IOIP recovered by secondary HSWI the remaining residual oil saturation within 377 

the core was less than during the experiment 1 (24.28%IOIP as opposed to 36.63 %IOIP). 378 

Injection fluid was changed from HSW to LSW with Figure 6 plotting the oil recovery and 379 

pressure-drop profile during the tertiary LSW. It shows an additional 5.38 %IOIP had been 380 

recovered during the tertiary LSWI. As is consistent with the previous LSE report [73] which 381 

showed residual oil recovery to be in relation to formation of microdispersion and it is relatively 382 

a time consuming phenomenon, injection of LSW took 1 PV before production of the 383 

additional oil. As such it can be stated that the additional oil recovery of the second experiment 384 

during the tertiary LSWI is proportional to the strong propensity of crude oil S2 in regard of 385 

microdispersion formation. 386 



387 
Figure 6. Oil recovery curves and pressure drop profiles across the core for the second experiment with crude oil S2 during 388 

secondary HSWI and tertiary LSWI. 389 

3.3 Investigating the Mechanism of Further Oil Recovery during LSWI 390 

It was observed in the first experiment that no further oil was recovered during tertiary LSWI. 391 

It consisted of a clay-rich sandstone core (containing non-swelling clay mineral such as 392 

kaolinite) pre-saturated with a crude oil that reacted weakly toward LSW in terms of 393 

microdispersion (crude oil S1). In contrast, tertiary LSWI in a same core but this time pre-394 

saturated with the crude oil S2, which showed a positive response toward formation of 395 

microdispersions, resulted in an extensive oil recovery of 5.38 %IOIP. This section outlines 396 

the reasoning behind the differing responses to LSW during tertiary LSWI.    397 

Investigating geochemical interactions between the rock surface and ions within the injection 398 

brines is of vital importance when attempting to clarify the mechanism of LSWI, thus the 399 

aqueous effluents were analysed by Ion Chromatography (IC) and pH measurements. Figure 7 400 

shows the pH of effluents for both experiments. The solid black and red lines represent the pH 401 

during secondary HSWI and tertiary LSWI, respectively for the first experiment (Ex#1). The 402 

black and red dash-lines show secondary HSWI and tertiary LSWI, respectively for the second 403 



experiment (Ex#2). The pH of stock LSW and HSW aqueous solutions is 6.34 and 7.45. The 404 

lower pH of HSW is explained by the higher concentration of Mg2+ and Ca2+ ions within the 405 

brine leading to formation of Mg (OH)2 and Ca (OH)2 after which the consumption of 406 

hydroxide ions (OH-) results in a decrease in pH of HSW in comparison to LSW. Figure 7, 407 

showing pH of effluents during tertiary LSWI, increases from around 6 reaching approximately 408 

7 after 3 PV, indicating the ionic mixing between low and high salinity aqueous solutions inside 409 

the core. Therefore, the pH increases after shifting to LSW and is not in relation to the 410 

desorption of acidic or basic materials from the rock surface. 411 

412 
Figure 7. pH profiles of effluents at the late times of secondary HSWI and throughout the tertiary LSWI. a) for the first 413 

experiment on the crude oil S1, b) for the second experiment on the crude oil S2. 414 

 415 

The concentrations of Na+ and Ca2+ ions within the effluents are shown in Figure 8 and Figure 416 

9 for the first and the second experiments, respectively. It can be observed that Na+ 417 

concentration drops soon after switching to LSWI, reaching the LSW-stock value (the original 418 

concentration within LSW) after approximately 6 PV in both experiments. The concentration 419 

of Ca2+ in contrast takes longer to reach the LSW-stock value, indicating cation exchange 420 



between injection fluid and rock surface. Although after changing to LSWI it started to drop 421 

immediately and it never reaches stock value even after 20 PV. Comparing the experiments, 422 

the cation exchange of Ca2+ ions is more severe for the first experiment, where the additional 423 

oil recovery due to LSWI was zero. Under these circumstances, it can be concluded that in a 424 

core sample with an extensive cation exchange capacity, LSE is not controlled by MIE 425 

mechanism. For both experiments the strong electrostatic repulsion between negatively 426 

charged rock/brine and oil/brine interfaces and multi-ion exchanging between injection brine 427 

and rock surface, LSE is predominantly manipulated by fluid-fluid interactions by means of 428 

microdispersion within the crude oil. 429 

430 
Figure 8. Ionic concentration profiles of the first experiment on the crude oil S1 for a) Na+, and b) Ca2+ throughout 431 

secondary HSWI and tertiary LSWI. 432 



433 
Figure 9. Ionic concentration profiles of the second experiment on the crude oil S2 for a) Na+, and b) Ca2+ throughout 434 

secondary HSWI and tertiary LSWI. 435 

It has been reported that microdispersion formation is associated with the polar compounds of 436 

crude oil [6, 66, 74, 77], therefore the composition of crude oil at the oil/water interface is key 437 

to identifying the functional compounds for microdispersion. The identity of the responsible 438 

compounds within the crude oil for microdispersions at the oil/water interface has recently 439 

been carried out [74] and was shown that polar species constituting N, O, and S are largely 440 

accountable (i.e., asphaltene molecules [81]). The interfacial crude oil samples collected from 441 

the oil/LSW and oil/HSW interfaces of crude oil S1 and crude oil S2 were analysed with FT-442 

IR spectroscopy. Understanding compositional changes at the oil/water interface (due to 443 

contact with high and low salinity brines) can highlight the interactions occurring between 444 

crude oils and brines, compounding the LSE seen during the coreflood experiments. Figure 10 445 

shows the IR spectra of the interfacial crude oil S1 samples in which each peak stand for a 446 



specific chemical bond vibrating at the unique wavenumber. The most essential regions in the 447 

IR spectra, fulfilling our objectives, are those that indicate the vibration bands of functional 448 

groups of O-H, C=O, and C=C. The O-H bonds, which stand for the water molecules and can 449 

be found as a broad vibration band at wavenumber 4000-3000 cm-1 showing the asymmetric 450 

stretching vibration of O-H bonds. Two other vibration bands with lower intensity at 1624 and 451 

1680 cm-1 represent C=C and C=O bonds, respectively. It should be noted that the vertical axis 452 

in Figure 10 is transmittance which is an inverse relationship to adsorption. Meaning, a 100% 453 

transmittance indicates that the sample adsorbs zero IR radiation (since the spectra had been 454 

calibrated with respect to air, the 100% transmittance is equivalent to the adsorption IR 455 

radiation by air). A 0% transmittance stands for 100% adsorption of IR radiation by the sample. 456 

As demonstrated in Figure 10, the intensity of O-H bonds is higher at the oil/LSW interface 457 

than oil/HSW interface, although the difference is not noticeable. This can be explained by 458 

higher microdispersion within the oil/LSW interface compared to oil/HSW interface, however 459 

the amount of microdispersions is not significant. Furthermore, the magnified pictures in 460 

Figure 10 (the right-hand side magnified picture) reveals that the abundance of C=O bonds, 461 

which most likely represent carboxylic acids [82], does not change after switching from HSW 462 

and LSW injection. It can be concluded that during the first experiment using crude oil S1, the 463 

extent of microdispersion formation is not substantial and in consequence of that there is not a 464 

notable compositional change at the oil/water interface. Figure 11 however shows a large 465 

formation of microdispersion at the oil/LSW interface of crude oil S2 leading to an enormous 466 

compositional change. It would appear, the adsorption of C=O and C=C bonds increases when 467 

the crude oil is swept by LSW, which interpreted suggests microdispersion occurs with 468 

contribution of conjugated polar compounds of crude oil with acidic characteristics such as 469 

naphthenic acids and/or acidic asphaltenes.  470 



471 
Figure 10. IR spectra of the collected crude oil S1 from the oil/LSW and oil/HSW interface and the magnified sections at 472 

4000-3000 cm-1 (left-hand side image) and 1800-800 cm-1 (right-hand side image). 473 

474 
Figure 11. IR spectra of the collected crude oil S2 from the oil/LSW and oil/HSW interface and the magnified sections at 475 

3800-3000 cm-1 (left-hand side image) and 1900-900 cm-1 (right-hand side image). 476 
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Figure 12 compares the oil recovery performances of the experiments against the 477 

microdispersion ratios of crude oil samples. In the experiments with the approximately similar 478 

electrostatic forces and cation exchange capacities between rock and fluids involving in the 479 

porous media, differing responses were observed during the tertiary LSWI. The sole 480 

differences contributing to the additional oil recovery by LSWI was the performances of the 481 

crude oils toward microdispersion. In Figure 12, the crude oil S1 with microdispersion ratio of 482 

2.32 showed no oil recovery after LSWI, whereas crude oil S2 with microdispersion ratio of 483 

13.24 exhibited 5.38 %IOIP incremental oil recovery after LSWI. Once more, microdispersion 484 

formation is shown to be the main responsible mechanism of LSWI. These results also 485 

consistent with the recent studies [73, 83] that showed the additional oil recovery by LSW in 486 

absence of clay minerals and highlighted the pivotal role of fluid-fluid interactions during 487 

LSWI. 488 

 489 
Figure 12. Oil recovery profiles for the first and second experiments on the crude oil S1 and S2, respectively during 490 

secondary HSWI and tertiary LSWI. 491 

4 Conclusion 492 

This study combined several analytical tools with a conventional evaluation method of fluid-493 

flow in porous media (i.e., coreflood) that allowed a meticulous assessment on the main 494 

mechanism of LSWI. Performing two waterflood experiments with a potent and a weak crude 495 
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oil relating to microdispersion in a clay-rich sandstone core showed that the additional oil 496 

recovery by injection of low salinity brine is controlled by fluid-fluid interactions. Despite 497 

identical clay content and similar cation exchange capacity between the injection water and the 498 

rock surface in both experiments, LSE was only observed for the crude oil with a high potency 499 

for forming microdispersion. Also, it was understood that the electrostatic repulsion between 500 

oil/brine and rock/brine interfaces is not sufficient for producing additional oil during LSWI. 501 

Conducting a systematic investigation on the composition of oil/water interface by IR 502 

spectroscopy revealed complementary information about the mechanism of LSWI according 503 

to which polar acidic compounds within the crude oil phase, such as carboxylic acids or acidic 504 

asphaltenes are crucial for LSE. The systematic study presented herein has resolved 505 

ambiguities about the functioning of LSWI in the oil reservoirs and also provided the industry 506 

with more awareness about the target oil reservoirs for this EOR method. 507 
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