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Abstract 9 

Zeta potential has been proposed as a key parameter for predicting the response of controlled salinity 10 

waterflooding, as correlation with additional oil recovery has previously been established. However, 11 

it is unclear if there is a causal effect and if this parameter can be used as a unique predictive tool. We 12 

provide new insights with a detailed investigation into the role of the change of polarities of 13 

oil/water/rock interfaces on the additional oil recovery. Core flooding experiments with streaming 14 

potential and electrophoretic mobility measurements were performed to obtain insights into the 15 

electrostatic interactions that occur during oil recovery on Estaillades rock. Two different injection 16 

scenarios were followed in one crude oil/brine/rock (COBR) system: one conventional injection with 17 

decreasing salinity and one inverse injection with increasing salinity. 18 

Results indicated that oil recovery in secondary mode was more important using formation brine 19 

compared to low salinity brine. Also, almost no additional oil recovery was observed in tertiary mode 20 

irrespective of the injection scenario. Rock/water zeta potential was found positive in formation brine, 21 

and negative in the low salinity brines. The determination of oil/water polarity was more difficult as 22 
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many inconsistencies between streaming potential and electrophoretic mobility measurements were 23 

observed. We propose several explanations for these discrepancies, including that the difference in 24 

zeta potential at fully water saturation and at residual saturation is not necessarily dependent on oil 25 

polarity as it can be induced by a change in rock exposed surface and in the distribution in water flow 26 

paths during measurements. The overall results suggest that zeta potential cannot be used as a unique 27 

indicator to predict the low salinity response of a COBR system. 28 

Keywords: EOR, streaming potential, electrophoretic mobility, electrostatic interactions, rock/water 29 

interface, oil/water interface. 30 

1. Introduction 31 

Improving the oil recovery efficiency in carbonate reservoirs has been the subject of much research in 32 

the last decades. Indeed, while carbonate rocks contain more than 60 % of crude oil reserves [1], the 33 

average recovery factor is generally lower than 40 % [2]. This can be related to the tendency of 34 

carbonates to be more oil-wet than sandstones. Many techniques have thus been developed for 35 

enhanced oil recovery (EOR) [3,4]. It has been shown in both laboratory experiments and field trials 36 

that the total oil recovered can significantly be increased by diluting the injected brine and/or by 37 

controlling its chemical composition. This method is either called low salinity waterflooding (LSW), 38 

controlled salinity waterflooding (CSW), or smart water injection methods (SWIM) [5,6]. However, 39 

some studies on field cases have failed to observe a low-salinity effect (LSE) in several crude oil-brine-40 

rock (COBR) systems [7]. 41 

One of the main reasons behind these inconsistencies can be related to the absence of consensus on 42 

the optimum composition of the brine to be injected. This can be explained by the fact that the 43 

mechanism of CSW is not fully understood [8–13]. It is widely accepted that additional recovery is 44 

primarily accompanied by wettability alteration to a less oil-wet state [14]. However, modification of 45 

many parameters can result in wettability alteration, and the most common suggested mechanisms 46 
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are mineral dissolution, surface charge alteration by multi-ionic exchange, or double layer expansion 47 

[15–20]. In recent years, many studies have highlighted the importance of the oil/water interactions 48 

in impacting the LSE, especially with the spontaneous formation of water-in-oil micro-droplets [21–49 

24], and thus on the importance of oil/water interface in the mechanism of additional recovery 50 

[25,26]. Hence, both rock/water and oil/water interactions are important to understand LSE. 51 

Considering both interfaces, Jackson et al. [27] suggested that the modification of the injected brine 52 

salinity or composition must result in repulsive electrostatic forces between rock/water and oil/water 53 

interface (i.e., increasing the disjoining pressure) in order to observe the formation of a stable water 54 

film between rock surface and oil, resulting in the detachment of oil from rock surface. Experimentally, 55 

this means that the zeta potential of both interfaces must exhibit the same polarity after changing the 56 

brine composition to observe additional oil recovery. 57 

To determine zeta potential, many studies have shown the great interest in the measurement of 58 

streaming potential in geological applications, both in saturated and unsaturated conditions [28–31]. 59 

Streaming potential correspond to the potential difference at zero current that develops across a 60 

porous medium when charges from the diffuse layer accumulate downstream as a result of an applied 61 

pressure gradient [32]. This parameter is advantageous for determining zeta potential as it can be 62 

measured on intact rock samples, in high salinity conditions, and at elevated temperatures, allowing 63 

the determination of zeta potential in conditions relevant to EOR [33]. It was notably shown that zeta 64 

potential measured with powder samples can be very different to the one measured with intact rocks, 65 

as the dominant mineral surfaces exposed to the brine in the pore structure is lost after crushing the 66 

rock [34]. 67 

It is well established that in fully water-saturated conditions, the streaming potential is directly related 68 

to zeta potential of rock/water interface [33]. This parameter is first dependent on the nature of the 69 

rock. For example, among carbonates, dolomite exhibits the most positive zeta potential, while chalk 70 

exhibit the most negative [16]. Zeta potential can also be modified by adjusting the nature and content 71 
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in potential determining ions present in the brines [35,36]. For example, increasing pCa or pMg results 72 

in a decrease in positive surface charges [15,37,38]. The pH and pSO4 have only an indirect influence 73 

on zeta potential by moderating the equilibrium pCa [35,37], while other ions such as Na+ and Cl-, 74 

often argued as indifferent ions, may affect zeta potential due to their adsorption on calcite surface 75 

[39]. Finally, the influence of temperature is sample specific, and the dependance of zeta potential to 76 

the temperature appears correlated to the dependance of pCa to the temperature [40]. 77 

In addition to rock/water interface, the beforementioned hypothesis also required to measure 78 

oil/water zeta potential to determine the total electrostatic interactions in the system. As this 79 

measurement is often challenging in high salinity conditions using conventional electrophoretic 80 

mobility measurements, Jackson et al. proposed that the difference in zeta potential measured at fully 81 

water saturation (Sw = 1) and at residual oil saturation (Sor) after waterflooding provides a qualitative 82 

indication of the polarity of the oil/water interface due to its influence on the global zeta potential 83 

[27]. Considering that this difference is only influenced by oil properties, the authors found a 84 

correlation between additional oil recovery and the change in rock/water polarity after CSW. They 85 

notably proposed that when oil/water is identified to be positively-charged, the water composition 86 

must be changed to obtain a positive rock/water zeta potential, suggesting that it must be required 87 

to increase the salinity of the injected brines in this case [27]. However, in more recent studies, they 88 

have noted that this difference can be influenced by rock surface composition and texture [34] and 89 

brine salinity and composition [41]. Also, they observed one specific case where it was not possible to 90 

correctly predict the response, which questions a possible causal relationship between electrostatic 91 

repulsion and additional oil recovery. An absence of clear correlation has also been observed by other 92 

authors [42,43]. Hence, interpretation must be done case by case to determine the efficiency of CSW 93 

on the COBR system under consideration. 94 

The objective of this study was to investigate if the hypothesis that the same polarity for both 95 

rock/water and oil/water interfaces, induced by a change in water composition, can predict the 96 
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response of a COBR system to CSW. The focus was thus on the calculation of rock/water and oil/water 97 

zeta potentials to determine if zeta potential can be used as a unique indicator, while the other 98 

parameters of interest, such as mineral heterogeneity or interfacial tension, were supposed to remain 99 

constant when using the same rocks and brines.  It was also checked that interfacial tension changes 100 

little between brines tested. We use core flooding experiments coupled with streaming potential and 101 

electrophoretic mobility measurements following two different injection scenarios: one conventional 102 

injection with decreasing salinity from formation brine to low salinity brine, and one inverse injection 103 

with increasing salinity from low salinity brine to formation brine. The results are then interpreted 104 

according to the hypothesis to determine both interfaces’ polarity and conclude concerning its 105 

predictive capacity. Finally, a more general discussion with results from other publications in a similar 106 

COBR system is proposed. 107 

2. Materials and methods 108 

2.1. Rock and fluid properties 109 

Experiments were performed using Estaillades (EST) limestone samples (> 98% of calcite), quarried in 110 

France, which exhibit a bimodal pore throat distribution [44], as shown in Figure S1. Cylindrical 111 

samples of 30 cm in length and 3.9 cm in diameter were used. The main properties of the rock samples 112 

are described in Table 1. 113 

Three brines, namely formation brine (FMB), desulfated sea water (SW-SO4), and 40-times diluted sea 114 

water (SWd40), were prepared by dissolving salts (≥ 98.5 % grade) in deionized water (ρ > 10 MΩ cm). 115 

The composition of the prepared solutions is presented in Table 1 and is globally comparable to the 116 

brines used in other studies [34,41,45,46]. Here, the objective was not to optimize the composition in 117 

term of ionic composition and concentration to improve the recovery factor, but to induce a change 118 

in zeta potential polarity and to compare two different injection scenarios with model solutions. 119 

Hence, desulfated sea water was mainly used because of constraints in field application rather than 120 

to modify zeta potential values.   121 
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Table 1. Description of the materials used in this study. 122 

Rock properties 

Parameters 
Sample EST1 

(conventional flooding) 

Sample EST2 

(inverse flooding) 

Gaz permeability (mD) 258 220 

Pore volume PV (mL) 114 116.5 

Porosity (%) 32.2 32.7 

Longitudinal dispersivity 

coefficient α (cm) 
0.4-0.5 0.45-0.55 

 

Brine compositions and properties 

Salt (before pre-equilibration)  SWd40 (g L-1) SW-SO4 (g L-1) FMB (g L-1) 

NaCl (VWR, AnalaR Normapur) 0.76 29 109.55 

KCl (Fisher, ≥ 99%) 0.035 0.9 0 

CaCl2, 2H2O (Merck, ≥ 99%) 0.020 0.605 46.07 

MgCl2, 6 H2O (Fisher, ≥ 99%) 0.296 0.405 11.24 

Na2SO4 (VWR, AnalaR Normapur) 0.087 0.026 0.14 

NaHCO3 (Merck, ≥ 99%) 0.0007 0.156 0.20 

Ionic strength (mol L-1) 0.02 0.53 2.99 

Conductivity (S m-1)                                              

(70 °C, after pre-equilibration) 

0.42 (EST1) 

0.49 (EST2) 

9.0 (EST1) 

8.9 (EST2) 

31.1 (EST1) 

30.2 (EST2) 
 

Oil properties 

Density at 70 °C (g cm-3) 0.81 

Viscosity at 70 °C (mPa s) 1.52 

Total acid number (mg KOH g-1) 0.34 

Total base number (mg KOH g-1) 0.41 

Saturates (wt%) 48.4 

Aromatics (wt%) 48.1 

Resins (wt%) 2.8 

Asphaltenes (wt%) 0.7 

 123 

After preparation, rock pieces were introduced in each solution for pre-equilibration for at least 2 124 

weeks to limit further core dissolution and to shorten the equilibration time with the intact rocks 125 

during core flooding. Before use, the brines were filtered with a vacuum pump through a 0.45 µm 126 

filter. The impact of filtration was supposed to be small as the variation in conductivity before and 127 

after filtration was lower than 1 %. 128 
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The crude oil, named Oil T, was used with its main characteristics presented in Table 1. Mineral oil 129 

Marcol 82 (ExxonMobil, μ = 5.4 mPa s at 70 °C) was used for drainage to reach the targeted water 130 

saturation. 131 

2.2. Experimental procedure 132 

A schematic representation of the experimental setup is shown in Figure 1. It is an adaptation of the 133 

experimental procedure developed by Jackson et al. [27] and used by Levant et al. [32], the main 134 

difference being the size of the rock sample and the drainage protocol. The carbonate sample was 135 

fitted in a Viton rubber sleeve and inserted into a vertical Hassler-type core holder in which mineral 136 

oil (Marcol 82) was used to apply a confining pressure of 40 bars. Once the pressure has stabilized, 137 

the pore volume (PV) and permeability were determined by gas. The rock sample was then swept with 138 

CO2 and vacuumed several times before vacuum saturation with SWd40 (Sw = 1). The PV and the 139 

longitudinal dispersivity coefficient were then measured using a tracer test with potassium iodide (KI) 140 

by following the evolution of absorbance in UV using an UPC-900 monitor. The cell was finally placed 141 

in an oven at T = 70 °C. 142 

All elements in the setup, i.e. tubings and valves, were made in PFA or PEEK. Hence, no metallic 143 

elements were in contact with the brines to eliminate any current that could affect the value of 144 

streaming potential (j = 0). Measurements were first carried out at Sw = 1 in a closed system. The brine 145 

of interest was placed inside two homemade PVC cylinders and the flow was initiated by the injection 146 

of Marcol 82 in the cylinders using an ISCO pump. The direction of the flow can be reversed during 147 

measurement – from bottom to top or top to bottom – to verify the symmetry of the signal. 148 

Measurements at Sw = 1 were performed in the order SWd40 → SW-SO4 → FMB. At least 3 PVs were 149 

injected for the replacement of each brine, and each measurement was done after an equilibration 150 

time of at least 24 h with the intact rock at elevated temperature. 151 

Drainage of FMB-filled core was achieved by injecting Marcol 82 from top to bottom until reaching an 152 

irreducible water saturation (Swi) of about 27-28%. During the increase in flowrate, the confining 153 
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pressure was increased to maintain it at least 20 bars higher than the pore pressure. The total volume 154 

of water recovered during this step was used to determine the oil in place (OIP). Then, approximately 155 

2.5 PVs of toluene were injected at a low flowrate (approximately 0.05 PV h-1) to avoid mixing of 156 

mineral oil with crude oil and to prevent possible precipitation of asphaltenes from the crude oil. Oil 157 

T is finally filtered in line (0.5 μm) and injected at a low flowrate into the medium. At least 5 PVs were 158 

injected to ensure the proper replacement of toluene, which was verified by measuring oil density and 159 

viscosity at the outlet with a SVM 3000 viscometer (Anton Paar). 160 

Afterwards, an ageing step of the core was performed to obtain a rock wettability more representative 161 

of reservoir conditions. This step was carried out by isolating the core at 90 °C for 2 weeks, with the 162 

replacement of one PV of oil at a low flowrate after the first week. Oil permeability was measured 163 

before and after ageing, but no significant difference was observed for both experiments. 164 

Core waterflooding in gravity stable manner (from bottom to top) was then initiated at 70 °C using 165 

either a conventional flood by decreasing the salinity for EST1 (FMB → SW-SO4 → SWd40) or an 166 

inverse flood by increasing the salinity for EST2 (SWd40 → SW-SO4 → FMB). The initial flowrate was 167 

≈ 4.5-5 mL h-1, which correspond to an interstitial velocity of about 1 ft day-1. The volume of oil 168 

recovered into a graduated burette was automatically monitored. When this volume no longer varied, 169 

the flowrate was gradually increased, up to 6.5 PV h-1, to obtain a pressure drop of about 2 bars to 170 

reduce capillary end effect, to approach the residual oil saturation (Sor) value, and to obtain a better 171 

signal-to-noise ratio for streaming potential measurements at high salinity. When only water is 172 

produced at the final flowrate, the streaming potential was measured at Sor with the same 173 

methodology as described before. The same procedure was applied after switching to the next brine 174 

of interest to measure any additional oil recovery and streaming potential. 175 

At the end of the experiments, the mass balance was verified by extracting the water of the rock in a 176 

Dean-Stark apparatus using toluene as solvent. In both cases, the difference between oil saturation 177 

defined by mass balance by distillation was about 5-10 %. 178 
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 179 
Figure 1. Schematic representation of the experimental setup for core flooding experiments with streaming 180 
potential measurements. 181 

2.3. Calculation of zeta potential from streaming potential measurements 182 

Zeta potential was calculated using Helmholtz-Smoluchowski equation (Eq. 1) based on a bundle of 183 

capillary tubes model, already used by Jackson et al. [27] for carbonates: 184 

 
ζ =  

𝐶µw𝜎rw𝐹

𝜀w
≈  

𝐶µw𝜎w

𝜀w
 

(Eq. 1) 

with C the electrokinetic coupling coefficient, which relates the streaming potential (ΔE) and pressure 185 

gradients (ΔP) when the total current density is null (C = ΔE/ΔP, V Pa-1 for j = 0 A),  µw the water dynamic 186 

viscosity (Pa s), σw the water conductivity (S m-1), and εw the water dielectric constant (F m-1). The pore 187 

size of Estaillades is globally sufficiently large to justify the use of the Helmholtz-Smoluchowski 188 

relationship [47]. The use of the relationship with the surface conductivity σrw and the formation factor 189 

F was not required because the contribution of the surface conductivity can be neglected due to the 190 

concentrations of the solutions used (I > 0.01 M) [48]. Surface conductivity was only measured in 191 

previous experiments using internal Ag/AgCl electrodes [32] (see Figure S2) and formation factor 192 

values were comprised between 14 and 18 for the three brines at Sw = 1. 193 
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While applying a flowrate, the pressure difference across the porous medium ΔP was measured using 194 

a differential sensor (Rosemount 3051), calibrated between -5 and +5 bars using a HART field 195 

communicator. The resulting streaming potential ΔE across the porous media was measured using a 196 

pair of non-polarizable Ag/AgCl electrodes. There were prepared by electrodeposition of AgCl on silver 197 

rods (65×3 mm, Advent), applying a DC current of ≈50 µA during 30 s in a 2 M NaCl solution. Each 198 

electrode was then inserted into a homemade PMMA housing with two compartments (see Figure 1) 199 

separated by a sintered glass membrane (Verres Vagner) [32], used to isolate each Ag/AgCl electrode 200 

from the flow line to obtain a better electrical stability. Both compartments were filled with the brine 201 

of interest, ensuring the absence of any bubbles. 202 

The pressure sensor and the electrodes were then connected to a NI-9219 acquisition system, using 203 

the ± 125 mV voltage range with high impedance (> 1 GΩ), for data acquisition and recording via a 204 

modified version of a home-made software previously developed on LabVIEW [32]. The use of a high-205 

impedance system was required to accurately determine the coupling coefficient as the resistance of 206 

the system was high using SWd40, as shown in Figure S3. Figure 2 shows typical results obtained for 207 

the measurements of ΔE and ΔP, at several increasing flowrates, in both flow directions (bottom to 208 

top and top to bottom, represented as positive and negative pressures respectively). The 209 

determination of coupling coefficients C in SWd40, SW-SO4, and FMB using the paired stabilization 210 

method, i.e. after reaching the most stable values for ΔE and ΔP. 211 

 212 
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 213 

 214 

 215 
Figure 2. Example of measurements of streaming potential ΔE and pressure gradient ΔP vs time and 216 

determination of electrokinetic coupling coefficients C in (a and b) SWd40, (c and d) SW-SO4, and (e and f) FMB 217 

brines. The raw data (left) represent the variation of ΔE and ΔP while applying different flowrates in each 218 

direction (positive and negative pressure) until reaching the most stable values. As the magnitude of variations 219 

in ΔE in FMB is very small (a few tens of µV for high ΔP), a good equilibration and data acquisition system with 220 

very high resolution are required. 221 

The brines in the two PVC cylinders used for streaming potential measurements were then collected, 222 

and the pH and conductivity were measured at 70 °C using a combined glass electrode 223 

(ThermoScientific Orion 8157BNUMD), calibrated with pH buffer 7 and 10, and a four-pole electrode 224 

(ThermoScientific Orion 013005MD), respectively, connected to Orion VersaStar Pro multimeter 225 
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(Thermo Scientific). Water viscosity µw was determined by measuring the pressure difference ΔP of a 226 

metallic capillary previously calibrated at 70 °C using demineralized water with known viscosity. The 227 

water viscosity was then calculated with Poiseuille’s law (Eq. 2): 228 

 
µ𝑤 =

∆𝑃𝜋𝑟4

8𝐿𝑄
  

 

(Eq. 2) 

with r the diameter of the capillary (m), L the length of the capillary (m), and Q the flow rate (m3 s-1). 229 

From the viscosity, the water permeability of the core sample was then calculated using Darcy's law 230 

(Eq. 3): 231 

 
𝑘 =

𝑄µw𝐿

𝐴∆𝑃
 

 

(Eq. 3) 

with k the permeability (m²), L the length of the core sample (m), A the flow cross section (m²) and ΔP 232 

the total pressure difference across the porous medium (Pa). 233 

The dielectric permittivity of bulk water εw was calculated by first determining the relative permittivity 234 

εf according to the following empirical relation (Eq. 4) [28]: 235 

 𝜀𝑓 = 295.68 − 1.2283 𝑇 + 2.094 10−3 𝑇2 − 1.41 10−6 𝑇3 

 

(Eq. 4) 

The influence of salt such as NaCl was considered using the relation (Eq. 5) [28]: 236 

 𝜀f = 𝜀f(𝑇) − 13 𝐶f + 1.065 𝐶f
2 + 0.03006 𝐶f

3 

 

(Eq. 5) 

with Cf the salt concentration (mol L-1). The dielectric permittivity is finally calculated by (Eq. 6): 237 

 𝜀w = 𝜀f𝜀0 

 

(Eq. 6) 

with ε0 the vacuum permittivity (8.854 10-12 F m-1). One should note that the dielectric permittivity is 238 

calculated according to the theoretical composition of the bulk solutions with Eqs. 4-5, without 239 

considering the hydrophilicity/hydrophobicity of the surface. Also, it was considered uniform and 240 
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constant despite being space-dependent [49].  With these assumptions, they can be used for a 241 

comparative purpose when the same brine is used. 242 

The uncertainty in zeta potential value u(ζ) was determined according to the relationship (Eq. 7): 243 

 
𝑢(𝜁) = (

𝑢(𝐶)

|𝐶|
+

𝑢(µ𝑤)

µ𝑤
+

𝑢(𝜎𝑤)

𝜎𝑤
) ∗ |𝜁| 

 

(Eq. 7) 

The uncertainty in the value of the coupling coefficient C corresponds to the 95% uncertainty obtained 244 

from the linear regression of the experimental data. The uncertainty in conductivity (and pH) values 245 

corresponds to the standard deviation based on three measurements. The uncertainty is slightly 246 

underestimated because it does not consider the uncertainty of the dielectric permittivity. 247 

2.4. Determination of oil/water polarity by streaming potential measurements 248 

(SPM) 249 

We use the hypothesis that the difference in zeta potential values obtained by streaming potential 250 

measurements between the core in fully water-saturated conditions (Sw = 1) and the core at residual 251 

oil saturation (Sor) can provide qualitative insights into the polarity of the oil/water interface [27,41]. 252 

The difference between the two measurements is calculated according to the formula (Eq. 8): 253 

 Δ𝜁 = 𝜁Sor − 𝜁Sw = 1 (Eq. 8) 

As previously mentioned, measurements performed at Sw = 1 are indicative of the sign and magnitude 254 

of zeta potential of the rock/water interface. At Sor, the zeta potential value is expected to be modified 255 

only by the presence of residual oil. Indeed, it was shown that, as long as the fluid resistivity remains 256 

small (i.e., high ionic concentration), the electrokinetic coupling coefficient is almost not impacted by 257 

the pore size distribution and the permeability [50–52], which are expected to change between the 258 

two conditions. 259 

An illustration of the different possibilities proposed by Collini et al. [41] is presented in Figure 3. 260 
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 261 

 262 

 263 

 264 

 265 

 266 

Figure 3. Illustration of the different possibilities for the difference of zeta potential between Sw = 1 and Sor, 267 

according to [41]. According to the tested hypothesis, the oil/water polarity can be determined without 268 

ambiguity for Case 1 (ζ is significantly more negative at Sor than at Sw = 1), Case 3 (ζ is negative at Sw = 1 and 269 

becomes positive at Sor), Case 4 (ζ is positive at Sw = 1 and becomes negative at Sor) and Case 6 (ζ is significantly 270 

more positive at Sor than at Sw = 1). For Case 2, in which ζ is less negative at Sor, ζ of oil/water can either be 271 

positive (Case 2a) or less negative (Case 2b) than rock/water interface. In the same way, for Case 5, in which ζ is 272 

less positive at Sor, ζ of oil/water can either be negative (Case 5a) or less positive (Case 5b) than rock/water 273 

interface. The different cases are also represented with a simplified illustration of the COBR system, in which (i) 274 

the rock surface is represented as flat, (ii) the surface charge is homogeneously distributed on the rock surface, 275 

and (iii) there is no preferential sites for oil adsorption on the rock surface. 276 

The different scenarios are: 277 

• Case 1: if zeta potential is more negative at Sor than at Sw = 1, the oil/water interface should 278 

be negative. 279 

• Case 2: if zeta potential is less negative at Sor than at Sw = 1, the oil/water interface should 280 

either be positive (2a) or less negative (2b) than the rock/water interface, depending on rock 281 

cover fraction. 282 

• Case 3: if zeta potential is negative at Sw = 1 and becomes positive at Sor, the oil/water 283 

interface should be positive. 284 
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• Case 4: if zeta potential is positive at Sw = 1 and becomes negative at Sor, the oil/water 285 

interface should be negative. 286 

• Case 5: if zeta potential is less positive at Sor than at Sw = 1, the oil/water interface should 287 

either be negative (5a) or less positive (5b) than the rock/water interface, depending on rock 288 

cover fraction. 289 

• Case 6: if zeta potential is more positive at Sor than at Sw = 1, the oil/water interface should 290 

be positive. 291 

Whatever the case, it seems possible to express ζ at Sor, with some simplifications, as (Eq. 9): 292 

 
ζ at Sor = ζr/w ∗

𝐴r/w

(𝐴r/w + 𝐴o/w)
+ ζo/w ∗

𝐴o/w

(𝐴r/w + 𝐴o/w)
 

 

(Eq. 9) 

with Ar/w the rock surface exposed to water and Ao/w the oil surface exposed to water (with Ar/w + Ao/w 293 

= 100 %). It is easy to show that: 294 

• ζo/w > 0 if ζ at Sor > ζr/w ∗ (1 −
𝐴o/w

(𝐴r/w+𝐴o/w
); 295 

• ζo/w < 0 if ζ at Sor < ζr/w ∗ (1 −
𝐴 o

w

(𝐴𝑟/𝑤+𝐴o/w
). 296 

For Cases 2 and 5, the same value of ζ at Sor can be obtained with different polarity of oil/water 297 

interface, depending on the rock surface covered by the remaining oil. For example, considering the 298 

hypothetic Case 2 where ζr/w = - 4 mV, to obtain ζ at Sor = - 3 mV, ζo/w = + 1 mV for Ao/w = 20 % but ζo/w 299 

= - 2 mV for Ao/w = 50 %. Finally, the absence of significant difference between the values at Sw = 1 and 300 

at Sor can indicate that zeta potentials of rock/water and oil/water interfaces are in the same order 301 

of magnitude. 302 
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2.5. Determination of oil/water zeta potential by electrophoretic mobility 303 

measurements (EPM) 304 

Measurements of oil/water zeta potentials were carried out using a Zetasizer Nano-ZS (Malvern 305 

Instruments), which measures the electrophoretic mobility ue (µm cm V-1 s-1) of droplets in suspension. 306 

Zeta potential is then determined using Smoluchowski approximation of Henry’s equation (Eq. 10) 307 

[53]: 308 

 ζ =  
𝑢𝑒µw

𝜀w
 

 

(Eq. 10) 

The solution was prepared by first manually mixing 2 mL of oil T in a total volume of 20 mL using the 309 

brine of interest (volume ratio of 1:10). Then, a small volume of the suspension was gently introduced 310 

in a disposable capillary cell (DTS1070, Malvern Instruments). The cuvette was thermalized within the 311 

instruments at 70 °C and measurements were done for the three brines of interest to obtain insights 312 

on the sign and the order of magnitude of the oil/brine zeta potential. Five measurements with five 313 

runs each were performed to determine the average zeta potential with its standard deviation. 314 

It is important to note that this method may not be very reliable at high salinities because of its 315 

intrinsic limitations. Indeed, the low electrophoretic mobility in a highly conductive solution can 316 

require very high voltage across the cell, which causes significant Joule heating and affects the 317 

accuracy and quality of the measurements [54]. 318 

3. Results 319 

3.1. Oil recovery 320 

Results of oil recovery of both core floodings are presented in Figure 4.  321 
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 322 

 323 
Figure 4. Kinetics of oil recovery expressed as %OIP and evolution of ΔP during core flooding at 70 °C with (a) 324 

decreasing salinity from FMB to SWd40 (EST1) and (b) increasing salinity from SWd40 to FMB (EST2). ΔP was 325 

noisy during the injection of SWd40 in secondary mode due to the instability of the back-pressure regulator. 326 

When FMB is injected in secondary mode (Figure 4a), the water breakthrough (WBT) is observed at 327 

0.34 PV, and it takes more than 4.5 PVs to observe the plateau of oil production at the first flowrate, 328 

which corresponds to a recovery of 55.1 %. The increase in flowrate results in the production of 329 

additional oil with a final recovery of 59.5 % after the last bump rate, which evidences the presence 330 

of capillary end effect and indicates not strongly water-wet wettability state. 331 

When SWd40 is injected in secondary mode (Figure 4b), the WBT is observed more rapidly, at 0.28 PV, 332 

and the oil production plateau is already observed after 3.5 PVs, much more rapidly than using FMB. 333 

At the end of the injection at the first flowrate, the recovery is 51 %, i.e. 4.1 % less than with FMB. As 334 

only one experiment was performed for each injection sequence, it is not possible to state that this 335 
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difference is significant. With the increase in flowrate, the total oil recovered reached 60.1 %, which 336 

indicates again the presence of capillary end effect and not strongly water-wet porous media. 337 

Irrespective of the order of injection of the brines (decreasing or increasing salinity), almost no 338 

additional oil recovery was observed after switching the brine in tertiary mode. The final recovery 339 

reached 59.7 % (+ 0.2 %) in the first case and 60.4 % (+ 0.3 %) in the second case, which corresponds 340 

to remaining oil saturation (ROS) of about 28.7 % and 28.3 %, respectively ( 341 

Table 2).  342 

Table 2 also lists the values of water permeability for the three brines. For each experiment, 343 

permeability is globally similar between the three brines. Also, in both cases, the permeability is 344 

reduced by 30-45 % at Sor, which is related to the restriction of the water flow path because of the 345 

presence of the remaining oil. 346 

Table 2. Variation of water permeability k for the three brines at 70 °C and remaining oil saturation ROS. 347 

Experiment Parameters FMB SW-SO4 SWd40 

Conventional flooding 

(EST1) 

k at Sw = 1 (mD) 190 192 179 

k at Sor (mD) 116 112 119 

krw at Sor 0.61 0.58 0.66 

ROS (%) 28.9 28.7 28.7 

Experiment Parameters SWd40 SW-SO4 FMB 

Inverse flooding 

(EST2) 

k at Sw = 1 (mD) 167 197 186 

k at Sor (mD) 117 113 108 

krw at Sor 0.70 0.57 0.58 

ROS (%) 28.8 28.6 28.3 

 348 

The relative permeability (kr) and capillary pressure (Pc) curves obtained by history matching with 349 

CYDAR software are shown in Figure 5, and the Corey parameters for relative permeability curves are 350 

given in Table 3. There is no major difference in terms of kr and krw/kro curves using either FMB or 351 

SWd40 in secondary mode. Looking at Corey parameters and high values of krw,max, the wettability 352 

seems to be intermediate-wet in both cases. However, Pc curves indicate that the rock seems to be 353 

slightly more oil wet for FMB than for SWd40, but it stays within the limits of error. 354 
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 355 

 356 

 357 
Figure 5. (a) Normalized relative permeability kr, (b) krw/kro and (c) capillary pressure (Pc) curves obtained by 358 

history matching. 359 

Table 3. Corey parameters for relative permeability curves. 360 

Parameters EST1 EST2 

Swi (%)  26.7 27 

Sor (%) 28 28 

krw,max 0.55 0.52 

nw 1.653 1.711 

no 1.792 1.791 
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3.2. Zeta potential 362 

Results of zeta potentials calculated from streaming potentials at Sw = 1 and Sor are presented in 363 

Figure 6. In both experiments, values obtained at Sw = 1 (in blue on Figure 6) are negative for SWd40 364 

and SW-SO4 and positive for FMB. As the results obtained in this condition are indicative of the 365 

rock/water interface, this interface is negative with SWd40 and SW-SO4 and positive with FMB, as 366 

already seen in previous studies using Estaillades rocks [27,34,35]. Zeta potential is more negative 367 

when decreasing brine salinity, even if the difference between SWd40 and SW-SO4 is small and 368 

appears negligeable for EST2. Overall, the evolution of zeta potential with salinity agrees with surface 369 

charge alteration by multi-ionic exchange (for the change in magnitude and sign) or double layer 370 

expansion (for the change in magnitude only). 371 

Globally, zeta potentials obtained for EST2 are less negative for SWd40 and SW-SO4 and more positive 372 

for FMB than those obtained for EST1. This variation can be related to differences in rock texture or 373 

the presence of impurities [49,55,56], as the calculated zeta potential represents a macroscopic 374 

weighted average that accounts for the magnitude and distribution of microscopic zeta potentials 375 

arising at each mineral surfaces (Figure 7). It can also be related to the difference in the composition 376 

of the solutions after interaction with the intact sample, as some variations in pH, conductivity and 377 

viscosity were observed (  378 
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Table 4). These variations could indicate additional dissolution/precipitation occurring during the 379 

contact with the intact rock, despite the pre-equilibration with rock pieces.  380 
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 381 

 382 
Figure 6. Comparison of zeta potential values obtained by streaming potential measurements (SPM) for SWd40, 383 

SW-SO4, and FMB between Sw = 1 and Sor obtained for core flooding at 70 °C with (a) decreasing salinity (EST1) 384 

and (b) increasing salinity (EST2). The error bars on Δζ are determined according to the maximum difference in 385 

the values obtained at Sw = 1 and Sor.  386 
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Table 4. Values of pH and the different parameters required for the calculation of zeta potential in the three 387 

brines for the two experiments measured in the equilibrated brines at 70 °C. Viscosities were not measured at 388 

Sor and were considered equal to the viscosities measured at Sw = 1. 389 

Experiment 
Water 

saturation 
Parameters SWd40 SW-SO4 FMB 

Conventional 

flooding 

(EST1) 

 

Sw = 1 

pH 8.0 ± 0.1 8.0 ± 0.1 6.6 ± 0.1 

C (V Pa-1) -5.82 10-8 ± 1.6 10-9 -2.15 10-9 ± 7.6 10-11 3.94 10-11 ± 3.2 10-12 

σw (S m-1) 0.478 ± 0.005 8.70 ± 0.16 30.6 ± 0.1 

μw (mPa s) 0.36 ± 0.01 0.38 ± 0.01 0.47 ± 0.01 

εw (F m-1) 5.62 10-10 5.07 10-10 2.98 10-10 

ζ (mV) -17.8 ± 1.2 -14.0 ± 1.1 1.9 ± 0.2 

Sor 

pH 7.8 ± 0.1 7.6 ± 0.1 6.7 ± 0.1 

C (V Pa-1) -4.81 10-8 ± 1.0 10-9 -2.31 10-9 ± 1.4 10-10 6.23 10-11 ± 5.5 10-12 

σw (S m-1) 0.550 ± 0.002 9.12 ± 0.02 30.9 ± 0.1 

μw (mPa s) 0.36 ± 0.01 0.38 ± 0.01 0.47 ± 0.01 

εw (F m-1) 5.62 10-10 5.07 10-10 2.98 10-10 

ζ (mV) -17.0 ± 0.9 -15.7 ± 1.4 3.0 ± 0.3 

Inverse                 

flooding 

(EST2) 

 

Sw = 1 

pH 7.6 ± 0.1 7.8 ± 0.1 6.6 ± 0.1 

C (V Pa-1) -2.11 10-8 ± 1.0 10-9 -1.79 10-9 ± 3.8 10-11  1.27 10-10 ± 4.8 10-12 

σw (S m-1) 0.82 ± 0.02 8.80 ± 0.15 30.0 ± 0.2 

μw (mPa s) 0.42 ± 0.01 0.40 ± 0.01 0.49 ± 0.01 

εw (F m-1) 5.62 10-10 5.07 10-10 2.98 10-10 

ζ (mV) -12.9 ± 1.2 -12.5 ± 0.8 6.20 ± 0.4 

Sor 

pH 7.4 ± 0.1 7.5 ± 0.1 6.7 ± 0.1 

C (V Pa-1) -1.90 10-8 ± 3.1 10-9 -1.59 10-9 ± 7.2 10-11 2.00 10-10 ± 1.8 10-11 

σw (S m-1) 0.74 ± 0.02 9.20 ± 0.15 29.5 ± 0.2 

μw (mPa s) 0.42 ± 0.01 0.40 ± 0.01 0.49 ± 0.01 

εw (F m-1) 5.62 10-10 5.07 10-10 2.98 10-10 

ζ (mV) -10.5 ± 2.2 -11.6 ± 1.0 9.6 ± 1.1 

 390 

 391 

Figure 7. Schematic representation of rock/water interface with the distribution of microscopic zeta potential 392 

ζmicro and the resulting macroscopic zeta potential ζmacro that can be obtained with streaming potential 393 

measurements. Surface roughness can affect the measurement due to its influence on the position of the shear 394 

(or slipping) plane. 395 
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Values obtained at Sor are also negative for SWd40 and SW-SO4 and positive for FMB (orange in Figure 396 

6). Compared to the results at Sw = 1, zeta potential is consistently more positive for FMB for EST1 397 

and EST2, which indicates a positive oil/water interface. However, for SWd40 and SW-SO4, it is difficult 398 

to provide a definitive conclusion for each experiment as the variation falls within the experimental 399 

uncertainties. If we still consider the absolute values, zeta potentials for SWd40 are less negative at 400 

Sor in both experiments, which indicates that the oil/water interface is either less negative than the 401 

rock/water interface or positive. For SW-SO4, zeta potential at Sor is more negative for EST1 and less 402 

negative for EST2, which indicates contradictory conclusions: oil/water interface appears more 403 

negative than rock/water interface for EST1 and appears less negative than rock/water interface or 404 

slightly positive for EST2. 405 

Some differences in pH and conductivity between Sw = 1 and Sor have been observed (  406 
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Table 4). These differences can be the result of further dissolution/precipitation phenomena during 407 

oil recovery but also indicates the transfer of endogenous oil species during oil-water contact [57]. As 408 

a result, the brines are not strictly identical at Sw = 1 and at Sor, which can compromise the direct 409 

comparison of zeta potentials. 410 

Since streaming potential measurements failed to clearly define the polarity of the oil/water interface 411 

in SWd40 and SW-SO4 brines, the oil/water zeta potential was obtained by measurement of 412 

electrophoretic mobility at 70 °C. The results are presented in Figure 8. In all cases, the average values 413 

of oil/water zeta potential are negative, and the values are more negative when decreasing salinity. 414 

For FMB, it was not possible to determine without ambiguity the sign of zeta potential because of the 415 

limits of electrophoretic measurement in high saline conditions, but most measurements have 416 

resulted in negative values. It is important to note that the quality of the measurement was only 417 

satisfactory for SWd40, so the reliability of the values obtained for SW-SO4 and, especially, for FMB 418 

remains questionable. 419 

 420 

Figure 8. Zeta potential values of oil/water interface at 70 °C calculated by electrophoretic mobility 421 

measurements (EPM) with the three brines used for EST2. 422 

4. Discussion 423 

4.1. Application and limits of zeta potential measurements 424 

The polarity of rock/water and oil/water interface is summarized in  425 
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Table 5, with their expected impact on oil recovery. 426 

Table 5. Summary of rock/water and oil/water polarities according to streaming potential measurements (SPM) 427 

at Sw = 1 and Sor at 70 °C (according to Figure 6) or electrophoretic mobility measurements (EPM) for oil/water 428 

interface (according to Figure 8), with the predicted impact on oil recovery based on the investigated hypothesis. 429 

The presence of an asterisk denotes uncertainties on the determination of the polarity of oil/water interface. 430 

N/D: not determinable. 431 

Experiment Brine Rock/water interface Oil/water interface Oil recovery 

Conventional 

flooding 

(EST1) 

FMB Positive 
Positive (SPM) 

Negative* (EPM) 

Favorable 

Not favorable* 

SW-SO4 Negative 
N/D, ζr/w ≥ ζo/w (SPM) 

Negative, ζr/w > ζo/w (EPM) 

N/D 

Favorable 

SWd40 Negative 
N/D, ζo/w ≥ ζr/w (SPM) 

Negative, ζr/w > ζo/w (EPM) 

N/D 

Favorable 

Inverse            

flooding 

(EST2) 

SWd40 Negative 
N/D, ζo/w ≥ ζr/w (SPM) 

Negative, ζr/w > ζo/w (EPM) 

N/D 

Favorable 

SW-SO4 Negative 
N/D, ζo/w ≥ ζr/w (SPM) 

Negative, ζr/w > ζo/w (EPM) 

N/D 

Favorable 

FMB Positive 
Positive (SPM) 

Negative* (EPM) 

Favorable 

Not favorable* 

4.1.1. Zeta potential obtained by streaming potential measurements 432 

In the studied COBR system, from streaming potential measurements (SPM), it is only possible to 433 

conclude without ambiguity that recovery is always favorable using FMB as both interfaces appear to 434 

be positive (Case 6 of Figure 3). For SW-SO4 and SWd40 brines, it is not possible to determine without 435 

ambiguity the polarity of the oil/water interface using SPM. Results indicate that oil/water zeta 436 

potential is either less negative than rock/water zeta potential or positive (mainly Case 2 of Figure 3). 437 

The positive values for the oil/water zeta potential obtained in FMB are in good agreement with 438 

previous studies that have shown that positive oil/water interfaces may be more common than 439 

previously predicted in high salinity and temperature conditions [41,58], while the pH is higher than 440 

the typical isoelectric point of oils [59]. It is interesting to note that despite the same sign for both 441 

interfaces in FMB, the interpretation of kr/Pc curves indicates that the rock appears to be 442 

intermediate-wet, which is in contradiction with the stabilization of a water film on the rock surface 443 

due to electrostatic repulsion between the two interfaces. 444 
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Two remarks can be done concerning this observation. Firstly, even if the sign of the macroscopic zeta 445 

potential can be defined, it only provides a weighted average of the charge at the shear plane. This 446 

value does not reflect the abundance of positive and negative surface sites in carbonates [42,60], and 447 

many sites can still have an opposite polarity as the one of zeta potential. As a result, the conclusion 448 

that electrostatic repulsion is expected due to the same polarity for rock/water and oil/water 449 

interfaces may only be valid for some sites and is not generalizable to the entire rock. Hence, 450 

depending on oil distribution on the different surface sites, the impact of electrostatic repulsion on 451 

the stabilization of the water film and thus on oil recovery may be limited. 452 

Secondly, even if electrostatic repulsion may occur at high salinity, the high ionic screening can result 453 

in the formation of a very thin water film that could be unstable due to other attractive forces (Van 454 

der Waals, Lewis acid-base forces, etc.). However, it has been shown that for high concentrations of 455 

NaCl (> 1 M), the screening length of confined water film can be much larger than the one calculated 456 

with the Debye–Hückel theory [61,62], which may complicate the interpretation of zeta potential in 457 

terms of electrostatic forces through extended Derjaguin-Landau-Verwey-Overbeek (DLVO) theory 458 

without considering solvation shell and steric effects. 459 

Another point of discussion is the impact of the presence of oil on streaming potential. Figure 9 460 

illustrates the water flow paths during streaming potential measurements at Sw = 1 and at Sor. Within 461 

the porosity filled by water and oil presented in the form of films covering the pore walls, the water 462 

flow paths are comparable between Sw = 1 and Sor. Hence, streaming potential value can directly be 463 

impacted by oil polarity, as proposed by Jackson et al. [27], and the influence will depend on oil/water 464 

surface polarity and the total rock surface covered by oil films within water flow paths. 465 

However, we also suggest that oil can also indirectly contribute to streaming potential value by 466 

inducing a change in rock exposed surface due to modification of water flow paths. Indeed, oil is not 467 

homogeneously distributed within the porous media, especially for Estaillades rocks with macro- and 468 
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micro-porosity [44]. After waterflooding, oil can be trapped in some porosity with limited availability 469 

to water and, as a result, the water flow paths can partly differ between Sw = 1 and Sor. 470 

 471 

Figure 9. Schematic and simplified representation of COBR system with the water flow paths during streaming 472 

potential measurements (a) at Sw = 1 and (b) at Sor. 473 

It appears then that the two measurements are not simply comparable as the total exposed surface 474 

(Ar/w + Ao/w from Eq. 9) is not similar. Depending on the heterogeneity of rock 475 

composition/crystallography, surface roughness, and the distribution of surface charges, the 476 

contribution of microscopic zeta potentials on the resulting macroscopic zeta potential can simply be 477 

different because of change in the exposed surface. Hence, the difference observed between Sw = 1 478 

and Sor is not necessarily indicative of oil polarity but and can be also impacted by differences in rock 479 

surfaces exposed to water flow paths, which questions the validity of the hypothesis considered. 480 

Finally, in any case, the hypothesis used to determine oil/water polarity from SPM does not provide a 481 

quantification of the magnitude of oil/water zeta potential as the rock surface fraction covered by 482 

water Aw/o and the oil surface exposed to brine Aw/o (Eq. 9) are difficult to determine. Hence, this 483 

complicates further interpretation. It is, for example, not possible to conclude if additional oil recovery 484 

is expected by increasing the magnitude of electrostatic repulsion forces when the recovery is already 485 

favorable with the first brine, as it is apparently the case for EST1. It is expected that increasing the 486 

(a) (b) 
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magnitude of repulsive forces will help in the stabilization of the water film, but this information 487 

cannot be obtained with SPM. As a result, it is not possible to conclude if the absence of additional oil 488 

recovery was expected in our conditions using streaming potential. 489 

4.1.2. Zeta potential obtained by electrophoretic mobility measurements 490 

As shown on  491 

Table 5, based on EPM measurements, the recovery should not be favorable using FMB as rock/water 492 

interface is positive while oil/water interface appears negatively charged, whereas it should be 493 

favorable using either SW-SO4 or SWd40, as both rock/water and oil/water interfaces are negatively 494 

charged. Moreover, the results obtained from EPM clearly indicate more negative values for oil/water 495 

interfaces for SW-SO4 or SWd40 brines (Figure 8), which would correspond to Case 1 of Figure 3 and 496 

not to Case 2, as observed during SPM. Based on these results, the change in brine salinity should have 497 

resulted in additional oil recovery when switching to low salinity brines in tertiary mode (EST1, Figure 498 

4a). However, we did not observe any significant recovery. 499 

Many inconsistencies are then obtained when comparing the two methods. According to other 500 

studies, the oil/water interface generally exhibits a more negative value than the rock/water interface, 501 

especially in low salinity conditions [15,42,59,63,64], which is in agreement with our results using EPM. 502 

However, as these results were obtained by measuring the electrophoretic mobility of oil droplets in 503 

brine without the presence of rock, their applicability for core flooding experiments remains 504 

questionable.  505 

Indeed, even for idealized porous media where the rock surface charge is homogeneously distributed 506 

and oil is present only as films on the rock surface, we can argue that the zeta potentials obtained by 507 

EPM may not always be representative of the oil/water interface observed during oil recovery. As 508 

illustrated in Figure 10, the presence of carbonate rock can influence the distribution of oil 509 

compounds, notably with the accumulation and adsorption of a fraction of surface-active agents, such 510 
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as asphaltenes, on rock surfaces during ageing [65]. Depending on their total content, the oil/water 511 

interface might partly be depleted in these compounds, which could explain the difference in 512 

magnitude of zeta potential values obtained between SPM and EPM. 513 

This hypothesis may not be applicable in all conditions, especially when oil is in part refreshed during 514 

ageing process, but it can highlight the potential interest of the investigated hypothesis with SPM to 515 

determine oil/water polarity in more representative conditions. Recently, Collini and Jackson [66] 516 

have proposed a new method to determine the oil/water zeta potential using SPM in silanized 517 

Fontainebleau sandstone cores coated with crude oils, which could open the way for measurements 518 

in more representative conditions to obtain further insights on oil/water interface. 519 

 520 

Figure 10. Schematic representation of measurements of oil/water interfaces with (a) streaming potential and 521 

(b) electrophoretic mobility. It illustrates the influence of carbonate rock on the distribution of oil surface-active 522 

agents, which can result in different compositions at oil/water interfaces depending on the method of 523 

measurement. 524 

4.1.3. General conclusion on zeta potential 525 

Irrespective of the chosen method to determine zeta potential, it is still unclear if it provides an 526 

accurate representation of the oil/water interface of interest during oil recovery. First, the stability of 527 

the interface is questionable as it may evolve during recovery, especially with the formation of water 528 

micro-droplets [21–24]. Hence, measurement of oil/water zeta potential may only represent a 529 

(a) (b) 
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snapshot of the interface, not representative of the entire recovery process. Secondly, the interface 530 

of interest for electrostatic considerations is the thin water film present between the rock surface and 531 

adsorbed oil, which is initially composed of connate water (here, FMB). During low salinity 532 

waterflooding, it is unknown if the initial film is easily replaced by the flooding solution or if it is only 533 

diluted by the transport of water through the oil phase due to osmotic gradient [67–69]. Hence, the 534 

composition of the film may significantly be different than the one of the flowing brines, and zeta 535 

potentials measured in low salinity brines may not be representative of this interface of interest. 536 

Based on the different results obtained with SPM and EPM and the above discussion, it appears that 537 

zeta potential cannot be used as a unique indicator to predict the low salinity response. 538 

4.2. Comparison with pore-scale network and importance of length and time 539 

scales 540 

The same COBR system has been previously studied at pore-scale network using X-ray micro-541 

computed tomography to obtain further insights on the mechanism of EOR by low salinity 542 

waterflooding, either in secondary mode [45] or in tertiary mode [46]. Using low-salinity brine in 543 

secondary mode, the evolution of oil recovery in the study of Selem et al. [45] is quite comparable to 544 

the one obtained in our study (Figure 4b). Especially, during the pressure bumps, the recovery is more 545 

important for the higher flowrates. This behavior was attributed to a redistribution of the fluid within 546 

the porous media: after having invaded the larger pores at initial flowrate, brine is progressively 547 

redirected to the smaller pores whereas oil is displaced into larger pores, which results in the increase 548 

in the total oil recovered [45]. 549 

Using low salinity brines in tertiary mode, Selem et al. have observed a 9 % increase in oil recovery 550 

after switching from high salinity to low salinity brine, but after the injection of several tens of PVs 551 

[46]. They evidenced the rapid formation of water micro-droplets in oil and the expansion of water 552 

films on the rock surface during injection of low salinity brine, so these phenomena are proposed to 553 

be the underlying mechanisms of wettability alteration [46]. However, the fluid occupancy maps’ 554 
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change due to low salinity injection was different for pores and throats: the changes after low salinity 555 

waterflooding were insignificant for the small throats while in small pores the oil was partially replaced 556 

by water, which was attributed to wettability change. Hence, wettability alteration is not uniform 557 

within the porosity and is more pronounced in the pore bodies than in the pore throats, which are 558 

more critical for oil droplets propagations due to the higher capillary forces inside a restriction. 559 

Also, it is unclear if the initial stabilization of the water film on rock surface is mainly related to 560 

electrostatic repulsion rather than to the presence of water micro-dispersion. Indeed, the 561 

spontaneous emulsification and growth of water-in-oil micro-droplets governed by osmotic effects 562 

occur more rapidly as the salinity is decreased [21,70,71]. The presence of solid/liquid surface in the 563 

vicinity of these structures can result in the formation of dewetting patterns on the solid surface, and 564 

their possible coalescence can be responsible of the formation of a continuous water film [68]. As a 565 

combination of the two mechanisms is still possible, it could be interesting to measure streaming 566 

potential during experiments at pore scale network to determine if it can help in elucidating the 567 

relative importance of electrostatic interactions and water micro-droplets on the initial formation of 568 

the water film. 569 

Nevertheless, irrespective of the underlying mechanism, this result is important as it clearly indicates 570 

that EOR can be observed in this COBR system in tertiary mode, while we did not observe any 571 

additional recovery at a bigger core scale (Figure 4). One reason for this difference can be related to 572 

the different length and time scales under investigation [10]. Indeed, several tens of hours are 573 

generally required to observe wettability alteration [72], which is typically the same order of 574 

magnitude as the total duration of the injection of one brine at the initial flowrate in our experiments. 575 

In addition, oil detachment from rock surface is not sufficient to observe additional oil recovery as oil 576 

droplets must be transported through the porous media. Many phenomena such as oil coalescence, 577 

trapping, remobilization, and banking must then be considered to eventually observe additional oil 578 

recovery [10]. Increasing the size of the sample can drastically raise the importance of these 579 
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phenomena in EOR efficiency. However, they can’t be captured only with zeta potential 580 

measurements. 581 

The understanding of flow dynamics during wettability alteration in oil recovery experiments is still 582 

not fully understood. It was shown that wettability alteration can occur much earlier in flowing regions 583 

than in stagnant regions due to non-uniform mixing, leading to spatial variation of wettability 584 

conditions [73]. This spatial variation can notably be dependent on the capillary forces and the viscous 585 

dissipation in the interfaces [74] and on the pore morphology of the rock [75]. For Estaillades rock, it 586 

was shown that the medium heterogeneity creates stagnant zones with low-pressure values next to 587 

zones with high-pressure values, which results in considerable variation in the velocity distribution 588 

[76]. This could have largely affected the sweep efficiency and oil recovery in our experiments (Figure 589 

4). More studies on the recirculation of the trapped phase are of prime interest [77], notably in the 590 

context of CSW. A better understanding of the flow dynamics will be helpful for improving oil recovery 591 

but also for interpreting the electrokinetic behavior. 592 

Finally, we must note that the temporal aspect is crucial in laboratory scale experiments but not on 593 

field scale, as the operation generally lasts for months to years. The design of core flooding 594 

experiments has thus major influence on the results obtained during controlled salinity waterflooding. 595 

More studies are required to identify the most pertinent experimental design that can effectively 596 

result in EOR at pore scale while limiting false positive and false negative results. This could be an 597 

important step in the definition of standardized methods and protocols, which will be helpful for the 598 

intercomparison of results from different laboratories and, ultimately, a better understanding on the 599 

underlying mechanisms of CSW. 600 

5. Conclusion 601 

This study was devoted to investigating if zeta potential can be used as a unique indicator to predict 602 

the response of controlled salinity waterflooding in oil-water-carbonate systems.  603 
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The main conclusions are summarized as follow: 604 

1. Oil recovery was more important when using formation brine in secondary mode compared 605 

to low salinity brine. Also, irrespective of the order of injection of the brines, almost no 606 

additional oil recovery was observed in tertiary mode. 607 

2. Rock/water interface was negatively charged in low salinity conditions and positively charged 608 

in high salinity brine. 609 

3. According to streaming potential measurements, oil/water interface appears positively 610 

charged in formation brine, suggesting that the recovery was already favorable using high-611 

salinity brines. However, it was not possible to determine without ambiguity the polarity with 612 

low salinity brines and, consequently, to predict the impact on additional oil recovery. 613 

The interpretation of streaming potential measurements in terms of oil/water polarity was 614 

also questioned. We suggested that the change in zeta potential between fully water 615 

saturation and residual oil saturation is not necessarily dependent only on oil polarity as it can 616 

be also induced by a change in rock exposed surface and the distribution in water flow paths 617 

during measurements. 618 

4. According to electrophoretic mobility measurements, the oil/water interface was negatively 619 

charged in low salinity brines, being even more negative than the rock/water interface. Hence, 620 

additional oil recovery should have been expected when switching to low salinity brines, 621 

whereas we did not observe any significant recovery. 622 

5. The overall results suggest that zeta potential cannot be used as a unique indicator to predict 623 

the low salinity response of a COBR system. 624 

6. A comparison with previous experiments at pore scale using the same COBR system confirmed 625 

the importance of length and time scales and of the flow dynamics in heterogeneous porous 626 

media on additional oil recovery. 627 

As long as the mechanism of the low-salinity effect is not well understood, we believe that the 628 

integration of streaming potential measurements in both core scale and pore network scale 629 
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experiments is of great interest to highlight the relative influence of electrostatic interactions 630 

on the overall mechanism of smart water injection methods. 631 
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Abbreviations 645 

CSW Controlled salinity waterflooding 

COBR Crude oil-brine-rock 

EOR Enhanced oil recovery 

EPM Electrophoretic mobility measurements 

EST Estaillades 

FMB Formation brine 

LSW Low salinity waterflooding 

OIP Oil in place 

PV Pore volume 

ROS Remaining oil saturation 

Sor Residual oil saturation 
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SPM Streaming potential measurements 

Sw = 1 Fully water saturation 

Swi Irreducible water saturation 

SW-SO4 Desulfated sea water 

SWd40 40-times diluted sea water 

SWIM Smart water injection methods 

WBT Water breakthrough 

 646 

A Surface (m²) 

C Coupling coefficient (mV Pa-1) 

Ci Concentration in i (mol L-1) 

I Ionic strength (mol L-1) 

k Permeability (mD) 

kr Relative permeability 

L Length (m) 

n Corey constant 

Pc Capillary pressure (bar) 

Q Flow rate (m3 s-1) 

r Radius (m) 

T Temperature (K) 

ue Electrophoretic mobility (µm cm V-1 s-1) 

ΔE Potential difference / Streaming potential (mV) 

ΔP Pressure difference (Pa) 

ε Permittivity 

ζ Zeta potential (mV) 

μ Dynamic viscosity (Pa s) 

σ Conductivity (S m-1) 

Subscripts w, o and r states for water, oil and rock, respectively 

Appendix A. Supplementary data 647 

The following is the Supplementary data to this article: 648 
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