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Abstract 14 

It is well known that oil recovery from carbonate reservoirs can be increased by modifying the 15 

injected brine composition in a process ‘controlled salinity water-flooding’ (CSW).  However, the 16 

mineral- to pore-scale processes responsible for improved oil recovery (IOR) during CSW remain 17 

ambiguous and there is no method to predict the optimum CSW composition for a given crude-18 

oil-brine rock system. Here we report the first integrated experimental measurements of zeta 19 

potential and IOR during CSW obtained at reservoir conditions.  The zeta potential is a measure 20 

of the electrical potential at mineral-brine and oil-brine interfaces and controls the electrostatic 21 

forces acting between these interfaces.   22 

  23 
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We find that the measured zeta potential in clean samples saturated with formation brine is 24 

typically positive and becomes more negative with brine dilution irrespective of 25 

temperature.  After aging and wettability alteration, the zeta potential changes and we suggest a 26 

more positive zeta potential indicates a positive zeta potential at the oil-brine interface and vice-27 

versa.  Injecting low salinity brine yields IOR when the oil-brine zeta potential is identified to be 28 

negative, but no response when it is identified to be positive, consistent with the hypothesis that 29 

IOR during CSW is caused by an increase in the repulsive electrostatic force acting between 30 

mineral-brine and oil-brine interfaces.  We suggest that the optimum brine composition for IOR 31 

during CSW should be chosen to yield the largest change in zeta potential at the mineral-brine 32 

interface with opposing polarity to the oil-brine interface and can be determined using the 33 

experimental method reported here. 34 

 35 

Introduction 36 

Carbonate reservoirs contain a substantial amount of the world’s oil reserves, but recoveries are 37 

typically low (<40%) [1]. Laboratory experiments and field trials have shown that improved oil 38 

recovery (IOR) from carbonate reservoirs can be obtained by modifying the injected brine 39 

composition in a process termed controlled salinity water-flooding (CSW) [2-6]. CSW is appealing 40 

due to its relative simplicity, low cost, easy implementation and avoidance of complex engineering 41 

or chemical additives such as polymers or surfactants. Typically, the injected brine is of lower 42 

salinity than the naturally present formation brine; it may comprise seawater and/or diluted 43 

seawater, or low-salinity water with a specific ionic composition. There has been significant 44 

research to understand the underlying mechanisms controlling CSW and several have been 45 

proposed, including calcite dissolution [7], the presence of sulphate (and/or dissolution of 46 

anhydrite) [3] and changes in the carbonate mineral surface charge [8, 9]. However, no one 47 

mechanism has yet been shown to yield IOR in all crude oil/brine/rock (COBR) systems; 48 
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moreover, most fail to explain why published results (and many more unpublished) show no IOR 49 

with dilution of the injection brine [3, 5]. The mineral- to pore- scale processes responsible for 50 

improved recovery during CSW remain ambiguous and there is no definitive method to predict 51 

whether a given COBR system will respond to a controlled salinity water flood, or to identify the 52 

optimum injection brine composition to maximize IOR. 53 

 54 

One common theme across the various mineral- to pore- scale mechanisms that have been 55 

proposed to underpin CSW is that they are associated with changes in the zeta potential at the 56 

carbonate mineral-brine interface (e.g. [3, 7-9]) The zeta potential is a measure of the electrical 57 

potential at the interface and is widely measured in colloid and interface science [10]. Numerous 58 

studies have reported measurements of the zeta potential on both natural and artificial 59 

calcite/carbonate surfaces in contact with electrolytes with a range of composition and total ionic 60 

strength.  A recent review was provided by [11], who concluded that the zeta potential of calcium 61 

carbonate mineral surfaces is primarily controlled by adsorption of lattice species Ca2+ and Mg2+ 62 

(e.g. Figure 1 (a)).  Decreasing the concentration of these divalent ions yields an increasingly 63 

negative zeta potential, and both behave identically within experimental error at laboratory 64 

conditions [11, 12].  The total ionic strength of the brine also affects the magnitude of the zeta 65 

potential, because it controls the thickness of the diffuse part of the electrical double layer at the 66 

mineral-brine interface (Figure 1 (a)); decreasing the total ionic strength increases the magnitude 67 

of the zeta potential in a process often termed ‘double layer expansion’ [10]. 68 

  69 

In contrast to oxides of metal or semi-metals, such as quartz [10], pH does not directly control the 70 

zeta potential of carbonate mineral surfaces; rather, varying the pH controls the equilibrium 71 

concentration of Ca2+and Mg2+ for a given CO2 partial pressure (pCO2), and it is the concentration 72 

of Ca2+ and/or Mg2+ that controls the zeta potential [11-13].  Despite this, many studies still report 73 

measurements of zeta potential on carbonates as a function of pH [3, 7, 8, 11, 14-19].  The apparent 74 
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correlation between pH and zeta potential obtained in these studies reflects the relationship 75 

between pCa (calcium concentration, expressed as the negative decimal logarithm of the calcium 76 

concentration in M) and zeta potential, with pCa varying in response to the imposed variation in 77 

pH. It is not possible to retrospectively extract the relationship between zeta potential and pCa 78 

from these studies, because calcium concentration was typically not measured. A relationship 79 

between SO4
2- concentration and carbonate zeta potential has also been proposed, with increasing 80 

SO4
2- yielding more negative zeta potential [2-4, 7, 8, 11, 14-17, 20, 21];  alternatively, it has been 81 

suggested that SO4
2- only indirectly affects zeta potential by modifying the equilibrium 82 

concentration of Ca2+ [11, 12] 83 

 84 

Previous studies have shown that the experimental conditions during zeta potential measurements 85 

are particularly important in carbonates to ensure consistent and repeatable data: it is essential to 86 

ensure that equilibrium has been reached between the mineral surfaces and the brine of interest, 87 

which may require 10’s or even 100’s hours of pre-equilibration to achieve [12]; it is also important 88 

to control (or measure) pCO2, as different pCO2 (e.g. in open versus closed system experiments) 89 

will yield different equilibrium concentrations of Ca2+ [12, 17].  Some of the observed variability 90 

in zeta potential data in natural carbonates may reflect failure to reach equilibrium, or 91 

unknown/unreported variations in pCO2. 92 

 93 

Despite the large number of published measurements of zeta potential in carbonates [12], few 94 

measured data are relevant to carbonate oil reservoirs.  Most studies obtain zeta potential data 95 

using commercially available laboratory equipment (such as a zetasizer) that measure 96 

electrophoretic mobility [e.g. 4, 16, 19, 22-26]. These devices have a limited range of operating 97 

conditions that are far from those present in natural oil reservoirs. Rock samples must be crushed 98 

to a sub-grain size powder, destroying the natural textures and exposing fresh mineral surfaces to 99 

the brine that would not be present in nature. Moreover, measurements in the high concentration 100 
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electrolytes (>0.5M) and elevated temperatures (>60ºC) typical of oil reservoirs are difficult to 101 

perform, because (i) it is challenging to maintain a stable suspension of the powder in the brine of 102 

interest, (ii) pressurized sample containers are required to avoid evaporation and electrolyte loss, 103 

and (iii) the electrodes degrade rapidly. Finally, only one fluid phase is present in a given 104 

experiment, unlike the mixed wettability and multiphase fluids present in natural oil reservoirs. 105 

The streaming potential method, first described by [43], is less commonly used but can overcome 106 

some of the limitations of conventional measurements of electrophoretic mobility, as it can be 107 

used to measure the zeta potential of intact rock cores at elevated temperature, saturated with 108 

multiple fluids including brines of high ionic strength [28,29]. 109 

 110 

The relatively limited relevant data published to date suggest that the zeta potential on natural, 111 

intact calcium carbonates in equilibrium with natural formation brines is typically positive, owing 112 

to the high concentration of Ca2+ in such brines, but is negative in lower salinity brines such as 113 

seawater, reflecting the lower Ca2+ concentration and, possibly, higher SO4
2- concentration [11, 12, 114 

20].  However, different natural samples can exhibit different zeta potential values in the same 115 

brine, which may reflect differences in the texture, structure and mineral distribution across 116 

samples, or trace impurities and organic material on the mineral surfaces [11]. The impact of these 117 

small-scale variations on zeta potential may be lost in studies where samples are crushed in order 118 

to be measured [4, 16, 19]. Moreover, most data published to date were obtained at laboratory 119 

conditions.  120 

 121 

Al-Mahrouqi et al. [27] measured the temperature dependence of the zeta potential in intact natural 122 

carbonates and found that the zeta potential became smaller in magnitude with increasing 123 

temperature in low concentration brines (0.01M) but was independent of temperature in high 124 

concentration brines (>0.5M). However, they explored simple NaCl brines in which the Ca2+ 125 

present was sourced only from dissolution of the sample during initial equilibration; the 126 
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temperature dependence of zeta potential in these experiments was directly correlated with the 127 

temperature dependence of the measured equilibrium Ca2+ concentration.  As yet, measurements 128 

of the zeta potential in natural carbonates saturated with oilfield brines of interest at elevated 129 

temperature are scarce, which motivates the first aim of this paper: to expand the experimental 130 

dataset by reporting measurements of zeta potential obtained in five intact reservoir carbonate 131 

samples and two outcrop carbonate samples, saturated with three synthetic formation brines, 132 

synthetic seawater, and three synthetic low salinity brines representative of those used in CSW.  133 

Data are obtained at laboratory temperature, and also elevated temperature relevant to oil reservoir 134 

conditions. 135 

 136 

Previous studies have shown that the zeta potential in natural carbonates saturated with brine and 137 

crude oil is affected by the wetting state i.e. whether brine or oil preferentially wets the mineral 138 

surfaces.  Jackson and Vinogradov [28] measured a positive zeta potential on natural, water-wet 139 

reservoir carbonates which became less positive after aging in crude oil.  They proposed that the 140 

zeta potential at oil-wet mineral surfaces reflects the oil-brine interface rather than the mineral-141 

brine interface (Figure 1 (b)); in their model, a more negative zeta potential measured in an oil-wet 142 

sample is consistent with a negative zeta potential at the oil-brine interface.  Jackson et al. [9] 143 

extended this work and reported a correlation between wettability and the change in zeta potential 144 

after aging.  However, of the four crude oils tested in their work, they found only three yielded 145 

increasingly negative zeta potential after aging, consistent with a negative oil-brine zeta potential. 146 

One crude oil yielded increasingly positive zeta potential, consistent with a positive oil-brine zeta 147 

potential.  This result was unexpected: although measurements of the zeta potential at the oil-brine 148 

interface are scarce, they usually return negative zeta potential at pH values relevant to carbonate 149 

oil reservoirs and the experiments undertaken by [9] [e.g. [23, 24]].  Consequently, there is a risk 150 

that the single crude oil in the study of [9] that returned an apparently positive oil-brine zeta 151 

potential is an outlier, not typical of crude oils in general.  Moreover, [9] used only a single 152 
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carbonate rock type.  These observations motivate the second aim of this paper: to expand the 153 

experimental dataset by reporting measurements of zeta potential after aging the five intact 154 

reservoir carbonate samples and two outcrop carbonate samples introduced above in three new 155 

crude oils. 156 

 157 

Jackson et al. [9] correlated, for the first time, changes in zeta potential observed in response to 158 

changing brine composition, and changes in zeta potential observed after aging, to IOR during 159 

CSW.  They proposed a model for CSW in which IOR is observed only if the chosen injection 160 

brine yields a change in zeta potential at the mineral-brine interface that causes an increase in the 161 

electrostatic repulsion between the mineral-brine and oil-brine interfaces. Thus, the mineral 162 

surface zeta potential should be made more negative to yield IOR for crude oils with a negative 163 

oil-brine zeta potential, but made more positive to yield IOR for crude oils with a positive oil-164 

brine zeta potential.  They tested the model in coreflooding experiments and found that simple 165 

dilution, from formation brine to dilute seawater (i.e. a conventional low salinity waterflood, LSW) 166 

yielded more negative mineral surfaces and successful IOR for the three crude oils interpreted to 167 

have a negative oil-brine zeta potential.  However, the conventional LSW did not yield IOR for 168 

the crude oil interpreted to have positive oil-brine zeta potential. Only an inverse LSW (i.e. 169 

switching from low salinity brine to formation brine), producing more positively charged mineral 170 

surfaces, yielded successful IOR for the oil interpreted to have a positive oil-brine zeta potential.  171 

The inverse LSW did not yield IOR for the crude oils interpreted to have a negative oil-brine zeta 172 

potential.  Thus, the CSW model of Jackson et al. [9] was able to successfully predict when a 173 

conventional LSW would yield IOR; it was also, uniquely, able to predict when a non-conventional 174 

inverse LSW would yield IOR.  Jackson et al. [9] suggested that LSW failures reported in previous 175 

studies were because the crude oil of interest had a positive oil-brine zeta potential that had not 176 

been recognized. 177 

 178 
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The model of CSW developed by Jackson et al. [9] has been tested so far only on one carbonate 179 

rock specimen and four crude oils.  The third aim of this paper is therefore to test Jackson’s CSW 180 

model using the five intact reservoir carbonate samples, two outcrop carbonate samples and three 181 

new crude oils introduced above. Overall, the paper reports a new suite of integrated experimental 182 

measurements of zeta potential and oil recovery during CSW in carbonates that further test the 183 

Jackson model of CSW. 184 

 185 
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 186 

 187 

Figure 1 - Schematic of a triple layer model for (a) the mineral-brine interface [11] and (b) the same interface after 188 

aging and wettability alteration with a negatively charged crude oil. The crude oil is attached to the mineral surface via 189 
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ion bridges (e.g. Ca2+, CO32-) within a thin water film between the two interfaces.  On a water-wet surface (a), the zeta 190 

potential is dictated by the properties of the mineral-brine interface; however, on an oil-wet surface, the zeta potential 191 

is dictated by the properties of the oil-brine interface. 192 

Materials and Methods 193 

Materials 194 

Table 1 summarises the materials used in this study. Samples of outcrop carbonates were used 195 

along with a range of reservoir samples for which we cannot disclose mineralogical data due to 196 

commercial sensitivity. The crude oil samples labelled SR-A to SR-D were previously studied by 197 

Jackson et al., [9] and all measurements using these crude samples were made on samples of 198 

Estaillades natural carbonate rock. Artificial brines were prepared using deionised water and 199 

reagent grade salts.  200 

 201 

Table 1 - Materials used in this study. Oils SR-A to SR-D were previously reported by Jackson et al., [9].  202 

Carbonate Core Samples 

Sample BA BB BC BD BF BG BH TE TR 

Description Reservoir Reservoir Reservoir Reservoir Reservoir Reservoir Reservoir Outcrop Outcrop 

Permeability (mD) 10 +/- 2 10 +/-  2 120 +/- 20 10 +/- 2 25 +/- 5 10 +/- 2 10 +/-  2 85 +/- 10 20 +/- 5 

Formation Factor (F) 35 20 25 20 50 35 20 40 20 

Mineralogy N/A N/A N/A N/A N/A N/A N/A >99% Calcite >99% Calcite 

          

Brine Compositions (salt concentrations in ppm) 

Brine Type Formation Brine  Seawater  Low Salinity Brine 

Brine Name BFB1 TFB1 BFB2  TSW  BLS1 TLS1 BLS2 

NaHCO3 0 200 0  156  0 1 220 

NaCl 89,442 109,550 177,440  29,000  648 760 90 

CaCl2.2H2O 12,800 46,070 40,440  605  46 20 616 

MgCl2.6H2O 12,827 11,240 21,040  405  186 296 903 

KCl 0 0 2,190  900  0 35 13 

SrCl2.6H2O 0 0 1,900  0  0 0 9 

Na2SO4 0 140 1,020  26  0 87 1,000 

NaBr 0 0 690  0  0 0 0 

LiCl 0 0 30  0  0 0 0 
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TDS (ppm) 115,069 167,200 244,750  31,092  881 1,199 2,852 

IS (mol/L) 1.99 3.03 4.29  0.53  0.01 0.02 0.05 

Oil Properties 

Oil Name Acid Number (mg/KOH) Base Number (mg/KOH) 

SR-A [9] 0.15 0.80 

SR-B [9] 0.20 1.77 

SR-C [9] 0.05 0.40 

SR-D [9] 0.20 1.20 

Oil BD 0.05 0.60 

Oil BM 0.20 1.80 

Oil TT 0.34 0.41 

 203 

Zeta Potential Measurements 204 

The streaming potential apparatus of Vinogradov et al. [29] was used to obtain the zeta potential 205 

measurements. Only a brief summary of the method is provided here; for additional details, see 206 

[9, 29]. Figure 2 shows a schematic of the experimental apparatus, which uses a non-metallic core 207 

holder, adapted to include two Ag/AgCl electrodes situated on either side of the core holder and 208 

out of the direct path of the flow, to measure the voltage difference across the core. A pump is 209 

used to induce brine flow through the core, using a light mineral oil as a hydraulic fluid to force 210 

the brine out of the inlet reservoir and through the sample to the outlet reservoir, creating a 211 

pressure drop across the sample. The direction of brine flow through the core can be reversed.  212 

The setup ensures the brines are isolated from air within a closed system which maintains a 213 

constant atmospheric pCO2 [17]. The core holder and reservoirs can be placed inside an oven to 214 

measure zeta potential at elevated temperatures up to 150oC [27, 30].  Experiments here were 215 

conducted at laboratory temperature, or at elevated temperatures of 70ºC, 80oC or 100oC. Prior to 216 

each experiment the rock samples were equilibrated with the brine of interest for at least 24 hours. 217 

 218 
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 219 

Figure 2 - Schematic of the experimental apparatus used to measure the zeta potential, modified from [29]. 220 

Stabilised pressure and voltage measurements were recorded for a number of different flow rates, 221 

typically five to eight per zeta potential measurement, with flow reversed at each flow rate to ensure 222 

the pressure and voltage responses are symmetric with respect to flow direction. Plotting the 223 

stabilised voltage difference against the stabilised pressure difference for each flow rate allows 224 

determination of the streaming potential coupling coefficient (C), given by the gradient of a linear 225 

regression through the data. The zeta potential can then be calculated using a form of the 226 

Helmholtz-Smoluchowski equation given by [31]: 227 

 228 

𝐶𝐶 =  𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  𝜀𝜀𝑤𝑤𝜁𝜁
𝜇𝜇𝑤𝑤𝜎𝜎𝑟𝑟𝑟𝑟𝐹𝐹

 (1) 229 

 230 

The intrinsic formation factor (F = σbh/σrwh) represents the ratio of brine electrical conductivity 231 

(σwh) to saturated rock electrical conductivity (σrwh), measured using high ionic strength electrolyte 232 
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(denoted by the subscript h) to ensure the contribution of surface electrical conductivity is 233 

negligible.  234 

 235 

Equation (1) is derived assuming that (i) the diffuse layer thickness is much less than the pore-size 236 

(the so called “thin double layer approximation”; see [45]) and (ii) that the variation in excess 237 

charge through the diffuse layer can be assumed linear (see [10]).  Both these assumptions are valid 238 

in high ionic strength brines. The form of equation (1) used here accounts for the contribution of 239 

surface electrical conductivity in low ionic strength brines [31]. Thus, there is no restriction on 240 

application of equation (1) to calculate zeta potential for the brine compositions used in this study. 241 

Following the approach of Vinogradov et al. [29], the brine conductivity (σw) and the saturated 242 

rock conductivity for the brine of interest (σrw) were measured in each experiment, while the brine 243 

viscosity (μw) and permittivity (εw) were calculated using published correlations [32]. 244 

 245 

Coreflooding Experiments 246 

The coreflooding experimental workflow broadly followed that of Jackson et al. [9]. Initially, 247 

mineral-brine zeta potential measurements were made using the methodology described above.  248 

Data were obtained at the temperature of interest for each of the brines of interest (Table 1). The 249 

coreflooding procedure for a given sample began with the sample saturated in the aging brine of 250 

interest.  The sample was then drained with the crude oil of interest at a low rate until the 251 

irreducible water saturation had been reached; the chosen rate depended on rock permeability but 252 

was typically in the range 0.01 – 0.5mL/min (1.5 x10-7 – 7.4 x10-6 m/s). A minimum of 10 pore 253 

volumes (PV) of the crude oil were drained through the core. The core was then statically aged in 254 

an Amott cell at 80oC for a minimum of four weeks, immersed in the aging crude oil. Following 255 

aging, the oil in the Amott cell was replaced with the aging brine and a spontaneous imbibition 256 

test was performed for a further three weeks at the chosen coreflooding temperature. 257 

 258 
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The volume of water spontaneously imbibed was recorded and the sample then waterflooded with 259 

the aging brine until the first residual oil saturation (Sor) was reached, identified when coreflooding 260 

of at least 2PV yielded no additional oil. The volume of oil recovered was recorded as a function 261 

of PV injected, along with the flowrate of brine and the pressure drop across the core. At Sor, when 262 

there was only brine flowing through the core, the streaming potential was measured again using 263 

the same methodology as described previously. Wettability change was characterised by the Amott 264 

water wetting index given by: 265 

𝐼𝐼𝑤𝑤 =  𝑉𝑉𝑆𝑆𝑆𝑆
𝑉𝑉𝑆𝑆𝑆𝑆+ 𝑉𝑉𝐹𝐹𝐹𝐹

 (2) 266 

where VSI is the volume of water spontaneously imbibed and VFI is the additional volume of water 267 

that can be forced into the sample. 268 

  269 

The injection brine was switched to the controlled salinity brine of interest and any additional oil 270 

recovered by the CSW brine measured.  The streaming potential was also measured at each 271 

subsequent value of Sor. 272 

 273 

For repeat experiments, samples were cleaned in a Soxhlet unit using toluene and methanol heated 274 

under reflux for several days, with regular replacement of the solvents until there was no further 275 

colour change of the solvents in the lower flask. Samples were dried for 24hrs to remove residual 276 

solvents. Petrophysical properties were then measured again to confirm cores had returned to their 277 

original state.  278 

 279 

To ensure consistency across corefloods, the flowrate was chosen to ensure the capillary number 280 

was similar in magnitude. The capillary number used is defined as:  281 

 282 

𝐶𝐶𝐶𝐶 =  𝛾𝛾.𝐴𝐴
𝜇𝜇𝑤𝑤𝐿𝐿𝐿𝐿

√∅.𝑘𝑘  (3) 283 
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 284 

Where γ is the interfacial tension of the oil-brine, assumed to be 35mN/m for all crude oils. The 285 

remaining properties were all measured or calculated as part of our standard workflow. L is the 286 

sample length, A is the sample cross sectional area, φ the sample porosity, k the single-phase 287 

permeability and Q the volumetric flow rate through the core, which was varied across experiments 288 

to keep the capillary number consistent.  Capillary numbers used in corefloods were initially of the 289 

order 18-20 (all properties defined in SI units) with high flowrate ‘bumps’ at capillary numbers of 290 

approximately 12, 6 and 2 conducted when the residual saturation had been reached, to ensure any 291 

increases in oil recovery observed upon CSW brine injection were not the result of capillary end 292 

effects.  293 

 294 

  295 
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Results 296 

Carbonate-Brine Zeta Potential 297 

We begin by reporting the zeta potential in samples saturated with reservoir relevant brines at both 298 

laboratory and elevated temperature. The zeta potential of the carbonate-brine interface is 299 

necessary to understand how modifying the injection brine composition changes the electrostatic 300 

forces acting at COBR interfaces during CSW. Figure 3 shows zeta potential measured at ambient 301 

conditions on the intact outcrop and reservoir carbonate samples investigated here, saturated with 302 

complex brines typical of those used in CSW (Table 1). The equilibrium pH of the effluent brine 303 

is also reported for each measurement. 304 

 305 

 306 

Figure 3 - Mineral-brine zeta potential measurements at ambient conditions for the carbonate samples and brines 307 

reported in Table 1. Bars represent zeta potential with the different shades and colours corresponding to different 308 

brines; diamonds show equilibrium effluent brine pH. The results of repeat experiments on selected samples (BC, 309 

BD, BH, TR and TE) can be found in the supplementary materials. 310 

Generally, the zeta potential in formation brines was positively charged and small in magnitude (< 311 

10 mV), consistent with previous published data [e.g. 11] and reflecting the high concentrations of 312 

Ca2+ and Mg2+ (Table 1). However, a notable exception was sample TR. This was the only 313 
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carbonate sample reported to date which has returned a negative zeta potential in formation brine. 314 

Seawater saturated samples yielded negative zeta potential values that are again small in magnitude 315 

(<5 mV) and again consistent with those reported previously [e.g. 11]. In the low salinity brines, 316 

the zeta potential was always negative, but with a large variation in magnitude across the different 317 

samples, with sample BD returning -19 mV but samples BG and BH only –1 mV.  Note that the 318 

change in streaming potential during the experiments on BG and BH was clearly in the opposite 319 

sense to the change in pressure [see 12 for examples of raw streaming potential and pressure data] 320 

so we are confident the zeta potential was negative, despite the small magnitude.   321 

 322 

Variations in the magnitudes for different samples or different brines would be expected based on 323 

previous published data [11, 12].  However, samples BC and BD are from the same subsurface 324 

reservoir formation yet returned zeta potential that differed significantly in magnitude, especially 325 

in low salinity brines; moreover, samples TR and TE are compositionally indistinguishable, but 326 

returned not only differences in the magnitude of the zeta potential, but also opposing polarity 327 

when saturated with the same brine. Repeat measurements on these same samples with the same 328 

brines confirmed the data reported here. 329 

 330 

There is no observed correlation between the variable zeta potentials observed across the samples 331 

and other parameters that are known control zeta potential in carbonates.  The equilibrium brine 332 

pH was typically in the range 5-8, increasing with decreasing brine salinity and correlating with 333 

pCa, consistent with the trend reported by [11]. However, no correlation between zeta potential 334 

and pCa and/or pH was observed that could explain the variability between samples for the same 335 

brines.  Measurements of pCa in the effluent brine showed no significant differences from the 336 

values given in Table 1, so did not measurably change during equilibration.   We suggest the 337 

variable zeta potentials reflect differences in the texture, structure and mineral distribution across 338 

samples, or trace impurities and organic material on the mineral surfaces [11]. 339 
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 340 

 341 

Figure 4  - Mineral-brine zeta potential measurements at elevated temperature conditions for the carbonate samples 342 

and brines shown in Figure 3 and reported in Table 1. Bars represent zeta potential with the different shades and 343 

colours corresponding to different brines; diamonds show equilibrium effluent brine pH. Additional single phase 344 

measurements made during repeated experiments on certain samples (BC, BD, BH, TR and TE) can be found in the 345 

supplementary materials. 346 

The main trends observed at laboratory temperature were replicated at elevated temperature 347 

(Figure 4). Zeta potential measurements were positive in formation brine, with the exception of 348 

sample TR which again returned negative zeta potential.  The zeta potential for all samples was 349 

negative in seawater and the dilute brines.  The pH again correlated with pCa, and no consistent 350 

or significant changes in equilibrium pH were observed between ambient and elevated 351 

temperature.  352 

 353 
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 354 

Figure 5 – Change in zeta potential from ambient to elevated temperature for the carbonate samples and brines 355 

shown in Figures 3 and 4, and reported in Table 1.   356 

Overall, our data suggest that temperature does not play a consistent or significant role in 357 

modifying zeta potential for carbonates saturated with complex, mixed brines.  Of the samples 358 

and brines tested here, the zeta potential was identical within experimental error at low and high 359 

temperature for 14 of the 22 carbonate/brine combinations tested (Figure 5).  In the remaining 8 360 

carbonate/brine combinations, the zeta potential became more positive in formation brine at high 361 

temperature for two carbonate samples, and more negative at high temperature in dilute brine for 362 

the same two samples. However, the zeta potential became more positive in seawater and dilute 363 

brine in the other samples.  No change in pH outside of experimental error was observed between 364 

ambient and elevated temperature.  Thus, the change in zeta potential caused by changing the brine 365 

composition (which we term here ΔζCSW) was essentially independent of temperature (Figure 6).  366 

Injection of a dilute brine, as in a conventional low salinity waterflood, yields a more negative zeta 367 

potential at the mineral-brine interface irrespective of temperature and carbonate sample tested.  368 

However, the magnitude of the change in zeta potential depends on carbonate sample, with the 369 

smallest change observed of -8 mV for sample BG and BH at laboratory temperature, and the 370 

largest of -24 mV observed for sample BD, also at laboratory temperature (Figure 6). 371 
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 372 

 373 

Figure 6 – Change in zeta potential between high and low ionic strength brines at both ambient and elevated 374 

temperature for various carbonate samples and brine compositions. 375 

Zeta Potential and Wettability 376 

Figure 7 shows the effect of wettability alteration on the zeta potential for several different samples 377 

and crude oils initially saturated with formation brine. The zeta potential of the fully water 378 

saturated samples (Sw=1) and the same samples at residual oil saturation (Sw = 1 – Sor) after aging 379 

are shown, along with the difference between these two values (which we term here Δζwett,) which 380 

represents the change in zeta potential caused by wettability alteration. 381 

 382 



 
21 

 

 383 

Figure 7 - Zeta potential measurements made at Sw = 1 and Sw = 1 – Sor in samples aged when saturated with 384 

formation brine and crude oil, along with the difference between these values (Δζwett).  The temperature here reflects 385 

the temperature at which the zeta potential was measured.  Aging of the samples was always undertaken at elevated 386 

temperature (see Method). 387 

In this work, three crude oils were used. Aging in Oil BM and formation brine consistently caused 388 

the zeta potential to become more negative, irrespective of the carbonate sample used or the 389 

experimental conditions. Aging in Oil TT and formation brine caused the zeta potential to become 390 

more positive in sample TE, but more negative in sample TR. This is the only combination of 391 

crude oil and carbonate sample in which the change in zeta potential after aging is sample specific 392 

across all of the crude oils and carbonate samples tested here and by [9]. The change in zeta 393 

potential of samples aged in Oil BM was measured at ambient and elevated temperature and was 394 

always of the same polarity. In contrast, aging in Oil BD and formation brine caused the zeta 395 

potential to become more positive at laboratory temperature, but more negative at elevated 396 

temperature (Figure 7).  The magnitude of the change in zeta potential varied across samples, crude 397 

oils and experimental conditions as with the single-phase mineral-brine zeta potential 398 

measurements. Oil BM typically caused a smaller change in the zeta potential after aging of 399 

approximately -1mV whereas Oil BD caused a much larger change of up to +5mV. Oil TT showed 400 
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a very large change in sample TE of +10mV but a smaller change in sample TR of -3mV. Effluent 401 

brine pH values recorded during the streaming potential measurements at Sor were comparable to 402 

those recorded at full water saturation. 403 

 404 

Figure 8 - Change in zeta potential measured in formation brine after aging for a range of crude oils, carbonate 405 

samples, formation brine compositions and temperatures. Filled symbols represent data obtained at ambient 406 

temperature. Open symbols represent data obtained at elevated temperature. Data for oils SR-A to SR-D previously 407 

reported [9] and shown by crosses.  TE+Oil TT denotes the results of aging sample TE in crude oil TT; TR+Oil TT 408 

denotes the results of aging sample TR in crude oil TT.  All other crude oils showed similar behaviour irrespective of 409 

rock sample, so the rock sample is not reported. 410 

A plot of Δζwett against the Amott water wetting index (Iw) for each crude oil and shows two main 411 

trends (Figure 8). Smaller values of Iw correspond to more oil-wet cores. An Iw value of 1 412 

corresponds to the fully water saturated state. Filled data points represent measurements made at 413 

ambient temperature and open data points represent measurements made at elevated temperature. 414 

For ambient temperature results, two crude oils (SR-A, BD) show an increasingly positive zeta 415 

potential with decreasing Iw and increasing oil wetness. Four crude oils (SR-B, SR-C, SR-D and 416 
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BM) show an increasingly negative zeta potential with decreasing Iw and increasing oil wetness. 417 

Oil TT deviates from these trends, showing both a positive and negative change in zeta potential 418 

after aging in formation brine that is dependent on carbonate sample type. Oil BD also exhibits 419 

both positive and negative changes dependent on the temperature, as noted previously.  420 

 421 

Jackson and Vinogradov [28] and Jackson et al. [9] interpreted the change in zeta potential after 422 

aging in terms of the zeta potential at the oil-brine interface.  They argued that a positive change 423 

in Δζwett is consistent with a positive zeta potential at the oil-brine interface and vice-versa because, 424 

after aging and wettability alteration, the oil-wet mineral surfaces return the zeta potential of the 425 

oil-brine interface rather than the mineral brine interface (Figure 1).  Jackson [44] demonstrated 426 

that the zeta potential interpreted from the streaming potential across a bundle of capillary tubes 427 

model tends towards the value of the oil-brine interface as the tubes become increasingly oil-wet.  428 

The exact nature of the relationship between wettability and zeta potential in rocks will depend in 429 

a complex way on the pore-scale distribution of wettability and flow. 430 

 431 

It is important to note that the polarity of the oil-brine zeta potential interpreted in this way can 432 

be ambiguous.  If the zeta potential is initially positive and becomes more positive after aging, then 433 

this unambiguously indicates a positive oil-brine zeta potential (e.g. oil BD and samples BA, BD 434 

and BH at laboratory temperature in Figure 7).  Likewise, if the zeta potential is initially negative 435 

and becomes more negative after aging, then this unambiguously indicates a negative oil-brine zeta 436 

potential (e.g. oil TT and sample TR in Figure 7).  If the zeta potential is initially positive and 437 

becomes negative after aging, then this unambiguously indicates a negative oil-brine zeta potential 438 

and vice-versa (e.g. oil BD and sample BH at elevated temperature in Figure 7).  However, if the 439 

zeta potential is initially positive and becomes less positive after aging, then this could indicate a 440 

negative or less positive zeta potential at the oil-brine interface (e.g. oil BM in Figure 7); likewise, 441 

if the zeta potential is initially negative and becomes less negative after aging, then this could 442 
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indicate a positive or less negative zeta potential at the oil-brine interface.  We acknowledge this 443 

ambiguity when recording the interpreted zeta potential for each crude oil (e.g. Table 2). 444 

 445 

In addition to aging in formation brine, Jackson et al., [9] also investigated the effect of wettability 446 

alteration on the zeta potential when aging in low salinity brine with two crude oils (SR-A and SR-447 

D). They found that the change in the zeta potential after aging in low salinity brine was of the 448 

same polarity (but different magnitude) as when aged in formation brine, and thus concluded that 449 

the polarity of the zeta potential of the oil-brine interface was independent of brine composition 450 

or ionic strength at pH values relevant to carbonate oil reservoirs.  We further tested this 451 

hypothesis here with several rock samples and crude oils. The zeta potential of these samples 452 

measured at Sw = 1 and Sw = 1 - Sor along with the change in zeta potential after aging these samples 453 

in low salinity brine (Δζwett) is shown in Figure 9. 454 

 455 

 456 

Figure 9 - Zeta potential measurements made at Sw = 1 and Sw = 1 – Sor in samples aged when saturated with low 457 

salinity brine and crude oil, along with the difference between these values (Δζwett).  The temperature here reflects the 458 

temperature at which the zeta potential was measured.  Aging of the samples was always undertaken at elevated 459 

temperature (see Method). 460 
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As with the measurements made after aging in formation brine, there is a potential ambiguity in 461 

the interpretation of the oil-brine interface polarity. In low salinity brine, the zeta potential of the 462 

mineral-brine interface is always negative. Those samples which show a more negative zeta 463 

potential after aging and wettability alteration (Samples aged with Oil BD in Figure 9 464 

unambiguously indicates a negative oil-brine zeta potential, however, in those samples where the 465 

zeta potential became less negative after aging (Samples aged with Oil TT in Figure 9) could 466 

represent either a positive or less negative oil-brine zeta potential. The change in zeta potential for 467 

samples saturated and aged in low salinity brine (Δζwett) as a function of Iw is plotted in Figure 10. 468 

Again, filled symbols represent measurements made at ambient temperature while open symbols 469 

represent those made at elevated temperature. 470 

 471 

Figure 10 - Change in zeta potential measured in low salinity brine after aging for a range of crude oils, carbonate 472 

core samples, low salinity brine compositions and temperatures. Filled symbols represent data obtained at ambient 473 

temperature. Open symbols represent data obtained at elevated temperature. Data for oils SR-A to SR-D previously 474 

reported by [9] and shown by crosses.  TE+Oil TT denotes the results of aging sample TE in crude oil TT; TR+Oil 475 

TT denotes the results of aging sample TR in crude oil TT.   476 
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We find here that the polarity of Δζwett for a given crude oil is different depending on whether the 477 

aging was in formation or low salinity brine (Figure 10; compare like crude oils with Figure 8).  478 

After aging in formation brine, oil BD generally caused the zeta potential to become more positive; 479 

however, when aging in low salinity brine, the opposite trend was observed. Oil TT, which was 480 

observed to show both a positive and negative change in zeta potential after aging in formation 481 

brine dependent on the core sample type, consistently caused the zeta potential to become more 482 

positive irrespective of core type after aging in low salinity brine and the change was of comparable 483 

magnitude (+3.5mV). 484 

 485 

The data presented here and by Jackson et al., [9] report results showing the link between 486 

wettability alteration and changes in the zeta potential for seven different crude oils. When aging 487 

in formation brine, four of these oils (SR-B, SR-C, SR-D and BM) have consistently caused the 488 

zeta potential to become more negative in all samples; one (SR-A) consistently resulted in a more 489 

positive zeta potential, and two have shown both a more positive and more negative zeta potential 490 

depending on the rock sample or temperature (BD and TT). Samples aged with either Oil TT or 491 

Oil BD exhibit more positive or more negative zeta potentials depending on the core type, aging 492 

brine and conditions used. Assuming that the change in zeta potential after aging is indicative of 493 

the zeta potential of the oil-brine interface, then the data reported here suggest that the zeta 494 

potential of the oil-brine interface depends not only on the crude oil properties (as suggested by 495 

[9]) but also on the host rock, brine salinity and/or composition, and temperature.  Controls on 496 

the zeta potential at the oil-brine interface and the implications for CSW will be discussed later. 497 

 498 

Controlled Salinity Corefloods 499 

Two types of corefloods were performed in this work: (i) conventional secondary or tertiary low 500 

salinity waterfloods (LSW) where the injection brine is changed to increasingly ilute brines (either 501 

secondary: FB → LS or tertiary: FB → SW → LS) and (ii) inverted secondary or tertiary inverse 502 
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waterfloods (iLSW) where the injection brine sequence is reversed, and increasingly concentrated 503 

brines are injected (secondary: LS → FB or tertiary: LS → SW → FB).  In all corefloods, the 504 

samples were aged in the first injection brine.  505 

 506 

We begin by reporting coreflood results from conventional LSW. Our earlier results and other 507 

published results (e.g. 11,12) show that LSW yields a more negative zeta potential at the mineral-508 

brine interface (Figure 3). Figure 11 reports examples of conventional LSW in both secondary and 509 

tertiary mode; additional LSW coreflood results are available in the Supplementary Material.  510 

 511 

 512 

Figure 11 - Examples of conventional LSW corefloods. Plots (a) and (b) show typical results using crude-oils, Oil BM 513 

and Oil TT respectively, interpreted to have a negative oil-brine zeta potential in the aging brine; plots (c) and (d) 514 

show typical results using crude-oils, Oil BD and Oil TT respectively, interpreted to have a positve oil-brine zeta 515 

potential. Results shown correspond to (a) experiment 19 in Table 2; (b) experiment 21 in Table 2; (c) experiment 12 516 

in Table 2 and (d) experiment 20 in Table 2. All corefloods shown here were performed at laboratory temperature. 517 

Additional LSW coreflooding results for the experiments listed in Table 2 can be found in the supplementary data. 518 
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In all of the LSW corefloods conducted to date, crude oils that were interpreted to have a negative 519 

zeta potential showed an increase in oil recovery (IOR) (e.g. Figure 11 (a) and (b)) whereas oils 520 

that were inferred to have a positive zeta potential showed no IOR (e.g. Figure 11 (c) and (d)).  521 

These trends were observed regardless of the specific brines, coreflooding mode and temperature. 522 

A notable result is for Oil BD, which was interpreted to have a positive zeta potential at laboratory 523 

conditions but a negative zeta potential at elevated temperature. The LSW at laboratory 524 

temperature showed no IOR, whereas at elevated temperature, LSW yielded an additional recovery 525 

of 2.2% (Figure 12). 526 

 527 

 528 

Figure 12 - Conventional LSW in sample BD saturated with oil BD at (a) ambient temperature where the zeta potential 529 

of the oil-brine interface was determined to be positive (Experiment 11 in Table 2) and (b) at elevated temperature 530 

where the zeta potential of the oil-brine interface was determined to be negative (Experiment 16 in Table 2). 531 

Figure 13 reports examples of inverse iLSW in both secondary and tertiary mode; additional iLSW 532 

coreflood results are available in the Supplementary Material  533 

 534 
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Figure 13 – Examples of conventional iLSW corefloods. Plot (a) shows a typical result using crude-oils BD interpreted 535 

to have a negative oil-brine zeta potential in the aging brine (Experiment 15 in Table 2); plot (b) shows typical results 536 

using crude-oil TT interpreted to have a positive oil-brine zeta potential (Experiment 22 in Table 2). Plot (a) was 537 

performed at elevated temperature whilst plot (b) was performed at ambient temperature. Additional iLSW 538 

coreflooding results for the experiments listed in Table 2 can be found in the supplementary data. 539 

In the iLSW, crude oils interpreted to have a negative oil-brine zeta potential interface showed no 540 

IOR (e.g. Figure 13 (a)) whereas crude oils interpreted to have a positive oil-brine zeta potential 541 

typically showed IOR (e.g. Figure 13 (b)).  The one exception was an iLSW with crude oil TT in 542 

sample TR (Figure 14).  However, as discussed previously, the interpreted zeta potential for the 543 

crude oil was ambiguous, as the sample zeta potential was negative and became more positive (but 544 

was still negative) after aging (Figure 9).  Hence, in this case, it seems likely that the polarity of the 545 

oil-brine zeta potential was incorrectly interpreted and is in fact negative.    546 

 547 

 548 

Figure 14 – iLSW coreflood with crude oil TT in sample TR performed at ambient temperature (Experiment 23 in 549 

Table 2). The zeta potential became more positive after aging but did not yield an IOR response unlike other iLSW 550 

where the zeta potential became more positive after aging. 551 

Crude oil BD was interpreted to have a positive oil-brine zeta potential after aging in formation 552 

brine in sample BH at elevated temperature (Figure 7) and showed no IOR in a conventional LSW 553 

(Figure 15a), consistent with the other results reported here and by [9].  The sample was then 554 

cleaned and aged in low salinity brine in the same sample, after which it was interpreted to have a 555 
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negative oil-brine zeta potential (Figure 9).   An iLSW coreflood was then conducted but no IOR 556 

was observed (Figure 15b), again consistent with the other results reported here and by [9]. 557 

Regardless of flooding sequence, no IOR was observed during CSW for crude oil BD in sample 558 

BH. The interpretation of the oil-brine zeta potential in both instances was unambiguous.  559 

 560 

 561 

Figure 15 – CSW using crude oil BD in sample BH.  Plot (a) shows a conventional LSW (experiment 12 in Table 2); 562 

plot (b) shows an iLSW (Experiment 13 in Table 2).   Corefloods were performed at elevated temperature. 563 

 564 

For a given coreflood sequence and COBR system we define a ‘normalised zeta potential’ given 565 

by:  566 

   567 

 568 

𝛥𝛥𝛥𝛥𝐶𝐶𝐶𝐶𝐶𝐶 =  𝜁𝜁𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 −  𝜁𝜁𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵  (4b) 569 

 570 

where ΔζCSW
 is the change in the mineral-brine zeta potential caused by injection of a CSW brine, 571 

determined from single-phase measurements (e.g. Figure 3). Equation (4) is empirical, modified 572 

from the expression suggested by Jackson et al. [9] to account for the initial wetting state as 573 

quantified by the value of Iw in the denominator.  Jackson et al. [9] only used one core type and Iw 574 

was largely constant in their experiments.  Here, we include Iw to account for the observation that 575 

𝜁𝜁𝑛𝑛 =  � 𝛥𝛥𝛥𝛥𝐶𝐶𝐶𝐶𝐶𝐶
𝛥𝛥𝜁𝜁𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤∗𝐼𝐼𝑤𝑤

�  (4a) 
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IOR during CSW depends in part on the initial wetting state, with more oil-wet samples having a 576 

greater potential for IOR [2-9, 22, 34, 38, 41, 42].  For successful CSW corefloods that yield IOR, 577 

we plot IOR (%) against ζn, (Figure 16), where we observe a correlation between IOR and 578 

normalised zeta potential regardless of the core type, crude oil, brine compositions, temperature 579 

or flooding sequence. Ambient temperature corefloods are given by triangular symbols and 580 

elevated temperature corefloods are shown by circular symbols. 581 

 582 

 583 

Figure 16 - Incremental oil recovered from successful CSW as a function of normalised zeta potential. Filled symbols 584 

represent data obtained at ambient temperature. Open symbols represent data obtained at elevated temperature. Data 585 

for oils SR-A to SR-D previously reported [9] and shown by crosses. 586 

Discussion 587 

Based on the suite of single and multiphase corefloods we have conducted to date, combining the 588 

new dataset obtained here with that reported by [9], we can compile the following observations: 589 

 590 
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• Dilution of the injection brine yields a more negative mineral-brine zeta potential 591 

regardless of sample type or temperature for realistic formation and dilute brine 592 

compositions.  593 

 594 

• All conventional LSW corefloods have shown an IOR response when the crude oil is 595 

interpreted to have a negative oil-brine zeta potential in the aging brine.  596 

 597 

• All bar one iLSW corefloods have shown an IOR response when the crude oil is 598 

interpreted to have a positive oil-brine zeta potential in the aging brine.  Interpretation of 599 

the oil-brine zeta potential was ambiguous in the one exception and it is possible that it 600 

was negative, in which case the results are consistent with all other samples reported here.   601 

 602 

• No IOR has been observed in any coreflood when the change in polarity of the mineral-603 

brine zeta potential was opposite to that of the interpreted polarity of the oil-brine zeta 604 

potential in the aging brine. 605 

 606 

• The effect of temperature on the success of LSW is directly linked to the effect of 607 

temperature on the zeta potential at the mineral-brine and oil-brine interfaces, such that 608 

the observations above are honoured.  609 

 610 

• IOR during CSW can be correlated with a normalized change in zeta potential that 611 

accounts for the change in mineral-brine zeta potential in response to changing brine 612 

composition, the interpreted oil-brine zeta potential (represented by the change in zeta 613 

potential in response to aging in the crude oil) and the Amott water-wetting index. 614 
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Inclusion of Iw in the empirical expression for normalized zeta potential (4) accounts for 615 

the observed link between initial wetting state and IOR during CSW.  616 

 617 

• The results and key observations for IOR during CSW reported here are consistent with 618 

those of Jackson et al. [9] (see Table 2 for a summary) and provide further support for the 619 

Jackson et al. [9] model for CSW, in which the change in brine composition must be 620 

chosen such that it yields an increased electrostatic repulsion between the mineral-brine 621 

and oil-brine interfaces, and that the polarity of the zeta potential at the oil-brine interface 622 

must also be determined in addition to the polarity of the mineral-brine interface.  It is 623 

incorrect to assume the zeta potential of the oil-brine interface is always negative, and 624 

LSW failures observed previously may have been caused by a positive oil-brine zeta 625 

potential that had not been recognized. 626 

 627 

Table 2 - Summary of all CSW carbonate corefloods to date reporting the polarity of the oil interpreted from the 628 

change in zeta potential after aging, whether IOR was observed, and if these observations fit with the CSW model of 629 

Jackson et al., [9]. 1-6 previously reported by [9]. Experiments marked with (*) represent experiments where there may 630 

be a potential ambiguity in the interpretation of the oil-brine zeta potential polarity. 631 

 632 

Number Sample Oil 
CSW 

type 
Conditions 

Interpreted 

Oil-Brine 

Zeta-

Potential 

Polarity 

IOR 

Observed?  

Consistent 

with 

Model? 

1 Estaillades SR-A  Normal Ambient + No Yes 

2 Estaillades SR-A  Inverse Ambient +     (*) Yes Yes (*)  

3 Estaillades SR-B Normal Ambient - Yes Yes 

4 Estaillades SR-C Normal Ambient - Yes  Yes 

5 Estaillades SR-D Normal Ambient - Yes Yes 
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6 Estaillades SR-D Inverse Ambient - (*) No Yes (*) 

7 BA BD Normal Ambient + No Yes 

8 BB BD Normal Ambient + No Yes 

9 BC BD Normal Ambient + No Yes 

10 BF BD Normal Ambient + No Yes 

11 BD BD Normal Ambient + No Yes 

12 BH BD Normal 80 + No Yes 

13 BH BD Inverse 80 - No Yes 

14 BD BD Inverse 80 - No Yes 

15 BD BD Inverse 80 - No Yes 

16 BD BD Normal 80 - Yes Yes 

17 BC BM Normal 80 - (*) Yes Yes (*) 

18 BC BM Normal 80 - (*) Yes Yes (*) 

19 BG BM Normal Ambient - (*) Yes Yes (*) 

20 TE TT Normal Ambient + No Yes 

21 TR TT Normal Ambient -  Yes Yes 

22 TE TT Inverse Ambient +      (*) Yes Yes (*) 

23 TR TT Inverse Ambient + (*) No No (*) 

 633 

Jackson et al., [9] assumed that the interpreted polarity of the oil-brine zeta potential was an 634 

intrinsic property of the crude oil and remained constant during CSW under reservoir relevant 635 

conditions. Here we see evidence of variation in the oil brine zeta potential polarity dependent on 636 

the brine composition, temperature and, interestingly in some cases, the core sample used, 637 

suggesting this previous assumption is invalid. However, there is further ambiguity in the 638 

interpretation of the oil-brine interface polarity in some instances via the method used here. 639 

Experiment 23, the iLSW with sample TR and Oil TT, is the only experiment that does not fit 640 

with the model of [9] based on the simple interpretation that the change in the zeta potential after 641 

aging is indicative of the oil-brine interface polarity used previously. However, if it is instead 642 

assumed that the zeta potential of this oil is negative, but less negative than the mineral surface, 643 
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this would yield the interpreted positive oil-brine zeta potential but the electrostatic model 644 

controlling IOR by CSW is still valid and successful in explaining the lack of observed IOR. The 645 

key discrepancy between the results presented here and those of Jackson et al., [9] lie within the 646 

interpretation of the oil-brine interface. The method used here is not a direct measurement of the 647 

oil-brine zeta potential. The zeta streaming potential method probes the mineral-brine interface 648 

where the core is water wet and the oil-brine interface where the core is oil wet. This therefore 649 

allows for an interpretation of the polarity of the oil-brine interface but not an accurate 650 

measurement of the magnitude.   651 

 652 

Published zeta potential measurements of the crude oil-brine interface are limited, although have 653 

seen a recent increase as experimental techniques have improved and interest in the oil-brine zeta 654 

potential for applications to CSW has increased [16, 23, 24, 26]. The majority of the measurements 655 

are made using zetasizers or other commercially available equipment. As with the carbonate-brine 656 

interface, these methods have a limited range of operating conditions that differ significantly from 657 

natural oil reservoirs and make relevant measurements difficult to obtain. Measurements of the 658 

oil-brine zeta potential are particularly challenging at reservoir conditions using high ionic strength 659 

brines (>0.1M) and high temperature (>60oC), due to the difficulty in maintaining a stable 660 

dispersion of oil droplets in brine long enough to record a measurement and the rapid degradation 661 

of the electrodes.  662 

 663 

Almost all of the published data of the oil-brine interface zeta potential report negative values at 664 

pH >5, typical of carbonate reservoir pH’s (pH 6-9, Figure 3), and become increasingly more 665 

negative with increasing pH [33]. Most of the values are measured on oil droplet suspensions 666 

within simple, single salt species electrolytes up to 0.1M ionic strength (commonly, NaCl, KCl, 667 

CaCl2 and MgCl2) and the zeta potential typically decreases in magnitude with an increase in ionic 668 

strength of the brine for a given pH ([23, 33-37]), consistent with conventional double-layer theory 669 
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[10]. Some studies report zeta potential measurements made in suspensions of multi-salt 670 

electrolytes or reservoir relevant seawaters or low salinity brines [4, 23, 24, 34, 38]. These are also 671 

always negative at the pH of interest and increase in magnitude with decreasing ionic strength and 672 

increasing pH. Despite the difficulties in obtaining data at conditions relevant to oil reservoirs, 673 

Mahani et al., do report a small but negative oil-brine zeta potential made in a zetasizer in a 674 

formation brine, however, this is only done at room temperature and not reservoir conditions and 675 

they do note the difficulty in maintaining a stable dispersion, especially at high and low pH values 676 

[4]. Experimental evidence for a positively charged oil-brine zeta potential does exist at low pH 677 

values [33, 37, 38]. The iso-electric point (IEP) is the pH at which the zeta potential switches from 678 

positive to negative and is typically around pH 3-5 for most of the published data but varies with 679 

the specific oil used. It has been suggested that the amounts of the organic acid and base 680 

components in the crude oil (given by the acid number, AN, and base number, BN) can be 681 

important in determining the IEP and the overall charge at the interface [24, 33, 37]. Crude oils 682 

with a higher AN/BN ratio typically show a lower IEP and more negatively charged oil-brine zeta 683 

potential values, however many studies suggest that the AN and BN are insufficient to accurately 684 

describe the properties and behaviour of the oil-brine interface, a recent study by Bonto et al., [36] 685 

suggested that these bulk properties of the crude-oils may not accurately represent the amounts of 686 

these species active at the oil-brine.  Other evidence of positively charged crude oils also exists in 687 

high Ca2+ concentration electrolytes. Nasralla et al., [34] report a positive oil-brine zeta potential 688 

in a 50,000ppm CaCl2  electrolyte but at a pH of 4, whilst Pooryousefy et al., report a positive oil-689 

brine interface zeta potential also in 50,000ppm CaCl2 at a pH of 7 [25]. This is a comparable Ca2+ 690 

concentration and brine pH to the formation brines used here in this work (Table 1) and, to the 691 

best of our knowledge, is the only positive oil-brine zeta potential observed above pH 6.  692 

 693 

Brady et al., [39, 40] proposed a surface complexation model (SCM) for the crude oil-brine 694 

interface and suggest that the primary control on the interfacial charge is the protonation and 695 
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deprotonation reactions of the organic acid and base compounds of the crude oil, given by 696 

equations (5) & (6) respectively: 697 

 698 

−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ↔ −𝐶𝐶𝐶𝐶𝑂𝑂− + 𝐻𝐻+   LogK (25 oC) = -5.0 (5) [39]  699 

−𝑁𝑁𝐻𝐻+ ↔ −𝑁𝑁+  𝐻𝐻+   LogK (25 oC) = -6.0 (6) [39] 700 

 701 

At reservoir pH, these equations predict the majority of the basic groups will be neutrally charged 702 

and the acidic groups negatively charged yielding an overall negative charge at the interface which 703 

increases with increasing pH, but for pH values less than 5 there may be an overall net positive 704 

charge, consistent with experimental data. These equations also account for the apparent trend 705 

between the AN/BN ratio and the IEP. However Brady et al., [39, 40] and more recently Bonto 706 

et al., further suggested that other reactions between the acid and base groups in the oil and the 707 

ionic species in the brine (e.g. Na+, Ca2+, Mg2+….) analogous to those of the carbonate-brine 708 

interface, could modify the polarity of the crude oil-brine interface to account for the positive 709 

charged observed in concentrated multivalent ion electrolytes, e.g: 710 

 711 

 −𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑁𝑁𝑎𝑎+  ↔ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻+   LogK (25 oC) = -4.86 (7) [36] 712 

−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝑎𝑎2+ ↔ −𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎+ + 𝐻𝐻+  LogK (25 oC) = -3.8 (8) [36] 713 

−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑀𝑀𝑀𝑀2+ ↔ −𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑔𝑔+ + 𝐻𝐻+  LogK (25 oC) = -3.5 (9) [36]  714 

 715 

These SCMs support the hypothesis for the potential of a positively charged crude oil-brine 716 

interface under certain conditions (low pH, high multivalent ion concentration…) typical of 717 

reservoir formation brines, at higher values of pH than previously reported, and at conditions not 718 

typically investigated by experimental studies. The most recent and advanced SCM for the oil-719 

brine interface by Bonto et al., [36] proposed three different models of increasing complexity 720 
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which were successful in modelling a wide range of zeta potential data, but none were consistently 721 

successful and definitive in modelling data across multiple experimental studies. Additionally, the 722 

models predicted strongly positive zeta potential values in high concentration CaCl2 and MgCl2 723 

brines that were inconsistent with the experimental data. They concluded that the key issues with 724 

the models surrounded accurately describing the number of active polar species at the interface 725 

and poor-quality reporting of the pH from experimental data. SCMs often contain parameters that 726 

are tuned to match experimental data or obtained from experimental work, e.g. the LogK values 727 

in equations 5-9 used by [36, 39], but this is obtained under ideal, laboratory conditions making 728 

extrapolation to high ionic strength electrolytes or high temperatures relevant to oil reservoirs 729 

questionable. Bonto et al., note their models perform worse in high ionic strength electrolytes 730 

where experimental data is sparse and theoretical models are restricted [36]. 731 

 732 

Clearly, the current understanding of the oil-brine interface is insufficient for applications to true 733 

reservoir conditions. No clear trends between the oil, brine or mineral properties and the 734 

interpreted polarity of the oil-brine interface have been identified from our results that would allow 735 

a prediction of the oil-brine polarity prior to conducting the experimental procedure. It is unclear 736 

why Oil TT would exhibit both a positive and negative polarity dependent upon the core sample 737 

type when aged in compositionally similar cores with the same brine (Figure 7). The effect of aging 738 

on the oil-brine zeta potential also needs further investigation. Wettability alteration during aging 739 

is acknowledged to occur due to chemical reactions between the COBR components (e.g. [7, 8, 740 

33, 41, 42]) but the impact of this on the crude oil interfacial chemistry, and thus the zeta potential 741 

is unclear. Additional modelling, and experimental data to constrain and validate those models, is 742 

required at conditions relevant to oil reservoirs. The methodology used here is advantageous in 743 

interpreting the polarity of the oil-brine zeta potential at reservoir conditions and correlating this 744 

to IOR, but has possible ambiguities in the interpretation, cannot provide an accurate estimate of 745 

the magnitude of the oil-brine zeta potential and is too time consuming and resource intensive to 746 
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systematically study the impact of individual variables on the interpreted polarity. Independent 747 

experimental methods that can accurately measure the zeta potential of the oil-brine interface 748 

under reservoir relevant conditions are necessary to systematically probe the impact of brine 749 

composition and concentration, temperature and oil properties on the zeta potential to better 750 

understand the behaviour of the interface and to predict and understand IOR by CSW. 751 

 752 

Conclusions 753 

1. It is important to determine how the relevant formation and injection brines used in CSW 754 

will modify the zeta potential of both the mineral-brine and oil-brine interfaces at reservoir 755 

conditions on intact samples.  756 

 757 

2. The injection brine composition should be designed to yield a change in the mineral-brine 758 

zeta potential that is of the same polarity as the crude oil-brine interface polarity in order 759 

to increase oil recovery. 760 

 761 

3. This change results in an increased electrostatic repulsion between the mineral-brine and 762 

oil-brine interfaces, acting to increase the stability of a thin water film acting between the 763 

two interfaces, resulting in a change towards a more water-wet core which is consistent 764 

with the majority of literature observations of CSW. The change in the electrostatic forces, 765 

not the total salinity, is more important for the success of CSW. 766 

 767 

4. The crude oil-brine interface polarity of importance to CSW is that present after aging with 768 

the formation brine and rock core of interest, not the pristine crude oil-brine interface. 769 

The polarity of the crude oil-brine interface can vary depending upon the aging conditions 770 

used. No correlation between the oil/brine/rock properties and the polarity of the crude 771 
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oil-brine interface inferred after aging have yet been identified. As such, there is currently 772 

no model to predict the crude oil-brine interface polarity of a given COBR system prior to 773 

measuring experimentally.   774 

 775 

5. The polarity of the crude oil-brine interface is unlikely to be constant during CSW. It is 776 

currently unknown if, or how, modifying the injection brine composition may alter this. 777 

Additional data and models are required to increase our understanding. 778 
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