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Abstract 16 

Despite the broad range of interest and applications, controls on the electric surface charge 17 
and the zeta potential of silica in contact with aqueous solutions saturated with dissolved CO2 18 
at conditions relevant to natural systems, remains unreported. There have been no published 19 
zeta potential measurements conducted in such systems at equilibrium, hence the effect of 20 
composition, pH, temperature and pressure remains unknown. 21 

We describe a novel methodology developed for the streaming potential measurements under 22 
these conditions, and report zeta potential values for the first time obtained with Fontainebleau 23 
sandstone core sample saturated with carbonated NaCl, Na2SO4, CaCl2 and MgCl2 solutions 24 
under equilibrium conditions at pressures up to 10 MPa and temperatures up to 40oC. 25 

The results demonstrate that pH of solutions is the only control on the zeta potential, while 26 
temperature, CO2 pressure and salt type affect pH values. We report three empirical 27 
relationships that describe the pH dependence of the zeta potential for: i) dead (partial CO2 28 
pressure of 10-3.44 atm) NaCl/Na2SO4, ii) dead CaCl2/MgCl2 solutions, and iii) for all live (fully 29 
saturated with dissolved CO2) solutions. The proposed new relationships provide essential 30 
insights into interfacial electrochemical properties of silica-water systems at conditions 31 
relevant to CO2 geological storage. 32 

1. Introduction33 

Quartz is a common mineral comprising 12% of the Earth’s crust [1]. Quartz is also the 34 
constituent mineral of sandstone formations, and it can be found in many subsurface settings 35 
including aquifers (e.g., [2,3]), hydrocarbon reservoirs (e.g., [4,5]) and geothermal sources 36 
(e.g., [6,7]). To characterize the subsurface flows in such settings, a variety of electrical 37 
geophysical methods are available including electrical resistivity tomography (e.g., [8,9]), 38 
electro-seismic (injecting electric current and measuring the resulting seismic energy; e.g., 39 
[10,11]), seismo-electric (generating a seismic wave and measuring the resulting electric field; 40 
e.g., [11,12]) and self-potential (SP) (voltage that arises in response to existing gradients in41 
pressure, concentration or temperature; e.g., [13,14]) measurement. The SP has been shown42 
to be an efficient method to characterize single- and multi-phase flows in the subsurface,43 
especially in sandstone reservoirs (e.g., [15,16]). Moreover, the SP method can characterize44 
permeability heterogeneities (e.g., fractures, faults, and variable permeability zones [17,18]).45 
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The SP method relies on electrochemical processes that arise in response to the 46 
establishment of an electrical double layer (EDL) at the rock-water interface; this can be 47 
characterized by the zeta potential (e.g., [19,20]). The zeta potential also plays an important 48 
role in determining the wettability (e.g., [21]); while the wetting state controls the pore 49 
occupancy of aqueous solutions (hereafter referred to as water for simplicity) and non-50 
aqueous phase fluids (NAPF) in multi-phase systems, and thus strongly influences fluid 51 
saturations and flow patterns, e.g. in CO2 geological storage (CGS) [22], hydrocarbon 52 
recovery [23], or H2 geo-storage [24]. 53 

There are three principal forces (namely van der Waals, structural and electrostatic forces 54 
[25]) that act between rock-water and NAPF-water interfaces; these forces determine the 55 
disjoining pressure, which in turn controls the wetting state. Structural forces are always 56 
repulsive, thus implying a positive (repulsive) contribution to the disjoining pressure [25,26], 57 
while van der Waals forces depend on properties of all  constituent phases (refractive index, 58 
dielectric constant and absorption frequency), and these forces can be characterized by the 59 
Hamaker theory, resulting in either positive or negative [25,27,28] to the disjoining pressure.  60 
Electrostatic forces can also be positive or negative [25,29] depending on rock mineralogy, 61 
water pH, ionic strength and chemical composition. The magnitude and polarity of the 62 
electrostatic forces depend on the interfacial zeta potentials, which can vary substantially [26], 63 
therefore these forces play a key role in controlling the wettability.  64 

In order to accurately characterize the wettability, the measured experimental data of zeta 65 
potential of rock-water and NAPF-water interfaces is essential. There are two common 66 
methods available for measuring zeta potential; namely the electrophoretic mobility and 67 
streaming potential. The electrophoretic mobility method (EPM) relies on the motion of the 68 
dispersed phase (either rock or NAPF) relative to the continuous stationary water phase under 69 
the influence of an applied electric field [30]. In contrast, the streaming potential method (SPM) 70 
is based on the flow of water through a stationary porous medium, which may also contain 71 
NAPF, under the influence of a pressure gradient [20,30]. The benefits of using EPM include 72 
a relative ease of use commercially available instruments. However, the measurement 73 
conditions are far from representative of deep subsurface settings for several reasons. Firstly, 74 
EPM cannot currently be used under high pressure and elevated temperature conditions, or 75 
with high ionic strength electrolytes (>1M; M = mol∙L-1), the conditions that are typical for deep 76 
rock formations [26]. Secondly, EPM requires either a powdered mineral sample or emulsified 77 
NAPF dispersed in water and therefore, it cannot capture the true complex pore space 78 
topology [26]. Finally, EPM cannot take into account a third phase, which is needed for multi-79 
phase flow (e.g., water and gas) [31]. In contrast, SPM can be used on intact sandstone 80 
samples (e.g., [32,33]), at elevated temperature (e.g., [16]), using low-to-high salinity 81 
electrolytes of simple and complex composition (e.g., [34]) and also on multi-phase systems 82 
containing water, NAPF and minerals at the same time (e.g., [35,36]). However, conducting 83 
SPM experiments is challenging and time consuming. In addition, to the best of our 84 
knowledge, thus far there has been no published study that reported either EPM or SPM zeta 85 
potential measurements under high pore pressure and elevated temperature conditions, 86 
typical for deep subsurface settings. Acquisition of the high pore pressure and elevated 87 
temperature data is particularly important as gas under these conditions (e.g., CO2 during 88 
carbon dioxide sequestration or CO2 injection for improved oil recovery) dissolves in water to 89 
a higher degree and alters the ionic composition, reduces pH, so that the resulting aqueous 90 
solution becomes the so-called carbonated water (C_water). Such changes in water chemistry 91 
will have an impact on the C_water-rock and C_water-NAPF zeta potentials and will ultimately 92 
affect the wettability and dynamics of flow of each fluid. Note, that the term C_water used in 93 
this study corresponds to any aqueous solution with non-zero concentration of dissolved CO2. 94 
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Several attempts have been made to measure the zeta potential in CO2 containing systems. 95 
A recent study published by Kim and Kwak [37] reported the zeta potential of CO2-water 96 
interfaces using EPM. The experiments were conducted by bubbling CO2 gas through 0.01M 97 
NaCl solution. The zeta potential was reported to be negative, but the experiments were 98 
conducted at atmospheric pressure and unreported temperature. Another study by Moore et 99 
al. [38] reported measurements of the zeta potential using SPM in Berea sandstone samples 100 
saturated with tap water and liquid CO2. The experiments were conducted at a maximum 101 
pressure of 6.5 MPa and temperature of 20°C, so that the latter value is not consistent with 102 
the expected temperature of 38oC normally found at the depth that corresponds to 6.5 MPa 103 
[39]. The single-phase zeta potential was measured in rock sample fully saturated with water, 104 
which was not carbonated prior to the experiments, i.e., the amount of dissolved CO2 105 
corresponded to the atmospheric level. The experiment was repeated with water and 106 
immiscible liquid CO2 and the effective (i.e., multi-phase) zeta potential was found to be 107 
negative and approximately ten-fold smaller in magnitude compared with the single-phase 108 
zeta potential. However, Moore et al. [38] did not report single-phase zeta potential 109 
measurements conducted with C_water under the same experimental conditions, hence the 110 
contribution of the zeta potential at the interface between water and immiscible liquid CO2 111 
could not be quantified. Moreover, Moore et al. [38] did not report the equilibrium pH of water 112 
during the experiments, to indicate whether chemical equilibrium between the mineral, water 113 
and liquid CO2 was established. Since pH is known to have a strong effect on the silica-water 114 
zeta potential [16,40], uncertainty exists in relation to Moore et al.’s [38] reported multi-phase 115 
zeta potential results. Furthermore, to the best of our knowledge, no experimental zeta 116 
potential data for C_water-rock or C_ water-immiscible CO2 interfaces under high pressure 117 
and elevated temperature conditions has been reported (which are typical for deep subsurface 118 
formations). Note that in CGS, CO2 is stored below a depth of 800 m, so that the CO2 exists 119 
in a dense supercritical phase [41,42] which correspond to the critical point of CO2 is 7.38 MPa 120 
and 31.1°C). 121 

In the absence of such measured zeta potential data, several models have been proposed 122 
with which the wettability of sandstones can be predicted. For instance, Tokunaga [43] and 123 
Kim et al. [44] reported an analytical model of water film stability, based on DLVO (Derjaguin, 124 
Landau, Verwey, Overbeek) theory; the model was used to simulate CO2 geological storage 125 
(CGS) conditions in sandstone reservoirs. The model required knowledge of the electrostatic 126 
interactions between silica-water and CO2-water interfaces, to calculate the corresponding 127 
contribution to the disjoining pressure, and the model was implemented using compression 128 
approximation [45]. Tokunaga [43] and Kim et al. [44] assumed that the zeta potential of the 129 
silica-water interface was -25 mV for 0.01 M ionic strength solution, and -5 mV for 2 M ionic 130 
strength. Both, Tokunaga [43] and Kim et al. [44] assumed a zero zeta potential at the CO2-131 
water interface. However, neither of the assumed values was validated due to a lack of 132 
experimental data under true CGS conditions. Moreover, when the CO2 dissolves in water at 133 
high pressure, and the pH of C_water becomes substantially lower [46,47], the zeta potential 134 
of C_water-silica interfaces should become vanishingly small [48]. This, however, is 135 
inconsistent with the assumed values by Tokunaga [43] and Kim et al. [44], thus their 136 
wettability estimates are also doubtful.  137 

Therefore, the main aim of this study is to develop an experimental methodology and for the 138 
first time measure the streaming potentials in intact sandstone samples under high pressure 139 
and elevated temperature, using C_water, to improve our understanding of the 140 
electrochemical processes that take place at silica-water interfaces. The outcomes of this 141 
study will, among other applications, better inform CGS, hydrocarbon recovery and 142 
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geothermal projects. This work also provides fundamental petrophysical data essential for a 143 
broad range of Earth sciences. 144 

2. Materials and methods 145 

2.1. Materials 146 

A cylindrical Fontainebleau sandstone sample was used in this study. Petrophysical properties 147 
of the sample listed in Table 1 suggest partial cementation, in line with the values of porosity 148 
and formation factor [32], which was important for repeated saturation. Prior to conducting the 149 
streaming potential measurements, the sample was thoroughly cleaned following the 150 
procedure reported by Alroudhan et al. [31]. 151 

Sample Fontainebleau sandstone 

Mineralogy >99 wt% quartz 

Porosity 9.0 ± 1.0% 

Liquid Permeability 70 ± 5 mD (6.91 × 10-14 ± 4.93 × 10-15
 m2) 

Dimensions Length = 0.0783 m, Diameter = 0.0382 m 

Formation Factor, F 58±2 

Table 1. Petrophysical properties of the Fontainebleau sandstone sample used in this study. Mineralogy 152 
of the sample was taken from [34,49,50]. Sample porosity was measured by gas (N2) expansion using 153 
AP-608 Automated Permeameter and Porosimeter (Coretest System Inc, USA). The formation factor 154 
was obtained with five dead NaCl solutions with ionic strength between 0.05 M and 1 M. The liquid 155 
permeability was calculated using Darcy’s Law from the slope of linear regression of the flow rate 156 
against the pressure difference during the streaming potential measurements using at least four 157 
different flow rates with confirmed high quality of regression (R2 ≥ 0.98). 158 

We used synthetic single-salt solutions made with reagent-grade NaCl, CaCl2·2H2O, 159 
MgCl2·6H2O, and Na2SO4 (Sigma Aldrich, Australia) dissolved in deionized (DI) water. The DI 160 
water (electrical resistivity 15 MΩ∙cm -18 MΩ∙cm) was supplied by a filtering system from Ibis 161 
Technology (Ascot, Australia). The ionic strength of all four solutions was kept constant at 0.05 162 
M during preparation under laboratory (ambient) pressure and 23oC temperature. All 163 
laboratory experiments were conducted using two types of aqueous solutions: ‘dead’ and ‘live’ 164 
water. The dead water was a synthetic aqueous solution fully equilibrated with atmospheric 165 
CO2 (which corresponds to partial CO2 pressure of 10-3.44 atm and to a dissolved CO2 166 
concentration of 1.487 × 10-5 M [51]). The CO2 content of the dead water remained unchanged 167 
throughout the experiment. On the other hand, to prepare the live water we used a salt solution 168 
prepared under ambient pressure and temperature, which subsequently was brought in 169 
contact with pure CO2 (supplied by Coregas, Australia, with the mole fraction ≥ 0.99) in a 170 
mixing reactor [52]. The system was pressured and heated to target experimental pressure 171 
and temperature. Allowing CO2 and water to mix for a long period of time in the reactor (no 172 
less than 3 hours); while measuring the volume of the CO2 cap until it stabilized under constant 173 
pressure, the thermodynamic equilibrium between water and CO2 was established. The target 174 
pressure and temperature that corresponded to the live water equilibrium was maintained 175 
throughout each experiment. 176 

Prior to carrying out the streaming potential measurements with dead water, the saturated 177 
rock sample was placed in a core holder, and the entire system was sealed from atmosphere. 178 
The detailed experimental protocol of the streaming potential measurement using both dead 179 
and live water is provided in subsequent sections. 180 

2.2. Measurements of pH and, water and saturated rock electrical conductivity 181 

The dead water experiments were conducted at pore pressures up to 10 MPa and 182 
temperatures up to 40°C. Since the concentration of dissolved CO2 remained constant at 183 
atmospheric level during the dead water experiments (in the closed system), effluent water 184 
samples were regularly collected and pH values and electrical conductivities were measured 185 
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outside the system using a FiveGo pH meter (Mettler Toledo, accuracy of 0.01 pH units) and 186 
a Jenway 4520 conductivity meter (Cole-Palmer, 0.5% accuracy), respectively. 187 

The live water experiments were carried out over the same pressure ranges (up to 10 MPa 188 
backpressure) and temperatures of 40°C. Live water pH values were measured using an in-189 
line high-pressure pH meter (Corr Instruments, LLC). Both pH meters, as well as the 190 
conductivity meter were regularly calibrated using standard solutions and manufacturer’s 191 
recommended procedure. 192 

The chemical equilibrium between the rock sample and all aqueous solutions was assured 193 
using pH and water electrical conductivity measurements on a regular basis as detailed by 194 
Vinogradov and Jackson [16]. Therefore, the measured pH values and water conductivities 195 
reported here represent the equilibrium values (for a given solution, pressure and 196 
temperature). Dead and live water properties are provided in Table 2. 197 

The saturated rock conductivity (𝜎𝑟𝑤) was measured in-situ using a pair of internal electrodes 198 

and following the procedure of Vinogradov et al. [34]. The intrinsic formation factor (F) was 199 
obtained prior to carrying out the streaming potential measurements using NaCl solutions 200 
between 0.05M and 1M, and following the protocol of Vinogradov et al. [34]. 201 

2.3. Experimental setup 202 

The streaming potential measurements were conducted in a high pressure-high temperature 203 
(HPHT) coreflooding apparatus (schematically shown in Figure 1). The coreflooding 204 
apparatus was placed inside an oven with controlled temperature (accuracy of ± 1°C). For the 205 
dead water experiments, the branch of the experimental apparatus comprising units #10 - #12 206 
(Fig.1), used for preparing live water, was disconnected from the rest of the setup.  207 

The pressure difference across the core sample was measured continuously with a high 208 
precision Keller-Druck pressure transducers (0.1% accuracy). Furthermore, the voltage 209 
across the sample was recorded with a NI 9207 voltmeter with high internal impedance (>1 210 
GΩ) and 0.52% accuracy. Two high precision syringe pumps (#1 in Fig.1; 500D Hastelloy 211 

ISCO) were used as injector and receiver to induce water flow in either direction through the 212 
sample. The pump used as injector was set to deliver water at a constant flow rate while the 213 
receiving pump on the opposite side was set at a constant receiving pressure (i.e., maintaining 214 
a constant back pressure during the experiment). During all coreflooding experiments, the 215 
difference between the confining pressure and the pore pressure was kept constant at 216 
approximately 3 MPa. The maximum difference between the injection and the outlet pressure 217 
that corresponds to the highest tested flow rate was 0.14 MPa. Constant target temperature 218 
was maintained during the experiments by heating cylinders of both pumps with an embedded 219 
water jacket and insulating all flowlines outside the oven to prevent heat losses. Upon 220 
completion of each streaming potential experiment, the saturated rock conductivity was 221 
measured using the internal electrodes (#8) connected to a BK Precision 891 LCR meter 222 
(0.05% accuracy), by sweeping the applied alternate voltage frequency between 20 Hz and 223 
300 KHz. 224 

Solution P, MPa T, ºC Solution type pH value 𝜎𝑤, S/m 

NaCl 

0.2 23 Dead water 7.10 ± 0.10 0.55 

4.5 23 Dead water 7.00 ± 0.10 0.55 

7.5 23 Dead water 7.10 ± 0.10 0.56 

10.0 23 Dead water 7.20 ± 0.10 0.55 

0.2 40 Dead water 6.30 ± 0.20 0.61 

4.5 40 Dead water 6.30 ± 0.20 0.60 
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7.5 40 Dead water 6.20 ± 0.20 0.61 

10 40 Dead water 6.20 ± 0.20 0.60 

4.5 40 Live water 3.80 ± 0.10 0.65 

7.5 40 Live water 3.50 ± 0.10 0.64 

10.0 40 Live water 3.33 ± 0.05 0.55 

CaCl2 

0.2 23 Dead water 6.20 ± 0.10 0.34 

7.5 23 Dead water 6.20 ± 0.10 0.34 

0.2 40 Dead water 5.60 ± 0.20 0.46 

7.5 40 Dead water 5.50 ± 0.20 0.46 

7.5 40 Live water 3.17 ± 0.05 0.54 

MgCl2 

0.2 23 Dead water 6.90 ± 0.10 0.37 

7.5 23 Dead water 6.80 ± 0.10 0.37 

0.2 40 Dead water 6.05 ± 0.20 0.51 

7.5 40 Dead water 6.10 ± 0.20 0.51 

7.5 40 Live water 3.40 ± 0.05 0.50 

Na2SO4 

0.2 23 Dead water 7.80 ± 0.10 0.36 

7.5 23 Dead water 7.70 ± 0.10 0.36 

0.2 40 Dead water 6.70 ± 0.20 0.48 

7.5 40 Dead water 6.70 ± 0.20 0.48 

7.5 40 Live water 3.60 ± 0.10 0.59 

Table 2. Dead and live water properties for all tested experimental conditions, where P is the pore 225 
pressure, T is the experimental temperature, 𝜎𝑤 is the elctrical conductivity of tested solution. pH values 226 
reported for all dead water experiments correspond to partial CO2 pressure of 10-3.44 atm. The ionic 227 
strength of all solution was kept constant at 0.05 M. The reported uncertainties in the table are based 228 
on both the instrument accruracy and measurement repeatability. The total uncertainty in 𝜎𝑤 was ± 229 
0.01 S/m in all experiments. 230 

2.4. Streaming potential measurements in rock samples saturated with dead water 231 

The streaming potential method was used to obtain the zeta potential of the rock-water 232 
interface. The method relies on the assumption that at steady state, the streaming current is 233 
balanced by the conduction current during one-directional flow of water through the porous 234 
medium, consistent with our core flooding experiments where stable pressure and voltage 235 
were established across the rock sample. To achieve such conditions, the paired-stabilized 236 
(PS) method described in Vinogradov and Jackson [36] was implemented to measure the 237 
streaming potential coupling coefficient (𝐶𝑆𝑃). Employing the PS method also allowed us to 238 

eliminate any asymmetry in the electrode potential as detailed in [34]. 𝐶𝑆𝑃 was interpreted from 239 

the slope of linear regression of stabilized (normalized) voltage (see Equation 7a in 240 

Vinogradov et al. [34]) as a function of stabilized pressure difference (normalized P; see 241 
Equation 7b in Vinogradov et al. [34]). The zeta potential (𝜁) was then calculated via the 242 

modified Helmholtz-Smoluchowski equation (which accounts for the surface electrical 243 
conductivity [20,53,54]): 244 

 𝐶𝑆𝑃 =
∆𝑉

∆𝑃
=  

𝜀𝜁

𝜇𝜎𝑟𝑤𝐹 
 (1) 

where ∆𝑉 is the stabilised voltage in [V], ∆𝑃 is stabilised pressure [Pa], 𝜀 is the water 245 

permittivity in [F·m-1], μ is the water dynamic viscosity in [Pa·s], 𝜎𝑟𝑤 is the electrical conductivity 246 
of the saturated rock sample in [S·m-1] and F is the intrinsic formation factor, which was found 247 
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to be constant for all tested solutions implying negligibly small surface conductivity even at the 248 

lowest tested ionic strengths (refer to S1 is supplementary material). Note, that since 𝐹 =249 
𝜎𝑤

𝜎𝑟𝑤
= 58 was constant for all tested solutions, Eq. 1 reduces to the classical Helmholtz-250 

Smoluchowski equation and water conductivity can also be used to compute the zeta potential. 251 
We calculated 𝜀 and μ to account for the temperature and ionic strength using the correlations 252 
provided in Saunders et al. [55].  253 

 254 

Figure 1. The experimental apparatus used in streaming potential measurements. The solid grey lines 255 
represent flowlines and the dashed grey lines represent electrical connections. (#1)  heated 500D 256 
Hastelloy ISCO pumps to the left and to the right of the core holder; (#2) 500D is a stainless steel ISCO 257 
pump used to induce the confining pressure around the rock sample; (#3)  data acquisition system; (#4) 258 
is the HPHT coreflooding cell (core holder); (#5)  two high precision pressure transducers; (#6)  high 259 
precision pressure transducer used to monitor the confining pressure;  (#7) external electrodes to the 260 
left and to the right of the core holder; (#8)  internal electrodes to the left and to the right of the core 261 
holder; (#9) are sampling tubes to the left and to the right of the core holder; (#10) CO2 cylinder; (#11)  262 
260D Stainless steel ISCO pump used for pumping CO2 into the mixing reactor; (#12)  heated Parr 263 
mixing reactor; (#13)  high pressure in-line pH meter. 264 

2.5. Streaming potential measurements in rock samples saturated with live water 265 

The live water experiments required several modifications to the apparatus and the 266 
experimental protocol due to the corrosive nature of the live water. The new procedure in 267 
detailed below. 268 

During the rock sample preparation step, an additional layer of thin polytetrafluoroethylene 269 
(PTFE) tape was wrapped around the rock sample, and a PTFE heat shrinkable sleeve was 270 
placed around the PTFE taped sample. The entire assembly was then placed inside a Viton 271 
sleeve, which was thus isolated from the corrosive pore fluid. The sample inside the Viton 272 
sleeve was mounted into the core holder (#4) and pressurized with dead water as a confining 273 
fluid (note, that Viton is not compatible with acids). 274 

For preparing live water, 500 mL dead water were placed in the mixing reactor (#12), and the 275 
reactor was closed with a small air cap left at the top of the dead water. The reactor was 276 
heated overnight by circulating hot water in its water jacket to the target 40°C at atmospheric 277 
pressure so that the experimental temperature was established.  278 
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Fluid equilibration started with the delivery of CO2 at 4 MPa from the CO2 cylinder (#10) to the 279 
pre-emptied high precision syringe pump (#11). Subsequently, the CO2 in the pump was 280 
pressurized to the target pore pressure (4,5 MPa, 7.5 MPa or 10 MPa), and pumped through 281 
flowlines into the mixing reactor using constant pressure delivery mode. The volume of the 282 
CO2 remaining in the pump (#11) was constantly monitored, and the pressure in the reactor 283 
(#12) was equilibrated with that of the pump (#11) using the constant pressure delivery mode, 284 
and the gas entrainment stirrer inside the reactor was activated to rigorously mix the liquid 285 
phase (water) and the CO2 cap at the top (thus accelerating the equilibration [52]). Equilibrium 286 
between the water and CO2 phases was assumed to have been established when the volume 287 
of CO2 inside the pump ceased to decrease and remained constant for at least 3 hours thus 288 
indicating that no additional CO2 dissolved in water. At this stage, we assumed the water was 289 
fully saturated with CO2 and it was transferred from the reactor to the injection pump (#1, to 290 
the left of the core holder in Fig.1) for the experiments. 291 

Due to technical limitations of the injection pump (#1), all of the live water in the reactor (#12) 292 
was transferred to the pump (#1 to left of the core holder in Fig.1) containing approximately 5 293 
mL of dead water. Moreover, the setup’s dead volumes (valves, tubing), the pore space of the 294 
rock sample, and the receiving pump (#1 to the right of the core holder in Fig.1) also contained 295 
pressured (to the same pressure as that in the injection pump) dead water. In total, 400 mL of 296 
fully CO2 saturated live water was mixed with approximately 30 mL of dead water remaining 297 
in the system, thus disturbing the chemical and thermodynamic equilibrium. Therefore, to re-298 
equilibrate the system, flow of the mixed solution was induced from left to right and back again. 299 
The procedure that usually lasted for at least 2 days was repeated several times while 300 
regularly measuring the pH, rock permeability, electrical conductivity of the sample and 𝐶𝑆𝑃, 301 
until all properties stabilized at constant values (within 2% tolerance). The confirmed stability 302 
of electrical conductivity of the saturated rock sample and its permeability throughout the 303 
equilibration period also indicated there was no measurable dissolution or precipitation of 304 
minerals. 305 

The streaming potential measurements then commenced and were completed using at least 306 
4 different flow rates following the recommended PS procedure [36]. To measure the voltage 307 
across the rock sample in live water experiments only the internal electrodes (#8) were used 308 
(details on design and materials used for the internal electrodes are provided in [34]) due to 309 
their higher stability relative to that of the external electrodes. The zeta potential was 310 
interpreted from the measured 𝐶𝑆𝑃 using Eq.1, for which the updated values of 𝜎𝑟𝑤, 𝜀 and μ of 311 

live water were required (F remained constant in all reported single-phase experiments).  312 

The live water saturated rock conductivity (𝜎𝑟𝑤) was measured in each experiment. Live water 313 

electrical conductivity (𝜎𝑤)  was calculated by multiplying the intrinsic formation factor 314 

(assumed to be constant and equal to that measured with the corresponding dead water) by 315 
the live water saturated rock conductivity and all values are reported in Table 2. The live water 316 

ionic strength (salinity) was determined using 𝜎𝑤 (refer to section 2.6 in Vinogradov et al. [34]), 317 
and the salinity was then used to adjust the permittivity of live water (𝜀) using the approach 318 
described in Saunders et al. [55]. 319 

The viscosity of the live water (𝜇𝑙𝑤) at given pressure and temperature was then calculated 320 
via the approach proposed by Islam and Carlson [56]: 321 

𝜇𝑙𝑤 =  𝜇𝑠  × (1 + 4.65𝑥CO2

1.0134) (2) 

where 𝜇𝑠  in [Pa·s] is the viscosity of dead water as a function of pressure and temperature, 322 

and 𝑥CO2 is the mass fraction of dissolved CO2 at experimental conditions. Due to the lack of 323 

published measurements of 𝜇𝑠  for all tested salt types and temperatures of our dead solutions, 324 
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we adopted the approach of Saunders et al. [55] to infer the dead water viscosity from the 325 

measured electrical conductivity. The calculated values of 𝜇𝑠 for our dead solutions were 326 

compared against available published data (for the same salts at concentrations and 327 
temperatures consistent with our experimental conditions), and the discrepancy was found to 328 
be less than 2% thus confirming the appropriateness of the approach. 329 

The mass fraction of dissolved CO2 (𝑥CO2) was evaluated using the model of Zhao et al. 330 
[57,58] and validated for 0.05M NaCl live water against the experimental values reported by 331 
Islam and Carlson [56] for 40oC and 7.5 MPa, and was found to be identical within 1% 332 
discrepancy. 333 

The exponent in Eq.2 was assumed to be constant for all types of live water investigated here, 334 

since it only defines how the solubility of CO2 depends on the salt type, and the solubility was 335 
reported to be nearly identical for all tested salts at ionic strength of 0.05M (e.g., [59]).  336 

3. Results and discussion 337 

3.1. Streaming potential coupling coefficient measurements 338 

Typical results of PS experiments for select experimental conditions are shown in Figure 2. 339 
The noise level of the stabilized voltage measured for live water (Fig. 2c) was considerably 340 
higher than for dead water (Fig. 2a). Moreover, the static voltage (i.e., the voltage that 341 
corresponds to no-flow conditions and zero pressure difference across the sample) measured 342 
for live water did not always return to the exact initial value (as prior to the core flooding 343 
experiment), thus contributing to additional error in the streaming potential coupling coefficient 344 
and the corresponding zeta potential. 345 

Experimental repeatability at a given flow rate with live water was also poorer when compared 346 
with dead water (compare the scatter for a given pressure difference in Figs. 2b and 2d). The 347 
values of all measured streaming potential coupling coefficients inclusive of all experimental 348 
uncertainties (obtained from the variation in the slope of the linear regression within the error 349 
bars that account for the noise level and repeatability, as shown in Fig. 2b and 2d) are 350 
summarized in Table 3.  351 
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 352 

Figure 2. Typical results of paired stabilized (PS) experiments (a, c) and the streaming potential 353 
coupling coefficient represented by the linear slope of the stabilized voltage, V, plotted against the 354 
stabilized pressure difference, P (b, d). (a) dead NaCl solution pumped at a constant rate of 4 ml/min, 355 
temperature of 23oC and pore pressure of 7.5 MPa); (b) CSP interpreted from the data of (a); (c) typical 356 
data of PS experiment carried out with live NaCl solution at constant rate of 6 ml/min, temperature of 357 
40oC, pressure of 7.5 MPa; d) CSP interpreted from the data of (c). Dashed lines represent possible 358 
variation of CSP within the total experimental uncertainty denoted by the error bars. 359 

3.2. Dead water zeta potential 360 

Zeta potentials for dead water remained negative for all tested conditions. Moreover, for any 361 
given temperature and salt type, the zeta potential was independent of the pore pressure 362 
(Figure 3a). Dead water equilibrium pH values were also independent of pore pressure for 363 
any given salt type (Fig.3b), which implied that the amount of dissolved CO2 remained 364 
constant during the experiments. However, pH decreased with increasing temperature, 365 
consistent with previously reported studies  [16,40,60,61]. 366 

The largest in magnitude zeta potential was obtained with Na2SO4, and it became 367 

progressively smaller in magnitude when using NaCl, MgCl2 and CaCl2, (|𝜁Na2SO4
| > |𝜁NaCl| >368 

|𝜁MgCl2
| > |𝜁CaCl2

|). A difference of less than 1 mV between the zeta potentials of MgCl2 and 369 

CaCl2 was observed for both salts at both temperatures of 23°C and 40°C. Although this 370 
difference was small, it was comparable to the difference of 2mV reported by Vinogradov et 371 
al. [40] for the same salt types. The measured pH of solutions in contact with the sample 372 
became smaller with the transition from Na2SO4 to NaCl, followed by MgCl2 and CaCl2 373 
(pHNa2SO4

> pHNaCl > pHMgCl2
> pHCaCl2

), qualitatively consistent with previously published 374 

studies [40,62]. 375 

 376 

Water Pressure, MPa Temperature, ºC Condition 𝐶𝑆𝑃, mV/MPa 
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NaCl 

0.2 23 Dead water −29.9 ± 0.07 

4.5 23 Dead water −29.9 ± 0.07 

7.5 23 Dead water −29.9 ± 0.07 

10.0 23 Dead water −30.7 ± 0.07 

0.2 40 Dead water −28.8 ± 0.10 

4.5 40 Dead water −28.3 ± 0.10 

7.5 40 Dead water −28.5 ± 0.10 

10.0 40 Dead water −28.3 ± 0.10 

4.5 40 Live water −23.6− 1.30
+ 1.20 

7.5 40 Live water −19.0− 1.60
+ 2.00 

10.0 40 Live water −18.1− 0.70
+ 1.80 

CaCl2 

0.2 23 Dead water −26.5 ± 0.07 

7.5 23 Dead water −26.9 ± 0.07 

0.2 40 Dead water −25.3 ± 0.10 

7.5 40 Dead water −25.4 ± 0.10 

7.5 40 Live water −17.6− 1.20
+ 0.90 

MgCl2 

0.2 23 Dead water −28.0 ± 0.07 

7.5 23 Dead water −28.4 ± 0.07 

0.2 40 Dead water −27.4 ± 0.07 

7.5 40 Dead water −27.3 ± 0.07 

7.5 40 Live water −17.8− 1.00
+ 1.40 

Na2SO4 

0.2 23 Dead water −56.4 ± 0.12 

7.5 23 Dead water −55.6 ± 0.12 

0.2 40 Dead water −44.8 ± 0.20 

7.5 40 Dead water −43.1 ± 0.20 

7.5 40 Live water −24.1− 2.20
+ 1.20 

Table 3. Streaming potential coupling coefficient (𝐶𝑆𝑃) measured for all tested experimental conditions. 377 
The ionic strength of all solution was kept constant at 0.05 M. The reported uncertainties in the table 378 
are based on both noise level and repeatability, both of which results in linear regressions slope 379 
variation as shown in Fig.2b and Fig.2d. 380 

 381 
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Figure 3. Zeta potential a) and pH values b) as a function of pore pressure for all dead water 382 
experiments. Blue symbols denote experiments conducted at 23°C; red symbols denote experiments 383 
conducted at 40°C. 384 

To quantify the effect of salt type and temperature, zeta potential and water pH were plotted 385 
versus temperature (Figure 4). The zeta potential became more positive with increasing 386 
temperature, while water pH decreased with increasing temperature, consistent with 387 
previously published results [16,40]. The highest rate of increase in the zeta potential with 388 
temperature was observed for NaCl (a change of +4.3 mV when transitioning from 23oC to 389 
40oC). An increase in zeta potential (+4.3 mV) was also observed for Na2SO4 when 390 
temperature increased from 23°C to 40°C. In contrast, zeta potential increased with increasing 391 
temperature by 1.0 mV for both, CaCl2 and MgCl2, when temperature increased from 23°C to 392 
40°C. Therefore, a weaker temperature dependence of the zeta potential was observed for 393 
CaCl2 and MgCl2, again consistent with Vinogradov et al. [40]. 394 

 395 

Figure 4. Zeta potential a) and pH values b) as a function of temperature for all tested dead water 396 
experiments. The data for NaCl, CaCl2, MgCl2 and Na2SO4 obtained in this work are shown in blue. Also 397 
shown for comparison are the data in black obtained with Fontainebleau sandpacks saturated with 398 
0.015 M solution NaCl, CaCl2 and MgCl2 reported by Vinogradov et al. [40]. 399 

However, the rate of pH change with temperature was higher when compared to Vinogradov 400 
et al. [40]. Moreover, the pH values measured in our experiments were generally larger than 401 
those in Vinogradov et al. [40] for the same salt type at any given temperature. The ionic 402 
strength used by Vinogradov et al. [40] was 0.015 M, which is more than three-fold lower than 403 
that tested in this study, hence their zeta potentials at lower salinity were expected to be larger 404 
in magnitude compared to ours. Since the zeta potentials reported by Vinogradov et al. [40] 405 
were smaller in magnitude compared with our results, we believe that their pH values were 406 
correct, although different from ours, and had stronger effect on the zeta potential than salinity.  407 

Our results suggest that temperature and salt type affect the pH, which in turn affects the 408 
magnitude of the zeta potential of sandstones saturated with dead water (Figure 5). Based on 409 
the results for dead water we propose two distinct linear correlations: 410 

𝜁𝑀[𝑚𝑉] = −4.86 × 𝑝𝐻 + 12.57; 𝑅2 = 0.976 (3) 

𝜁𝐷[𝑚𝑉] = −1.35 × 𝑝𝐻 − 4.96; 𝑅2 = 0.973 (4) 
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Where 𝜁𝑀 and 𝜁𝐷 denote the zeta potential for water containing monovalent (Na+) or divalent 411 

(Ca2+ and/or Mg2+) cations, respectively. Regardless of anion type (Cl- or SO4
2-) all 412 

experimental points for Na+ containing solutions align on the same trendline, and so do the 413 
points for all CaCl2 and MgCl2 experiments regardless of the cation type (Fig. 5). 414 

 415 

Figure 5. Zeta potential as a function of dead water pH for different salt types. Our data are shown in 416 
colored symbols; literature data are shown in black [40] and corresponds to Ottawa (OSP) and 417 
Fontainebleau (FSP) sandpacks (both >99 wt% quartz content) saturated with 0.015 M dead water. 418 
Blue symbols correspond to 23°C, red symbols correspond to 40°C. The blue trendline indicates the 419 
linear relationship between the zeta potential of Na+ containing salts (NaCl, Na2SO4) and pH (Eq.3). 420 
The yellow trendline indicates the linear correlation between zeta potential and pH of dead CaCl2 and 421 
MgCl2 solutions (Eq.4). 422 

The trend obtained for Na+ solutions (Eq.3) is identical to that reported for zeta potentials of 423 
sandpacks [40]. However, as seen in Figure 5 the zeta potentials at 23oC measured in this 424 
work (blue triangles) were more negative compared with values of Vinogradov et al. [40] and 425 
corresponded to higher pH values. The values that correspond to 40oC were consistent with 426 
those reported by Vinogradov et al. [40] thus implying stronger temperature effect on both pH 427 
and zeta potentials. 428 

In contrast, the trend for divalent cations (Eq.4) had a flatter slope, compared with that of Eq.3. 429 

Such flattening of the slope is consistent with the pH dependence of CaCl2 solution relative to 430 
that of NaCl proposed by Vinogradov et al. [40]. Overall, however, all our 𝜁𝐷 were more 431 

negative than those reported by Vinogradov et al. [40], except for the value at pH = 5.7. 432 

The effect of temperature on pH of divalent solutions (CaCl2, MgCl2), denoted by the shift from 433 
blue to red symbols in Fig.5, was substantially more pronounced in this work compared to 434 
Vinogradov, et al. [40]. Moreover, Vinogradov et al. [40] also suggested that the response of 435 
𝜁𝐷 to varying pH of CaCl2 solution was different to that of MgCl2, and they attributed this 436 
difference to a higher activity of Mg2+ towards the mineral surface compared with Ca2+ at 437 
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elevated temperature, i.e. fully hydrated Mg2+ at ambient temperature has larger diameter than 438 
Ca2+ making the latter to be closer to the mineral surface and thus more active [62], but at 439 
higher temperatures it becomes smaller by losing hydration shells at a higher rate, approaches 440 
the mineral surface closer and becomes more active. We did not observe any difference in 441 

response of 𝜁𝐷 to varying pH of either solution at elevated temperature, but we only 442 
investigated temperatures of 23oC and 40oC whilst the data presented by Vinogradov et al. 443 
[40] included experiments conducted at 70oC and 120oC where the split in response of 𝜁𝐷 to 444 
pH for CaCl2 and MgCl2 was observed.  Using Eqs.3 and 4 allows to accurately predict the 445 
expected zeta potential as a function of pH for single salt electrolytes. However, additional 446 
work is required to investigate whether the proposed trends can be interpolated for mixtures 447 
of different salts. 448 

To validate the proposed correlations between water pH and the zeta potential (Eqs.3-4) we 449 
compared the values computed using these equations against previously published 450 
experimental data. Walker and Glover [32] obtained over 100 zeta potential measurements 451 
on intact Fontainebleau sample (F3Q) at 23oC at reported pH of 6.48 and ambient pressure 452 
(i.e., atmospheric content of dissolved CO2, hence dead water). From the entire NaCl salinity 453 
range tested by Walker and Glover [32], the closest to the ionic strength tested in this study 454 
was 0.062 M, for which Walker and Glover [32] reported the measured zeta potential of -455 
18±1mV. Using Eq.3 and pH of 6.48 [32] the calculated 𝜁𝑀 = −18.92 mV, which lies within the 456 

experimental uncertainty and consistent with the value of -18 mV predicted by the pH 457 
dependence of the zeta potential model [63]. 458 

Another study that reported measurements of the zeta potential in intact sandstone samples 459 
saturated with 0.01 M dead NaCl was published by Vinogradov and Jackson [16]. In that study 460 
the authors reported pH of 6.75±0.03 measured in experiments with St Bees1, St Bees 2, 461 
Doddington and Stainton samples at 22±1oC. For all four sandstone samples saturated with 462 
0.01 M dead NaCl at ambient pressure the reported zeta potential was -22±0.4mV. Using our 463 
regression for pH dependence of the zeta potential defined by Eq.3, the estimated value was 464 
found to be -20.24 mV thus validating our approach. 465 

To confirm our proposed model for 𝜁𝐷 obtained with dead solutions, we compared predictions 466 
on the zeta potential made using Eq.4 against published experimental data [64] obtained with 467 
Berea sandstone saturated with 10-3 M CaCl2 and MgCl2 solutions at pH between 6.0 and 7.5. 468 
Our model yields 𝜁𝐷 for both solutions between -13.06 mV and -15.09 mV (depending on the 469 

used pH value) compared with -9.3 mV and -6.6 mV reported by Thanh and Sprik [64] for 470 
MgCl2 and CaCl2, respectively. The values obtained using Eq.4 are more negative in 471 

comparison to those measured by Thanh and Sprik [64] and we attribute this difference to 472 
presence of clay minerals in the work of Thanh and Sprik  [64], which are known to be more 473 
reactive towards divalent cations. On the other hand, the zeta potential reported in the same 474 
paper for 10-3 M NaCl and Na2SO4 at pH between 6.0 and 7.5 was also compared against our 475 
model (Eq.3). Our prediction for 𝜁𝑀 was found to be in the range between -16.59 mV and -476 

23.88 mV (corresponding to pH range), which is in a good agreement with the reported by 477 
Thanh and Sprik [64] values of -23.9 mV and 24.4 mV for NaCl and Na2SO4, respectively. 478 

3.3. Live water zeta potential 479 

Due to initial mixing of 400 mL of live water with 30 mL of dead water, the resulting pH of all 480 
re-equilibrated solutions in this study were approximately 0.8 pH units higher than those 481 
measured by Li et al. [65] and Peng et al. [47] for the same pressure. 482 
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Increasing pore pressure resulted in increased CO2 dissolution and formation of carbonic acid, 483 
and thus a decreasing water pH and consequently a more positive zeta potential (Fig.6a). All 484 
three zeta potentials measured with NaCl at 4.5 MPa, 7.5 MPa and 10 MPa linearly correlated 485 
with the corresponding water pH, with the slope of the linear regression (Eq.5), which was 486 
significantly different from that obtained with dead Na+ containing solutions (Eq.3). 487 
Furthermore, all four salt types tested at 7.5 MPa lied on a linear trendline (Fig.6b), with the 488 
slope consistent with that of Fig.6a: 489 

𝜁𝐿[𝑚𝑉] = −10.90 × 𝑝𝐻 + 26.02; 𝑅2 = 0.988 (5) 

 490 

Figure 6. Zeta potential as a function of live water pH for a) NaCl solutions (with varying pore pressure 491 
and therefore different amount of dissolved CO2) and b) all salt types at pore pressure of 7.5 MPa. All 492 
data were measured at 40°C. The linear regressions in both figures correspond to Eq. 5. 493 

A summary plot including both, dead and live water solutions, is presented in Figure 7, which 494 
suggests that either: a) Eq.4 should be used for both dead and live CaCl2/MgCl2 solutions, 495 
while Eq.3 should be used for dead NaCl/Na2SO4 and Eq.5 should be used for live 496 
NaCl/Na2SO4 solutions; or alternatively b) Eq.5 should be used for all types of live solutions 497 
(green regression in Fig.7) while Eq.3 and Eq.4 should be used for dead NaCl/Na2SO4 and 498 

CaCl2/MgCl2 solutions, respectively.  499 
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 500 

Figure 7. Zeta potentials measured versus pH of dead and live aqueous solutions. Our data across all 501 
pore pressures, temperatures and salt types are shown in color. Literature data for Ottawa and 502 
Fontainebleau sandpacks (OSP and FSP, respectively) saturated with 0.015 M dead water [40] are 503 
shown in black. The blue and red symbols correspond to 23oC and 40oC, respectively. The blue and 504 
yellow trendlines are the same as in Fig.5 and correspond to Eq.3 and Eq.4, respectively. The green 505 
trendline is identified for all dead water data and given by Eq.5. The arrows are added to explain the 506 
mechanisms of the zeta potential variation along and/or between the trendlines. 507 

All of the regressions proposed here for dead and live water solutions (Eq.3-5) appear to have 508 
a non-zero intercept with the horizontal axis, which is defined as the Isoelectric Point (IEP) 509 
that identifies the value of pH that results in a zero zeta potential. For the experiments with 510 
dead NaCl and Na2SO4 solutions, the IEP is calculated using Eq.3 and equals 2.59, while the 511 
corresponding value for all live water solution calculated using Eq.5 is 2.39. Both values are 512 
consistent with a published study that reported IEP for quartz and NaCl to be in the range 513 
between pH2.2 and pH2.5 [48]. However, the IEP found for CaCl2 and MgCl2 (Eq.4) appears 514 

to be at pH of -3.67, which is inconsistent with all previously published results. Therefore, we 515 
hypothesize that the regression for pH dependence of the zeta potential with divalent cation 516 
salts is not linear throughout the entire range of pH and changes slope at pH around 3.3 where 517 
the regression defined by Eq.4 intersects with the regression given by Eq.5. This hypothesis 518 
is consistent with our results for Na+ containing solution that appear to switch from the pH 519 
dependence defined by Eq.3 to that given by Eq.5. Moreover, a published experimental study 520 

[66] on crushed Fontainebleau samples saturated with NaCl of resistivity of 100 ·m 521 

(equivalent to ionic strength of 10-3 M) demonstrated that pH dependence of the zeta potential 522 
was non-uniform. The rate of increase of the measured by Lorne et al. [66] zeta potential with 523 
decreasing pH was nearly linear but became significantly steeper below c. pH = 3.5 and had 524 
IEP at pH2.5, so that both observations are consistent with our results. 525 

To confirm the pH dependence of 𝜁𝑀, 𝜁𝐷 and 𝜁𝐿 across the entire pH range, additional 526 
experiments at pore pressures that correspond to pH between 4 and 6 for Na+ containing 527 
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solutions, and between pH3.5 and pH5.5 for CaCl2 and MgCl2 are required to cover the 528 
intermediate pH range. Moreover, additional experiments are also required for all types of 529 
solutions at pore pressures that correspond to pH<3.2 (i.e., higher partial CO2 pressure) to 530 
investigate the pH dependence of 𝜁𝑀 and 𝜁𝐷 under these live water conditions. 531 

4. Implications for CO2 geological storage 532 

The empirical trends for the zeta potential as a function of water pH (Eqs.3-5) proposed in this 533 
study bear a significant scientific and technological value as they can be used for predicting 534 
the expected zeta potential for shallow subsurface settings (low pressure and hence dead 535 
water-like behavior of the fluid), as well as for deep formations characterized by high content 536 
of dissolved CO2 (live water-like behavior of the fluid). From the proposed correlations the 537 
streaming potential coupling coefficient can be interpreted using Helmholtz-Smoluchowski 538 
equation and used for monitoring and characterizing subsurface flows of injected CO2 or 539 
carbonated water during CGS [38]. Moreover, the correlations are important when applied to 540 
monitoring movement of water in subsurface settings characterized by variable pH such as 541 
hydrocarbon reservoirs (e.g., [15]), groundwater [67, 68] or geothermal [69] systems. Our 542 
results demonstrate that temperature does not directly affect the zeta potential, instead it 543 
affects solubility of CO2 and pH of aqueous solutions, which in turn impacts the zeta potential. 544 
In this sense, laboratory measurements of natural water pH or under varying temperature and 545 
CO2 pressure can be acquired and zeta potential interpreted from the measured values using 546 
Eq.3-5. 547 

Moreover, the proposed empirical correlations for the mineral-water zeta potential can be 548 
incorporated in the classical DLVO theory (e.g., [43]) to yield system’s wettability thus 549 
quantifying the potential of residual trapping of CO2 during geological sequestration in 550 
sandstone formations. For instance, our results suggest that higher reservoir pressure that 551 
corresponds to enhanced CO2 dissolution will results in lower pH and smaller in magnitude 552 
rock-water zeta potential thus implying a smaller electrostatic component of the disjoining 553 
pressure and hence, less water-wet conditions. In such case, pure sandstone reservoirs 554 
(>95% quartz) might be deemed inappropriate for CO2 injection for geological storage and 555 
other formations containing more clays, which are known to make zeta potential larger in 556 
magnitude (compare the reported zeta potential measured on Buff Berea, Grey Berea and 557 
Parker sandstones saturated with 0.5% NaCl, CaCl2 and MgCl2 in Shehata and Nasr-El-Din 558 
[70], to be considered. On the other hand, our results suggest that residual CO2 trapping 559 
controlled by wettability can potentially be improved by making the rock more water-wet via 560 
injection of NaCl or Na2SO4 rich water of low salinity prior to injecting CO2 for geological 561 
storage. Such procedure would lead to a larger in magnitude negative zeta potential at rock-562 
water interface, so that the shift towards more water-wet conditions would occur assuming 563 
that the zeta potential at CO2-water interface is also negative. 564 

Furthermore, higher CO2 pressure, and therefore, higher dissolved CO2 concentration, causes 565 
the equilibrium pH to decrease thus also affecting the mineralization of carbonate and 566 
therefore, the CO2 ultimate storage capacity [71–73]. 567 

Despite the fact that our results have been able thus far to accurately predict zeta potential 568 
under ambient and supercritical CO2 conditions, additional experiments are required to 569 
quantify the pH dependence of the zeta potential for intermediate pH range of 4.0-5.5 for all 570 
types of salts. Additional work is also required to test the pH dependence of the zeta potential 571 
for pH<3, for mixtures of salts to replicate complex natural aqueous solutions that saturate 572 
geological porous media, as well as for higher ionic strength solutions typically found in deep 573 
sandstone formations such as deep saline aquifers or depleted hydrocarbon reservoirs.   574 
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5. Conclusions 575 

We have developed the experimental methodology and for the first time successfully carried 576 
out the streaming potential measurements in intact sandstone sample saturated with CO2-rich 577 
aqueous solutions of 0.05 M ionic strength under high pressure (up to 10 MPa) and elevated 578 
temperature (up to 40oC) conditions. For the first time, all streaming potential measurements 579 
on silica in contact with aqueous solutions fully equilibrated with CO2 (live water experiments) 580 
were obtained at equilibrium conditions of pressure and temperature that correspond to CO2 581 
at supercritical state. The zeta potential was carefully interpreted from the measurements and 582 
we found that: 583 

1. The zeta potential for all tested solutions, pressure and temperature was negative, 584 
which implied that the electrical charge at rock-water interface was always negative 585 
and non-zero. 586 

2. The zeta potential of all dead solutions was found to be independent of pore pressure 587 
but decreased with increasing temperature; this finding is consistent with previously 588 
published data obtained at ambient pressure [40]. 589 

3. The zeta potential of all dead solutions was found to be different for NaCl/Na2SO4 590 
compared with that of CaCl2/MgCl2.; the finding for Na2SO4 is new but the observation 591 
for NaCl vs CaCl2/MgCl2 is consistent with the reported results [40].  592 

4. The negative zeta potential of all live solutions decreased in magnitude with increasing 593 
pore pressure, reflecting the effect of enhanced CO2 dissolution under high pressure, 594 
which caused pH to decrease; the effect of CO2 dissolution on the zeta potential has 595 
been quantified for the first time in this study. 596 

5. Our results indicate that pH of dead and live solutions is the only control of the zeta 597 
potential so that salt type, pore pressure and temperature indirectly affect it via having 598 
an impact on pH. 599 

6. We proposed three linear empirical correlations with a high coefficient of determination 600 
(R2 > 0.97) to predict the zeta potentials as a function of water pH. The correlations 601 
reflect a different response of the zeta potential to presence of mono- or divalent 602 
cations in dead solutions, and a distinctly different response to the live water 603 
conditions. The correlation for the live water is the first of a kind, thus providing a good 604 
source for validating surface complexation models for silica in contact with carbonated 605 
aqueous solutions at supercritical CO2 conditions. 606 

7. The proposed correlations were validated against published experimental data and 607 
were confirmed to accurately predict the zeta potential of dead solutions. The iso-608 
electric point predicated by our live water correlation was found to be similar to that 609 
published for dead water solutions [48]. 610 

8. Our novel results have significant implications for many subsurface settings where high 611 
concentration of dissolved CO2 is expected. Potential applications include 612 
management of aquifers, geothermal sources and CGS. Moreover, an improved 613 
understanding of the zeta potential of silica-water systems under supercritical CO2 614 
conditions resulting from this study will inform future studies on thermodynamics of 615 
wettability [43], colloid stability and use of nanoparticles [74]. 616 

Future experimental work will aim at acquiring zeta potential values in systems comprising 617 
clayey sandstones, CO2-rich aqueous solutions with pH between 4.0 and 5.5, CO2 pressure 618 
higher than 10 MPa that corresponds to pH below 3, ionic strength higher than 0.1 M, and 619 
complex background solutions. Moreover, the planned experimental work will investigate 620 
impact of grain size, shape, packing and roughness on the zeta potential as well as alternative 621 
experimental methods [75]. These experiments will complement the data reported here and 622 
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expand the range of tested conditions not covered in this work, thus further improving our 623 
understanding of the zeta potential at the silica-water interfaces under conditions relevant to 624 
CGS. The results will also be used to inform future surface complexation and molecular 625 
dynamics simulation studies aimed at describing silica-water-CO2 systems under CSG 626 
conditions. 627 
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