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to natural systems, remains unreported. There have been no published zeta potential measurements con-
ducted in such systems at equilibrium, hence the effect of composition, pH, temperature and pressure
remains unknown.

We describe a novel methodology developed for the streaming potential measurements under these

gg/:v s;‘:z:mi al conditions, and report zeta potential values for the first time obtained with Fontainebleau sandstone core
Sandstone sample saturated with carbonated NaCl, Na,SO,4, CaCl, and MgCl, solutions under equilibrium conditions
Elevated temperature at pressures up to 10 MPa and temperatures up to 40 °C.

High pressure The results demonstrate that pH of solutions is the only control on the zeta potential, while tempera-
Supercritical CO, conditions ture, CO, pressure and salt type affect pH values. We report three empirical relationships that describe
Carbonated aqueous solution the pH dependence of the zeta potential for: i) dead (partial CO, pressure of 10344 atm) NaCl/Na,S0,,
Streaming potential method i) dead CaCl,/MgCl, solutions, and iii) for all live (fully saturated with dissolved CO;) solutions. The pro-

posed new relationships provide essential insights into interfacial electrochemical properties of silica-
water systems at conditions relevant to CO, geological storage.
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1. Introduction

Quartz is a common mineral comprising 12% of the Earth’s crust
[1]. Quartz is also the constituent mineral of sandstone formations,
and it can be found in many subsurface settings including aquifers
(e.g., [2,3]), hydrocarbon reservoirs (e.g., [4,5]) and geothermal
sources (e.g., [6,7]). To characterize the subsurface flows in such
settings, a variety of electrical geophysical methods are available
including electrical resistivity tomography (e.g., [8,9]), electro-
seismic (injecting electric current and measuring the resulting
seismic energy; e.g., [10,11]), seismo-electric (generating a seismic
wave and measuring the resulting electric field; e.g., [11,12]) and
self-potential (SP) (voltage that arises in response to existing gradi-
ents in pressure, concentration or temperature; e.g., [13,14]) mea-
surement. The SP has been shown to be an efficient method to
characterize single- and multi-phase flows in the subsurface, espe-
cially in sandstone reservoirs (e.g., [15,16]). Moreover, the SP
method can characterize permeability heterogeneities (e.g., frac-
tures, faults, and variable permeability zones [17,18]).

The SP method relies on electrochemical processes that arise in
response to the establishment of an electrical double layer (EDL) at
the rock-water interface; this can be characterized by the zeta
potential (e.g., [19,20]). The zeta potential also plays an important
role in determining the wettability (e.g., [21]); while the wetting
state controls the pore occupancy of aqueous solutions (hereafter
referred to as water for simplicity) and non-aqueous phase fluids
(NAPF) in multi-phase systems, and thus strongly influences fluid
saturations and flow patterns, e.g. in CO, geological storage (CGS)
[22], hydrocarbon recovery [23], or H, geo-storage [24].

There are three principal forces (namely van der Waals, struc-
tural and electrostatic forces [25]) that act between rock-water
and NAPF-water interfaces; these forces determine the disjoining
pressure, which in turn controls the wetting state. Structural forces
are always repulsive, thus implying a positive (repulsive) contribu-
tion to the disjoining pressure [25,26], while van der Waals forces
depend on properties of all constituent phases (refractive index,
dielectric constant and absorption frequency), and these forces
can be characterized by the Hamaker theory, resulting in either
positive or negative [25,27,28] to the disjoining pressure. Electro-
static forces can also be positive or negative [25,29] depending
on rock mineralogy, water pH, ionic strength and chemical compo-
sition. The magnitude and polarity of the electrostatic forces
depend on the interfacial zeta potentials, which can vary substan-
tially [26], therefore these forces play a key role in controlling the
wettability.

In order to accurately characterize the wettability, the mea-
sured experimental data of zeta potential of rock-water and
NAPF-water interfaces is essential. There are two common meth-
ods available for measuring zeta potential; namely the elec-
trophoretic mobility and streaming potential. The electrophoretic
mobility method (EPM) relies on the motion of the dispersed phase
(either rock or NAPF) relative to the continuous stationary water
phase under the influence of an applied electric field [30]. In con-
trast, the streaming potential method (SPM) is based on the flow
of water through a stationary porous medium, which may also
contain NAPF, under the influence of a pressure gradient [20,30].
The benefits of using EPM include a relative ease of use commer-
cially available instruments. However, the measurement condi-
tions are far from representative of deep subsurface settings for
several reasons. Firstly, EPM cannot currently be used under high
pressure and elevated temperature conditions, or with high ionic
strength electrolytes (>1M; M = mol-L™!), the conditions that are
typical for deep rock formations [26]. Secondly, EPM requires
either a powdered mineral sample or emulsified NAPF dispersed
in water and therefore, it cannot capture the true complex pore
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space topology [26]. Finally, EPM cannot take into account a third
phase, which is needed for multi-phase flow (e.g., water and gas)
[31]. In contrast, SPM can be used on intact sandstone samples
(e.g., [32,33]), at elevated temperature (e.g., [16]), using low-to-
high salinity electrolytes of simple and complex composition
(e.g., [34]) and also on multi-phase systems containing water,
NAPF and minerals at the same time (e.g., [35,36]). However, con-
ducting SPM experiments is challenging and time consuming. In
addition, to the best of our knowledge, thus far there has been
no published study that reported either EPM or SPM zeta potential
measurements under high pore pressure and elevated temperature
conditions, typical for deep subsurface settings. Acquisition of the
high pore pressure and elevated temperature data is particularly
important as gas under these conditions (e.g., CO, during carbon
dioxide sequestration or CO, injection for improved oil recovery)
dissolves in water to a higher degree and alters the ionic composi-
tion, reduces pH, so that the resulting aqueous solution becomes
the so-called carbonated water (C_water). Such changes in water
chemistry will have an impact on the C_water-rock and C_water-
NAPF zeta potentials and will ultimately affect the wettability
and dynamics of flow of each fluid. Note, that the term C_water
used in this study corresponds to any aqueous solution with
non-zero concentration of dissolved CO,.

Several attempts have been made to measure the zeta potential
in CO, containing systems. A recent study published by Kim and
Kwak [37] reported the zeta potential of CO,-water interfaces
using EPM. The experiments were conducted by bubbling CO,
gas through 0.01 M NaCl solution. The zeta potential was reported
to be negative, but the experiments were conducted at atmo-
spheric pressure and unreported temperature. Another study by
Moore et al. [38] reported measurements of the zeta potential
using SPM in Berea sandstone samples saturated with tap water
and liquid CO,. The experiments were conducted at a maximum
pressure of 6.5 MPa and temperature of 20 °C, so that the latter
value is not consistent with the expected temperature of 38 °C nor-
mally found at the depth that corresponds to 6.5 MPa [39]. The
single-phase zeta potential was measured in rock sample fully sat-
urated with water, which was not carbonated prior to the experi-
ments, i.e., the amount of dissolved CO, corresponded to the
atmospheric level. The experiment was repeated with water and
immiscible liquid CO, and the effective (i.e., multi-phase) zeta
potential was found to be negative and approximately ten-fold
smaller in magnitude compared with the single-phase zeta poten-
tial. However, Moore et al. [38] did not report single-phase zeta
potential measurements conducted with C_water under the same
experimental conditions, hence the contribution of the zeta poten-
tial at the interface between water and immiscible liquid CO, could
not be quantified. Moreover, Moore et al. [38] did not report the
equilibrium pH of water during the experiments, to indicate
whether chemical equilibrium between the mineral, water and lig-
uid CO, was established. Since pH is known to have a strong effect
on the silica-water zeta potential [16,40], uncertainty exists in
relation to Moore et al.’s [38] reported multi-phase zeta potential
results. Furthermore, to the best of our knowledge, no experimen-
tal zeta potential data for C_water-rock or C_ water-immiscible
CO, interfaces under high pressure and elevated temperature con-
ditions has been reported (which are typical for deep subsurface
formations). Note that in CGS, CO, is stored below a depth of
800 m, so that the CO, exists in a dense supercritical phase
[41,42] which correspond to the critical point of CO, is 7.38 MPa
and 31.1 °C).

In the absence of such measured zeta potential data, several
models have been proposed with which the wettability of sand-
stones can be predicted. For instance, Tokunaga [43] and Kim
et al. [44] reported an analytical model of water film stability,
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based on DLVO (Derjaguin, Landau, Verwey, Overbeek) theory; the
model was used to simulate CO, geological storage (CGS) condi-
tions in sandstone reservoirs. The model required knowledge of
the electrostatic interactions between silica-water and CO,-water
interfaces, to calculate the corresponding contribution to the dis-
joining pressure, and the model was implemented using compres-
sion approximation [45]. Tokunaga [43| and Kim et al. [44]
assumed that the zeta potential of the silica-water interface was
—25 mV for 0.01 M ionic strength solution, and —5 mV for 2 M
ionic strength. Both, Tokunaga [43] and Kim et al. [44] assumed a
zero zeta potential at the CO,-water interface. However, neither
of the assumed values was validated due to a lack of experimental
data under true CGS conditions. Moreover, when the CO, dissolves
in water at high pressure, and the pH of C_water becomes substan-
tially lower [46,47], the zeta potential of C_water-silica interfaces
should become vanishingly small [48]. This, however, is inconsis-
tent with the assumed values by Tokunaga [43] and Kim et al.
[44], thus their wettability estimates are also doubtful.

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

2. Materials and methods
2.1. Materials

A cylindrical Fontainebleau sandstone sample was used in this
study. Petrophysical properties of the sample listed in Table 1 sug-
gest partial cementation, in line with the values of porosity and
formation factor [32], which was important for repeated satura-
tion. Prior to conducting the streaming potential measurements,
the sample was thoroughly cleaned following the procedure
reported by Alroudhan et al. [31]. We used synthetic single-salt
solutions made with reagent-grade NaCl, CaCl,-2H,0, MgCl,-6H,0,
and Na,SO4 (Sigma Aldrich, Australia) dissolved in deionized (DI)
water. The DI water (electrical resistivity 15 MQ-cm —18 MQ-cm)
was supplied by a filtering system from Ibis Technology (Ascot,
Australia). The ionic strength of all four solutions was kept con-
stant at 0.05 M during preparation under laboratory (ambient)
pressure and 23 °C temperature. All laboratory experiments were
conducted using two types of aqueous solutions: ‘dead’ and ‘live’
water. The dead water was a synthetic aqueous solution fully equi-
librated with atmospheric CO, (which corresponds to partial CO,
pressure of 1034 atm and to a dissolved CO, concentration of

Table 1

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

Sample Fontainebleau sandstone

Mineralogy >99 wt% quartz

Porosity 9.0 £ 1.0%

Liquid Permeability 70 + 5mD (6.91 x 107 £ 4.93 x 107'° m?)
Dimensions Length = 0.0783 m, Diameter = 0.0382 m

Formation Factor, F 58 +2
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1.487 x 10° M [51]). The CO, content of the dead water remained
unchanged throughout the experiment. On the other hand, to pre-
pare the live water we used a salt solution prepared under ambient
pressure and temperature, which subsequently was brought in
contact with pure CO, (supplied by Coregas, Australia, with the
mole fraction > 0.99) in a mixing reactor [52]. The system was
pressured and heated to target experimental pressure and temper-
ature. Allowing CO, and water to mix for a long period of time in
the reactor (no less than 3 h); while measuring the volume of
the CO, cap until it stabilized under constant pressure, the thermo-
dynamic equilibrium between water and CO, was established. The
target pressure and temperature that corresponded to the live
water equilibrium was maintained throughout each experiment.

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

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

The dead water experiments were conducted at pore pressures
up to 10 MPa and temperatures up to 40 °C. Since the concentra-
tion of dissolved CO, remained constant at atmospheric level dur-
ing the dead water experiments (in the closed system), effluent
water samples were regularly collected and pH values and electri-
cal conductivities were measured outside the system using a
FiveGo pH meter (Mettler Toledo, accuracy of 0.01 pH units) and
a Jenway 4520 conductivity meter (Cole-Palmer, 0.5% accuracy),
respectively.

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

The chemical equilibrium between the rock sample and all
aqueous solutions was assured using pH and water electrical con-
ductivity measurements on a regular basis as detailed by Vino-
gradov and Jackson [16]. Therefore, the measured pH values and
water conductivities reported here represent the equilibrium val-
ues (for a given solution, pressure and temperature). Dead and live
water properties are provided in Table 2.

The saturated rock conductivity (o) was measured in-situ
using a pair of internal electrodes and following the procedure of
Vinogradov et al. [34]. The intrinsic formation factor (F) was
obtained prior to carrying out the streaming potential measure-
ments using NaCl solutions between 0.05 M and 1 M, and following
the protocol of Vinogradov et al. [34].

2.3. Experimental setup

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

The pressure difference across the core sample was measured
continuously with a high precision Keller-Druck pressure trans-
ducers (0.1% accuracy). Furthermore, the voltage across the sample
was recorded with a NI 9207 voltmeter with high internal impe-
dance (>1 GQ) and 0.52% accuracy. Two high precision syringe
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Table 2
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Dead and live water properties for all tested experimental conditions, where P is the pore pressure, T is the experimental temperature, g, is the elctrical conductivity of tested
solution. pH values reported for all dead water experiments correspond to partial CO, pressure of 1044 atm. The ionic strength of all solution was kept constant at 0.05 M. The
reported uncertainties in the table are based on both the instrument accruracy and measurement repeatability. The total uncertainty in g,, was + 0.01 S/m in all experiments.

Solution P, MPa T, °C Solution type pH value Oy, S/m
NacCl 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
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
CaCl, 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
MgCl, 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
Na,S04 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
0
9
0 1

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

pumps (#1 in Fig. 1; 500D Hastelloy ISCO) were used as injector
and receiver to induce water flow in either direction through the
sample. The pump used as injector was set to deliver water at a
constant flow rate while the receiving pump on the opposite side
was set at a constant receiving pressure (i.e., maintaining a con-
stant back pressure during the experiment). During all coreflood-
ing experiments, the difference between the confining pressure
and the pore pressure was kept constant at approximately
3 MPa. The maximum difference between the injection and the
outlet pressure that corresponds to the highest tested flow rate
was 0.14 MPa. Constant target temperature was maintained during
the experiments by heating cylinders of both pumps with an
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embedded water jacket and insulating all flowlines outside the
oven to prevent heat losses. Upon completion of each streaming
potential experiment, the saturated rock conductivity was mea-
sured using the internal electrodes (#8) connected to a BK Preci-
sion 891 LCR meter (0.05% accuracy), by sweeping the applied
alternate voltage frequency between 20 Hz and 300 KHz.

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

The streaming potential method was used to obtain the zeta
potential of the rock-water interface. The method relies on the
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assumption that at steady state, the streaming current is balanced
by the conduction current during one-directional flow of water
through the porous medium, consistent with our core flooding
experiments where stable pressure and voltage were established
across the rock sample. To achieve such conditions, the paired-
stabilized (PS) method described in Vinogradov and Jackson [36]
was implemented to measure the streaming potential coupling
coefficient (Csp). Employing the PS method also allowed us to elim-
inate any asymmetry in the electrode potential as detailed in [34].
Csp was interpreted from the slope of linear regression of stabilized
(normalized) voltage (see Equation 7a in Vinogradov et al. [34]) as
a function of stabilized pressure difference (normalized AP; see
Equation 7b in Vinogradov et al. [34]). The zeta potential ({) was
then calculated via the modified Helmholtz-Smoluchowski equa-
tion (which accounts for the surface electrical conductivity
[20,53,54]):

AV &l

€ = AP~ iGF

(1)
where AV is the stabilised voltage in [V], AP is stabilised pressure
[Pa], € is the water permittivity in [F-m~'], u is the water dynamic
viscosity in [Pa:s], o, is the electrical conductivity of the saturated
rock sample in [S-m~!] and F is the intrinsic formation factor, which
was found to be constant for all tested solutions implying negligibly
small surface conductivity even at the lowest tested ionic strengths
(refer to S1 is supplementary material). Note, that since F = 2 = 58
was constant for all tested solutions, Eq. (1) reduces to the classical
Helmholtz-Smoluchowski equation and water conductivity can also
be used to compute the zeta potential. We calculated ¢ and u to
account for the temperature and ionic strength using the correla-
tions provided in Saunders et al. [55].

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

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

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

For preparing live water, 500 mL dead water were placed in the
mixing reactor (#12), and the reactor was closed with a small air
cap left at the top of the dead water. The reactor was heated over-
night by circulating hot water in its water jacket to the target 40 °C
at atmospheric pressure so that the experimental temperature was
established.

Fluid equilibration started with the delivery of CO, at 4 MPa
from the CO, cylinder (#10) to the pre-emptied high precision syr-
inge pump (#11). Subsequently, the CO, in the pump was pressur-
ized to the target pore pressure (4,5 MPa, 7.5 MPa or 10 MPa), and
pumped through flowlines into the mixing reactor using constant
pressure delivery mode. The volume of the CO, remaining in the
pump (#11) was constantly monitored, and the pressure in the
reactor (#12) was equilibrated with that of the pump (#11) using
the constant pressure delivery mode, and the gas entrainment stir-
rer inside the reactor was activated to rigorously mix the liquid
phase (water) and the CO, cap at the top (thus accelerating the
equilibration [52]). Equilibrium between the water and CO, phases
was assumed to have been established when the volume of CO,
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inside the pump ceased to decrease and remained constant for at
least 3 h thus indicating that no additional CO, dissolved in water.
At this stage, we assumed the water was fully saturated with CO,
and it was transferred from the reactor to the injection pump (#1,
to the left of the core holder in Fig. 1) for the experiments.

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

The streaming potential measurements then commenced and
were completed using at least 4 different flow rates following the
recommended PS procedure [36]. To measure the voltage across
the rock sample in live water experiments only the internal elec-
trodes (#8) were used (details on design and materials used for
the internal electrodes are provided in [34]) due to their higher sta-
bility relative to that of the external electrodes. The zeta potential
was interpreted from the measured Csp using Eq. (1), for which the
updated values of o, ¢ and u of live water were required (F
remained constant in all reported single-phase experiments).

The live water saturated rock conductivity (,,) was measured
in each experiment. Live water electrical conductivity (o) was cal-
culated by multiplying the intrinsic formation factor (assumed to
be constant and equal to that measured with the corresponding
dead water) by the live water saturated rock conductivity and all
values are reported in Table 2. The live water ionic strength (salin-
ity) was determined using o,, (refer to section 2.6 in Vinogradov
et al. [34]), and the salinity was then used to adjust the permittiv-
ity of live water (¢) using the approach described in Saunders et al.
[55].

The viscosity of the live water (u,,) at given pressure and tem-
perature was then calculated via the approach proposed by Islam
and Carlson [56]:

where y, in [Pa's] is the viscosity of dead water as a function of
pressure and temperature, and xCO, is the mass fraction of dis-
solved CO, at experimental conditions. Due to the lack of published
measurements of i for all tested salt types and temperatures of our
dead solutions, we adopted the approach of Saunders et al. [55] to
infer the dead water viscosity from the measured electrical conduc-
tivity. The calculated values of y for our dead solutions were com-
pared against available published data (for the same salts at
concentrations and temperatures consistent with our experimental
conditions), and the discrepancy was found to be less than 2% thus
confirming the appropriateness of the approach.

The mass fraction of dissolved CO, (xCO,) was evaluated using
the model of Zhao et al. [57,58] and validated for 0.05 M Nacl live
water against the experimental values reported by Islam and Carl-
son [56] for 40 °C and 7.5 MPa, and was found to be identical
within 1% discrepancy.

1.0134

My = s X (1 +4.65Xco, 2)



M. Hidayat, M. Sarmadivaleh, ]. Derksen et al.

The exponent in Eq. (2) was assumed to be constant for all types
of live water investigated here, since it only defines how the solu-
bility of CO, depends on the salt type, and the solubility was
reported to be nearly identical for all tested salts at ionic strength
of 0.05 M (e.g., [59]).

3. Results and discussion
3.1. Streaming potential coupling coefficient measurements

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

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

3.2. Dead water zeta potential

Zeta potentials for dead water remained negative for all tested
conditions. Moreover, for any given temperature and salt type,
the zeta potential was independent of the pore pressure (Fig. 3a).
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Dead water equilibrium pH values were also independent of pore
pressure for any given salt type (Fig. 3b), which implied that the
amount of dissolved CO, remained constant during the experi-
ments. However, pH decreased with increasing temperature, con-
sistent with previously reported studies [16,40,60,61].

The largest in magnitude zeta potential was obtained with
Na,SO,4, and it became progressively smaller in magnitude when
using NaCl, MgCl, and CaCly, (|{nays0,| > [inacil > |Cmgat, | > [cact, |)-
A difference of less than 1 mV between the zeta potentials of MgCl,
and CaCl, was observed for both salts at both temperatures of 23 °C
and 40 °C. Although this difference was small, it was comparable to
the difference of 2 mV reported by Vinogradov et al. [40] for the
same salt types. The measured pH of solutions in contact with
the sample became smaller with the transition from Na,SO,4 to
NaCl, followed by MgCl, and CaCl, (pHya,s0, > PHyaq >
PHygai, > PHeaq, ), qualitatively consistent with previously pub-
lished studies [40,62].

To quantify the effect of salt type and temperature, zeta poten-
tial and water pH were plotted versus temperature (Fig. 4). The
zeta potential became more positive with increasing temperature,
while water pH decreased with increasing temperature, consistent
with previously published results [16,40]. The highest rate of
increase in the zeta potential with temperature was observed for
NaCl (a change of +4.3 mV when transitioning from 23 °C to
40 °C). An increase in zeta potential (+4.3 mV) was also observed
for Na,SO, when temperature increased from 23 °C to 40 °C. In
contrast, zeta potential increased with increasing temperature by
1.0 mV for both, CaCl, and MgCl,, when temperature increased
from 23 °C to 40 °C. Therefore, a weaker temperature dependence
of the zeta potential was observed for CaCl, and MgCl,, again con-
sistent with Vinogradov et al. [40].

However, the rate of pH change with temperature was higher
when compared to Vinogradov et al. [40]. Moreover, the pH values
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Fig. 2. Typical results of paired stabilized (PS) experiments (a, ¢) and the streaming potential coupling coefficient represented by the linear slope of the stabilized voltage, AV,
plotted against the stabilized pressure difference, AP (b, d). (a) dead NaCl solution pumped at a constant rate of 4 mL/min, temperature of 23 °C and pore pressure of 7.5 MPa);
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Table 3

Journal of Colloid and Interface Science 607 (2022) 1226-1238

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

Water Pressure, MPa Temperature, °C Condition Csp, mV/MPa
NacCl 0.2 23 Dead water —29.9+0.07
45 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 -283+0.10
7.5 40 Dead water -28.5+0.10
10.0 40 Dead water -283+0.10
4.5 40 Live water —236*} %8
7.5 40 Live water -19.072%
10.0 40 Live water -18.17}%8
CaCl, 0.2 23 Dead water —26.5+0.07
7.5 23 Dead water -26.9+0.07
0.2 40 Dead water -253+0.10
7.5 40 Dead water -25.4+0.10
7.5 40 Live water -17.6*9%9
MgCl, 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 ,]7'84:}»38
Na,S04 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 _241 1;38
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Fig. 3. Zeta potential a) and pH values b) as a function of pore pressure for all dead water experiments. Blue symbols denote experiments conducted at 23 °C; red symbols
denote experiments conducted at 40 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

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

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

{u[mV] = —4.86 x pH + 12.57;R? = 0.976 (3)
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{p[mV] = —1.35 x pH — 4.96;R* = 0.973 (4)

where ¢y and {, denote the zeta potential for water containing
monovalent (Na*) or divalent (Ca®* and/or Mg?*) cations, respec-
tively. Regardless of anion type (CI” or SO%) all experimental points
for Na* containing solutions align on the same trendline, and so do
the points for all CaCl, and MgCl, experiments regardless of the
cation type (Fig. 5).

The trend obtained for Na* solutions (Eq. (3)) is identical to that
reported for zeta potentials of sandpacks [40]. However, as seen in
Fig. 5 the zeta potentials at 23 °C measured in this work (blue tri-
angles) were more negative compared with values of Vinogradov
et al. [40] and corresponded to higher pH values. The values that
correspond to 40 °C were consistent with those reported by Vino-
gradov et al. [40] thus implying stronger temperature effect on
both pH and zeta potentials.
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In contrast, the trend for divalent cations (Eq. (4)) had a flatter
slope, compared with that of Eq. (3). Such flattening of the slope is
consistent with the pH dependence of CaCl, solution relative to
that of NaCl proposed by Vinogradov et al. [40]. Overall, however,
all our ¢, were more negative than those reported by Vinogradov
et al. [40], except for the value at pH = 5.7.

The effect of temperature on pH of divalent solutions (CaCly,
MgCl,), denoted by the shift from blue to red symbols in Fig. 5,
was substantially more pronounced in this work compared to
Vinogradov, et al. [40]. Moreover, Vinogradov et al. [40] also sug-
gested that the response of {, to varying pH of CaCl, solution
was different to that of MgCl,, and they attributed this difference
to a higher activity of Mg?* towards the mineral surface compared

1233

with Ca?" at elevated temperature, i.e. fully hydrated Mg?" at ambi-
ent temperature has larger diameter than Ca?* making the latter to
be closer to the mineral surface and thus more active [62], but at
higher temperatures it becomes smaller by losing hydration shells
at a higher rate, approaches the mineral surface closer and
becomes more active. We did not observe any difference in
response of {, to varying pH of either solution at elevated temper-
ature, but we only investigated temperatures of 23 °C and 40 °C
whilst the data presented by Vinogradov et al. [40] included exper-
iments conducted at 70 °C and 120 °C where the split in response
of {; to pH for CaCl, and MgCl, was observed. Using Egs. (3) and (4)
allows to accurately predict the expected zeta potential as a func-
tion of pH for single salt electrolytes. However, additional work is
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required to investigate whether the proposed trends can be inter-
polated for mixtures of different salts.

To validate the proposed correlations between water pH and
the zeta potential (Egs. (3) and (4)) we compared the values com-
puted using these equations against previously published experi-
mental data. Walker and Glover [32]| obtained over 100 zeta
potential measurements on intact Fontainebleau sample (F3Q) at
23 °C at reported pH of 6.48 and ambient pressure (i.e., atmo-
spheric content of dissolved CO,, hence dead water). From the
entire NaCl salinity range tested by Walker and Glover [32], the
closest to the ionic strength tested in this study was 0.062 M, for
which Walker and Glover [32] reported the measured zeta poten-
tial of —18 £ 1 mV. Using Eq. (3) and pH of 6.48 [32] the calculated
{m = —18.92 mV, which lies within the experimental uncertainty
and consistent with the value of —18 mV predicted by the pH
dependence of the zeta potential model [63].

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

To confirm our proposed model for ¢, obtained with dead solu-
tions, we compared predictions on the zeta potential made using
Eq. (4) against published experimental data [64] obtained with
Berea sandstone saturated with 10> M CaCl, and MgCl, solutions
at pH between 6.0 and 7.5. Our model yields {p for both solutions
between —13.06 mV and —15.09 mV (depending on the used pH
value) compared with —9.3 mV and —6.6 mV reported by Thanh
and Sprik [64] for MgCl, and CaCl,, respectively. The values
obtained using Eq. (4) are more negative in comparison to those
measured by Thanh and Sprik [64] and we attribute this difference
to presence of clay minerals in the work of Thanh and Sprik [64],
which are known to be more reactive towards divalent cations.
On the other hand, the zeta potential reported in the same paper
for 103 M NaCl and Na,SO,4 at pH between 6.0 and 7.5 was also
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compared against our model (Eq. (3)). Our prediction for ¢ was
found to be in the range between —16.59 mV and —23.88 mV (cor-
responding to pH range), which is in a good agreement with the
reported by Thanh and Sprik [64] values of —23.9 mV and
24.4 mV for NaCl and Na,SO,, respectively.

3.3. Live water zeta potential

Due to initial mixing of 400 mL of live water with 30 mL of dead
water, the resulting pH of all re-equilibrated solutions in this study
were approximately 0.8 pH units higher than those measured by Li
et al. [65] and Peng et al. [47] for the same pressure.

Increasing pore pressure resulted in increased CO, dissolution
and formation of carbonic acid, and thus a decreasing water pH
and consequently a more positive zeta potential (Fig. 6a). All three
zeta potentials measured with NaCl at 4.5 MPa, 7.5 MPa and
10 MPa linearly correlated with the corresponding water pH, with
the slope of the linear regression (Eq. (5)), which was significantly
different from that obtained with dead Na* containing solutions
(Eq. (3)). Furthermore, all four salt types tested at 7.5 MPa lied
on a linear trendline (Fig. 6b), with the slope consistent with that
of Fig. 6a:

{[mV] = —10.90 x pH + 26.02; R? = 0.988 (5)

A summary plot including both, dead and live water solutions,
is presented in Fig. 7, which suggests that either: a) Eq. (4) should
be used for both dead and live CaCl,/MgCl, solutions, while Eq. (3)
should be used for dead NaCl/Na,SO,4 and Eq. (5) should be used for
live NaCl/Na,SO,4 solutions; or alternatively b) Eq. (5) should be
used for all types of live solutions (green regression in Fig. 7) while
Egs. (3) and (4) should be used for dead NaCl/Na,SO4 and CaCl,/
MgCl, solutions, respectively.

All of the regressions proposed here for dead and live water
solutions (Egs. (3)-(5)) appear to have a non-zero intercept with
the horizontal axis, which is defined as the Isoelectric Point (IEP)
that identifies the value of pH that results in a zero zeta potential.
For the experiments with dead NaCl and Na,SO,4 solutions, the IEP
is calculated using Eq. (3) and equals 2.59, while the corresponding
value for all live water solution calculated using Eq. (5) is 2.39.
Both values are consistent with a published study that reported
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Fig. 6. Zeta potential as a function of live water pH for a) NaCl solutions (with varying pore pressure and therefore different amount of dissolved CO,) and b) all salt types at
pore pressure of 7.5 MPa. All data were measured at 40 °C. The linear regressions in both figures correspond to Eq. (5).
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IEP for quartz and NaCl to be in the range between pH2.2 and
pH2.5 [48]. However, the IEP found for CaCl, and MgCl, (Eq. (4))
appears to be at pH of —3.67, which is inconsistent with all previ-
ously published results. Therefore, we hypothesize that the regres-
sion for pH dependence of the zeta potential with divalent cation
salts is not linear throughout the entire range of pH and changes
slope at pH around 3.3 where the regression defined by Eq. (4)
intersects with the regression given by Eq. (5). This hypothesis is
consistent with our results for Na* containing solution that appear
to switch from the pH dependence defined by Eq. (3) to that given
by Eq. (5). Moreover, a published experimental study [66] on
crushed Fontainebleau samples saturated with NaCl of resistivity
of 100 Qm (equivalent to ionic strength of 10> M) demonstrated
that pH dependence of the zeta potential was non-uniform. The
rate of increase of the measured by Lorne et al. [66] zeta potential
with decreasing pH was nearly linear but became significantly
steeper below c. pH = 3.5 and had IEP at pH2.5, so that both obser-
vations are consistent with our results.

To confirm the pH dependence of {y;, {p and {; across the entire
pH range, additional experiments at pore pressures that corre-
spond to pH between 4 and 6 for Na* containing solutions, and
between pH3.5 and pH5.5 for CaCl, and MgCl, are required to
cover the intermediate pH range. Moreover, additional experi-
ments are also required for all types of solutions at pore pressures
that correspond to pH less than 3.2 (i.e., higher partial CO, pres-
sure) to investigate the pH dependence of {,; and ¢, under these
live water conditions.

4. Implications for CO, geological storage

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

Moreover, the proposed empirical correlations for the mineral-
water zeta potential can be incorporated in the classical DLVO the-
ory (e.g., [43]) to yield system’s wettability thus quantifying the
potential of residual trapping of CO, during geological sequestra-
tion in sandstone formations. For instance, our results suggest that
higher reservoir pressure that corresponds to enhanced CO, disso-
lution will results in lower pH and smaller in magnitude
rock-water zeta potential thus implying a smaller electrostatic
component of the disjoining pressure and hence, less water-wet
conditions. In such case, pure sandstone reservoirs (>95% quartz)
might be deemed inappropriate for CO, injection for geological
storage and other formations containing more clays, which are
known to make zeta potential larger in magnitude (compare the
reported zeta potential measured on Buff Berea, Grey Berea and
Parker sandstones saturated with 0.5% NaCl, CaCl, and MgCl, in
Shehata and Nasr-El-Din [70], to be considered. On the other hand,
our results suggest that residual CO, trapping controlled by wetta-
bility can potentially be improved by making the rock more water-
wet via injection of NaCl or Na,SO4 rich water of low salinity prior
to injecting CO, for geological storage. Such procedure would lead
to a larger in magnitude negative zeta potential at rock-water
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interface, so that the shift towards more water-wet conditions
would occur assuming that the zeta potential at CO,-water inter-
face is also negative.

Furthermore, higher CO, pressure, and therefore, higher dis-
solved CO, concentration, causes the equilibrium pH to decrease
thus also affecting the mineralization of carbonate and therefore,
the CO, ultimate storage capacity [71-73].

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

5. Conclusions

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

. The zeta potential for all tested solutions, pressure and temper-
ature was negative, which implied that the electrical charge at
rock-water interface was always negative and non-zero.

. The zeta potential of all dead solutions was found to be inde-
pendent of pore pressure but decreased with increasing tem-
perature; this finding is consistent with previously published
data obtained at ambient pressure [40].

. The zeta potential of all dead solutions was found to be different
for NaCl/Na,SO,4 compared with that of CaCl,/MgCl,.; the find-
ing for Na,SO,4 is new but the observation for NaCl vs CaCl,/
MgCl, is consistent with the reported results [40].

. The negative zeta potential of all live solutions decreased in
magnitude with increasing pore pressure, reflecting the effect
of enhanced CO, dissolution under high pressure, which caused
PH to decrease; the effect of CO, dissolution on the zeta poten-
tial has been quantified for the first time in this study.

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

. We proposed three linear empirical correlations with a high
coefficient of determination (R? > 0.97) to predict the zeta poten-
tials as a function of water pH. The correlations reflect a different
response of the zeta potential to presence of mono- or divalent
cations in dead solutions, and a distinctly different response to
the live water conditions. The correlation for the live water is
the first of a kind, thus providing a good source for validating
surface complexation models for silica in contact with carbon-
ated aqueous solutions at supercritical CO, conditions.

. The proposed correlations were validated against published
experimental data and were confirmed to accurately predict
the zeta potential of dead solutions. The isoelectric point pred-
icated by our live water correlation was found to be similar to
that published for dead water solutions [48].
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8. Our novel results have significant implications for many sub-
surface settings where high concentration of dissolved CO, is
expected. Potential applications include management of aqui-
fers, geothermal sources and CGS. Moreover, an improved
understanding of the zeta potential of silica-water systems
under supercritical CO, conditions resulting from this study will
inform future studies on thermodynamics of wettability [43],
colloid stability and use of nanoparticles [74].

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