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Dielectrical aspects of COz-enriched water in clean porous rocks

1

Athanasios Tzanavaris™, Karl-Heinz A. A. Wolf2, Pacelli L.J. Zitha3

Abstract

Streaming potential is an eletrokinetic effect which reflects the electrical charge or the electrical potential created by flow of ionic
fluids through porous media, such as hydrocarbon reservoir rocks. The concept has been studied mostly for low salinity fluids
and in the past decade consist a subject of interest in oil & gas industry. Dielectric studies concerning different ionic fluids used
in enhance oil recovery (EOR) are limited.

In this study we investigate if available models for low salinity fluids can be modified and redeveloped to describe the
behavior of streaming potential coefficient and zeta potential for carbonated water flooding in reservoir rocks with very small
clay content. The model presented in this work follows the approach of Glover et al. published in 2012. The developed theoretical
model suggested here is sensitive to salinity, temperature, reservoir rock properties and fluid properties, while the main variable
is pore fluid concentration.

For the verification of the theoretical estimations, core flooding experiments were performed with different CO2-enriched
solutions in Fontainebleau sandstone sample. From comparison of the experimental measurements with the theoretical
estimations, it was observed that the model can produce estimations of { potential and streaming potential coefficient (Cs) as a
function of pore fluid concentration within a pH range of 4 to 7. Moreover, it was observed that for the correlation a coefficient

introduced by Glover et al. in 2012 had to be implemented.
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1 Introduction

Multiple studies during the past years have addressed
eletrokinetic properties of porous media aiming to improve our
understanding of electrokinetics. Electrokinetics is a general
term associated with the relative motion between two or more
charged phases [1]. When there is a tangential movement of
phases across boundaries of surface-liquid or liquid-gas or
solid-gas phases, a number of electrokinetic phenomena can
occur [2]. Those electrokinetic phenomena can be
characterized as electrokinetic effects. Among those, the most
common are electrophoresis, electro-osmosis, streaming
potential (Cs), and sedimentation potential.

Monitoring of electrokinetic effects generated in the
subsurface have a wide range of applications in oil and gas
reservoir modeling, aquifer depletion, geothermal energy [3],
forecast of volcanic activity and earthquake prediction [4]. In
the oil and gas industry, downhole installations were designed
to measure electrokinetic effects have been reported. Those
measurements, may be used as an indicator for the nature of
hydraulic transfers in very heterogeneous reservoirs [5] and
consequently with further equipment, such as smart wells,
may influence the production rate by changing the fluid flow of
the well remotely [6] or improve enhance oil recovery (EOR)
methods, such as waterflood by the modification of injection
brine ionic composition [7].

The streaming potential is the electric potential that is
generated when an electrolyte fluid flows through a stationary
charged solid, such as porous media, by an applied pressure
gradient [1,2,8]. It occurs within the electric double layer
(EDL), which is a concept that was introduced by Helmholtz
and was deliberated by Stern, as discussed in appendix A.
According to Saunders et al. [9], its value depends on the
electrolyte concentration, electrolyte pH, ionic species within
the electrolyte fluid, temperature, rock mineralogy, and rock
structure at a given pressure. Helmholtz and Smoluchowski
quantified streaming potential (Cs) in capillary tubes and they
developed an equation knows as HS equation given as:

AV g€
s=4p= oo, (1)
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Here, Cs (V/Pa) stands for streaming potential coupling co-
efficient and is the ratio of AV (V) the measured streaming
potential to AP (Pa) the applied fluid pressure difference that
drives the fluid through the capillary tube; & is the relative
permittivity of the pore fluid; € is the electric permittivity of free
space (=8.854 10 — 12 F/m); nr is the dynamic viscosity of the
pore fluid (Pa.s); { refers to zeta potential and or represents
the pore fluid electrical conductivity [10].




HS equation is accepted by the scientific community as a
formula that can be applied in any porous medium including
reservoir rocks. It is commonly used for the estimation of the
zeta potential (¢), the potential in the Stern layer of EDL, or
other petrophysical properties of reservoir rocks, under the
assumption that the ratio of pore radius and Debye length is
relative large such that no overlap occurs in the EDL [10].
When this is not the case, additional parameters influence
fluid conductivity and the formula should be written as [11, 12,
10]:
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Where, 35 refers to the specific surface conductance and A is
a length scale characteristic of the pore microstructure
(A=d/(3(F-1)) ) [13, 11], for which a detail discussion can be
found in Revil et. al. [4]. Further modifications in streaming
potential formula, mentioned above, have been published by
Glover etal. [11] in 2010. They develop two formulas that link
the streaming potential coefficient (Cs) to the zeta potential ()
with respect to the mean pore radius and the mean grain
diameter respectively, which yield:

_4v_ TE-E0C @)
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where, s (S) refers to the specific surface conductance and
A (m). In equation 3, r is the mean pore radius and & = &&o,
while in equation 4, d is the mean grain diameter and F is the
formation factor, obtained usually by Archie’s equation which
can be found in appendix B.

The above equations have been extensively used in
research studies, such as Glover et al. [14] or Werner et al.
[15], for the description and modeling of zeta potential and
streaming potential dependency on pore fluid salinity
changes. Essentially, they investigate how a theoretical
model can accurately describe those two electrokinetic
effects, streaming potential and ¢ potential, generated by the
interaction between different reservoir rocks, usually with
composition rich in silicates (quartz) (SiO2) and poor in
alominosilicates (clay) (Al), and electrolyte solutions with
different NaCl concentrations. Despite, the variety in ionic
fluids, the available models are limited only in the interaction
of mineral and NaCl variation. Schramm et al. [16] though,
states that the sensitivity of minerals to small changes in
electrolyte properties, carries potentially serious implications
for any injection process whose efficiency depends indirectly
on surface charge. Thus, one may say that any fluid used in
EOR with high ionic concentration can become a source that
may generate those electrokinetic effects when it flows
through a reservoir rock.

Carbonated water (CW) (or CO2-enriched water) consists
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of such a fluid used in carbonated water injection (CWI), an
alternative COz2 injection strategy, where CO: exist as a dis-
solved phase into the solution [17] with the chemical formula:
H,0 + CO, & HCO3 + H*. CWI is characterized as an im-
proved water flooding technique and a very promising EOR
process [18]. The reason is that the mixture benefits from
both water and CO: properties, resulting to a better sweep ef-
ficiency, lower mobility which retards the breakthrough time of
CO2 and reduces oil swelling effect [19, 20]. It is also
considered to be one of the safer ways for CO: storage
because reduces the risk of leakage of CO2 through caprock
[17].

The scope of this paper is to investigate whether the
existing theoretical models available are valid under
modifications for streaming potential and zeta potential during
CW flooding, to provide a model that may be used for future
research regarding CWI and examine if the developed model
can be applied in reservoir rocks with small clay content. To
validate this theoretical approach a single reservoir rock type
has been selected for laboratory experiments, named
Fontainebleau sandstone (SST). This sandstone has been
extensively studied which is beneficial because a wide range
of information are accessible in the literature (e.g., Mijtterlose
et al. [21], Mutterlose et al. [22], Thiry et al. [23], Cooper et
al. [24]), have been used in similar experimental work and
they consists ideal an sample for this research topic because
of its composition.

Fontainebleau is a quartz rich homogeneous SST contain-
ing typically more than 98% of quartz [25] and is well sorted
with average grain size around 250 yum [26] and porosity that
varies between 2 and 30%. It has been interpreted as a
Stampian age (early Oligocene) sandstone  [23] and
according to Coker et al. [27] may be treated as a two-phase
material consisting of grains (quartz) and porosity.

From literature review, we found that the most suitable
theoretical approach for this research topic is Glover et al. [14]
published in 2012, developed with respect to equation 4. This
selection has been made manly because of the majority of the
parameters in this publication are based on empirical
correlations. Both the model and correlations have been
corrected and modified to account for the two SST properties
under different CW consecration flooding. Before the fluid
modifications were applied, a base case scenario was created
for the confirmation that the theoretical model can reflect the
properties of this particular reservoir sandstone. Finally, the
experimental results are compared with the theoretical
estimations to validate our hypothesis which concerns the
following:

e investigation whether the available theoretical model
is valid under modifications for CW flooding.

e examine if the developed model can be applied in
reservoir rocks with small clay content.

e provide a model that may be used in further research

2 Theoretical
definition

model and parameter



As was mentioned previously, the theoretical model presented
in this paper follows the same principals and methods of the
model indicated by Glover et al. [14] in 2012 (Figure 1). It is
developed based on the equation 4. Before any modification
was applied, their model was revised and its parameters were
corrected according to the corresponding literature sources.
The modifications ware mainly on fluid properties and their
corresponding formulas, while formulas regarding rock
properties remain untouched. More specifically, two empirical
correlations have been implemented for the estimation of the
equilibrium dissociation constants pKi and pKz, an additional
formula has been suggested for the determination of CW pore
fluid conductivity (o). So, the values of the remaining fluid
properties have been altered to be suitable with the CW
solution. Moreover, the changes were defined such that the
modified theoretical model can provide estimations within the
range of 0°C < T <100 °C and 5 bar < P < 65 bar. These are
conditions that were satisfied also from the initial model.

A detailed discussion for the formulas used to define the
parameters of equation 4 and model the behavior of the zeta
potential and streaming potential as a function of pore fluid
concentration is explained bellow. The associated input
parameters of the modified theoretical model, and rock
properties of the Fontainebleau sandstone sample, and fluid
properties, are given in Table 1. Note that the sensitivity of the
parameters in the theoretical model is not included in this
paper.

2.1 Pore fluid electric permittivity (&)

& = &8 ®)

The value of pore fluid electric permittivity (&) depends upon
relative electric permittivity (&) and the electric permittivity in
vacuo (&), indicated in equation 5. While electric permittivity
in vacuo has a constant value of g = 8.854 x 1072 F/m,
relative electric permittivity varies with environmental
conditions. Gary Olhoeft implied that temperature and fluid pH
have a significant impact on relative permittivity & value. Thus,
he developed an empirical equation to include those effects
(equation 5), which can be written as:

sr(T, Cf) =ay+a,T +a,T? + a;T3 ©)

+¢1Cr + cCF + c3CF,
Here, ao = 295.68, a1 = -1.2283 (K'), a2 = 2.094 x 103 (K?),
as = -1.41 x 10 (K- 3), c1 = -13.00 (Lmole~ %), c2 = 1.065
(Lmole~1)?, c3 = -0.03006 (Lmole~1)3 T (K) is the temperature,
and Cr (mol/L) expresses the bulk pore fluid salinity. Note that,
this formula is valid for temperatures within the magnitude of
273 < T <373(K).

2.2 Fluid dynamic viscosity (nr)

According to Glover et al. [14], dynamic viscosity of pore fluid
(nr) can be estimated by the empirical equation of Phillips et
al. [29] which is defined as:
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n7(T,C;) = e; + ey exp(ayT) + e3 exp(azC/l") + @
ey exp(a3T + a4C}"),
where, e1 = 4.95166 x 10° (Pa.s), e2 = 6.034658 x 10 (Pa.s),
e3 = 9.703832 x 10 (Pa.s), es =1.025107 x 102 (Pa.s), a1 =
-0.06653081/°C, a2 = 0.1447269/mol, as=-0.02062455/°C, as
= 0.1301095/mol, T (°C) is the temperature and Cf* is the
molality of the bulk pore fluid.
This equation is valid for both strong and weak solutions.
For weak fluid solutions the molality is equal to Cf* = C;. For
strong solutions it is equal to C* = C¢ / (pf — (AC¢/1000)),
where (por (g/cm3) is the fluid density and A (g/mol) is the
atomic weight of sault [14]. In this research topic CW is
considered to be a weak solution.

1.E-03

T=25°C,d=50 um,m =2, 9=0.2, {,=0V, 5 usingeq.5
1.E-04

1.E-05

1.E-06

1.E-07

1.E-08

-Streaming potential coupling coefficlent (V/Pa)

----- Model pH 5
1.E-09 T|..—Model pH 6
—Model pH 7
1.E-10 4{——Model pH 8
+ Pre-Jaafar (2009) data
© Jaafar (2009) data
1.E-11 ' .
1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01
Pore fluid concentration (mol/L)
b
) -0.2
T=25°C,d=50um,m=2, 4=0.2, {,=0V, s usingeq.5
I [ v Model pH5
S [ N I Model pH 6
015 N A A I —Model pH 7 ]
S, ——Model pH 8
gL + StBees sandstone 1
— I~ A © St Bees sandstone 2
2— ‘\\\ A Stainton sandstone
__U; 04 SN A Fontainebleau sst.
= -0. <
S S_A
H
g A
N . N
-0.05 =1
\A\ A \\\ A
--------- e
......... a8 . SA o2
INARN S SUN s NP¥ IS
% 3 R \\Qr
A \A
0 "
1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01

Pore fluid concentration (mol/L)

Figure 1. Models and experimental measrements of
streaming potential coefficient and zeta potential as a function
of pore fluid (NaCl) concentration for different pH values (from
Glover et al. [14]). (a) Theoretical modeling of streaming
potential coefficient for experimental data sets. (b) Theoretical
modeling of zeta potential for the same and additional data
sets obtained from the literature.

2.3 Debye length (xq)

Debye length is a parameter that expresses the distance
between the Stern layer and the plane of shear within the
diffuse part of EDL. Thus, it can be said that, Debye length
describes the distance where the electrostatic effects are still



present during the interaction of a solid and a solution. It is
defined as [30]:

1 o (ez)?NG,
1oyl Ny

= ) 8
X &k T

S

where, kb = 1.38 x 1023 (JK'!) is the Boltzmann’s constant, e
=1.602 x 10'1° (°C) express the elementary charge, N = 6.022
x 1023 (molt) is Avogadro’s constant, zi refers to ionic species
and If is the ionic strength [30]. In this research the dominant
component of the fluid is COz and thus it is assumed that zi is
unity. The formula of ionic strength yields:

n
1
Ifzzzzlzclf’ 9)
i

By combining equation 8 and equation 9, equation 8 can be
written as:

Eo&rkey, T

_— 10
2000Ne?I; (0

Xa =

where, 2000 is a correction factor used since the units of ionic
strength are in mol/L. Glover et al. [14] imply that for
concentrations greater than 10~ % mol/L and pH more than
PHpzc, ionic strength is considered to be I; = C¢. Here this is
not the case, thus the ionic strength has been estimated
based on the equation 9.

2.4 Fluid pH

The possible amount of dissolved CO: in water is strongly
related to the pH of the solution. McMahon et al. [31] pointed
out that the most important parameters affecting dissolution of
CO2 are temperature, pressure and water salinity. It is
important to note that, when water salinity increases solubility
decreases [28]. The equilibrium chemical reactions taking
place when CO: dissolves into water are:

H,0 + CO, < H,CO; (11)

which is an unstable fluid, and converts to the equilibrium
relations:

K
H,CO; < HCO5 + H* (12)
and
K:
HCO; & CO3~ + H* (13)

The two equilibrium dissociation constants for carbonic acid
Ki and Kz can be calculated from the equation 14 and
equation 15. A detailed description can be found in Millero et
al. 2002 [32]. Those two equations (eq. 14,15) considered to
produce estimations within the temperatures of 0 °C < T < 40
°C.

D.A.C.EW.C.P.R.

pK, = —8.712 — 9.460 x 10735 +

8.56 X 107552 + 1355.1/T + (14)
1.7976 In(T),
pK, = 17.0001 — 0.01259S — 7.9334 x
-5¢2 _
107552 + 936.291/T as)

1.87354In(T) — 2.61471S/T +
0.07479S2/T,

here, T is the temperature in K and S is the salinity of the
solution. We are using these equations under the assumption
that are valid for S=0, because the selected water of the
operation fluid in the laboratory experiments is demineralized
with almost zero salinity. Essentially, for a temperature of 30
°C, we obtain K1=10-6-0313 and K>=10-385, which were kept as
constants for the theoretical modeling. Another factor that that
varies with temperature and affects the pH of this SiO2-H20-
CO:2 system, is the water dissociation constant (Kw). The
polynomial suggested by Glover et al. [14] delivers values for
Kw in the range of 0 °C < T <100 °C and is given as:

K, = 6.9978 x 10716 4+ 5.0178 x
10716 — 2.4434 x 107172 +
7.1948 x 1071°T*,

(16)

where, T refers to the temperature, here defined in °C. Finally,
we calculated the system pH using the cubic equation [14]:

C13+ - (Ca - Cb)C1~21+ - (Kw + Kl)CH+ (17)
—2K1K, =0

where, Ca and Cy refer to the acid concentration and base
concentration in mol/L. In this research, COz: is considered to
be an acid and H20 is treated as base. In the theoretical
model, we assume that the system pH increases by addition
of CO: into the water. The above equation can be solved by
the Targlia-Cardano approach, which is explained in appendix
C. Glover et al. [14] give two ways to link acid concentration,
base concentration and pH. In this study, we use the one,
where pH is defined as pH = —log,,( C#) (definition of Cj in
equation 17), which will return the concentrations of Ca and
Cb.

2.5 Pore fluid electrical conductivity (o)
The electrical conductivity of carbonated rich solutions is
expected to be significantly lower compared to the electrical
conductivity of solutions containing NaCl. In the model of
Glover et al. [14] the electrical conductivity is calculated as a
function of temperature T and ionic concentration Ct by the
empirical equation of Sen and Goode [33]. Similarly, we
calculated or (S/m) for this H20 - CO2 system as a function of
T and Cr using the data published by Light et al. 1995 [34]
(Figure 2) giving the o - Crrelation:

ar(T,Cr) = 0.001 x C248% (18)



Here, Ct is defined in mol/l. It should be noted that this
equation is only valid for a temperature of T=30 °C. For ot
calculations within the temperature range of 0°C < T < 100°C,
similar equations can be obtained from Table 2 of Light et al.
1995 [34].
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Figure 2. Conductivity values as a function of pore fluid ionic
concentration for different temperatures obtained from Light
et al. [34].

2.6 Pre-defined parameters

The fixed parameters with their corresponding values can be
found in Table 1. The values of these parameters vary with
properties of rock, fluid, temperature, etc. In this research they
are considered to be constants. These parameters below,
affect the values of surface condition (Xs) and Stern-plane
potential (¢d), which are discussed in sections 2.7 and 2.8
respectively.

Surface site density (Is)

Lefevre et al. [35], at their publication in 2004, state that the
surface site density (s) can be defined as the maximum
surface density available for protonation or deprotonation,
acidity constant, or electrostatic parameter. In the literature,
the most common value reported for silica systems is [s =
8nm~2 [36]. The value used in this theoretical model is s =
8.34nm~ 2 (Lofts et al. [37]), which is slightly smaller than the
value of s =10nm~2 in Glover's model [11] (which reflects to
NaCl full saturated measurements). In addition, we assume
that no silica gel formation occurs; a phenomenon which will
increase the value of s [4].

Disassociation constant for dehydrogenation (pK_)
As was reported by Glover et al. [11] and Revil et al [4] the
values that represent the disassociation constant for silica
dehydrogenation is not yet well known. The most common
values presented or used for research are within the range of
6.3 < pK_<8.53[38, 4, 39]. In this model we define pK_= 6.9,
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‘because is a value compatible with the rest of the parameters
(mainly with the temperature of T=30 °C).

Binding constant for cation adsorption (pKme)
Similarly with the value of pKme, the value of binding constant
for cation (carbon) adsorption of quartz is not yet well known
[11, 4]. Experimental studies, from Su et al. [40] and Leckie et
al. [41], show that the range of values for pKme is fluctuating
between 2.65 < pKme < 7.9. In this model we define pKme=7.1,
a value slightly lower compared to the one in Glover's model.
The value is close to the maximum value of CO2 adsorption of
quartz [40].

Surface ionic mobility (Bs)

For surface mobility (Bs) we are use the value of s =5 x 10~°
(m?/(Vs)) from Glover et al. [14] (smaller than the mobility of
CO2, Bs = 7.44 x 10~ 8 reported by Li et al. [42]). The reason is
that the model is insensitive to small surface mobility
variations for values less than 10-5.

Proton conduction (ZsP™)

Proton conduction (2sP) is one of the three parameters for
surface conduction (2s). It will be discussed in section 2.7.
Glover et al. [14] defines the value of proton conduction as
PO = [5 x Cprot, Where Cprot iS @ constant value obtained
experimentally from Watillon and Backer [43] (1970). We
define the proton conduction value directly, mainly for
simplicity, as 3P = 3.56 x 10~ 8 (S). This value has been
obtained by extrapolation of the data presented in the work of
Al-amsyar [44].

Shear plane distance (x¢)

Surface of shear or shear plane, shown in Figure 3, is an
imaginary surface close to the solid [2] and in between the
Stern layer and the diffuse layer. The ions located in between
the charged surface and Stern layer are immobile thus, the
electric potential charges are zero. However, the ions that are
located beyond the Stern plane form the diffuse mobile part,
a part with an inner and an outer boundary, of the EDL [1].
The inner boundary of this mobile part called surface of shear
and x¢ describes its distance from the surface.

There is no literature available concerning the shear
plane distance of silica and a COz-enriched solution. There
are two options that are suggested as possible solutions. The
first option is the assumption that x; =0, (Borkovec et al [45]
and Reuvil et al. [4]). The second option is to assume that the
values in the literature for silica measured in low
concentrations of NaCl, are valid for silica and CW.
Consequently x¢=2.4 x 10~ (m), from Glover et al. [14], can
be assigned. In this model we choose the second option to
create a variation in the final streaming and zeta potential
estimations.
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Figure 3. a) Schematic representation of the electric double
layer according to the Stern model. (b) Schematic
representation of the electric potential profile showing the
Debye length (xd) and the overall extent of the electric double
layer. The diffuse double layer starts from the Stern plane
(from Masliyah et al. [1]).

2.7 Surface conduction (2s)

For the calculation of the surface conduction (2s), we follow
the approach of Glover and Dery [11] instead of Glover et al.
[14]. The reason is that Glover and Dery [11, 46] reduce the
additional parameters by considering the conduction in the
diffuse layer (5sfPY) as negligible. One of the parameters of
the surface conduction (equation 19) is given as:

5, = ZEPL 4 pitern 4 5770 (19)

In the equation 19, Xst™ refers to conduction in the stern
layer, calculated as [11]:

ZSStern — eﬁsrsKMeCf
2 )
V8 X 103&k, NT 3
(107PH + K el K C*) + KpneC
ST
(20)
where, C" was reported as [11]:
Cq+ Cr+107PH

Cc*= ((10-pHKMecf)( a S ). (21)

VI

The dominant parameter that affects the surface
conduction calculation is 2sP™t. The values of 5, are based on
the input parameters of this research and are within the
magnitude of 3.56x 108 < 35 < 4.36x10° (S), for a
concentration range of 10-5< Ct < 10 (mol/L) and T= 30 °C.
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2.8 Stern plane potential (¢d)

Up to this point it was discussed that the stern layer is located
close to the surface of the solid (Figure 3), and that distance
can be derived by the equation 10. Now the last component
missing for the theoretical determination of ¢ potential, is the
value of the potential difference in the Stern layer (¢d). Revil
et al. [4] introduce a formula for the calculation of Stern layer
(®d), which was used later by Glover and Dery [11], and is
given as:

2k, T 8 X 103g,NT (107PH + K,,. Cy) 10774,
$a= 3.1 2el,K 7))

(22)

Here, & refers to fluid electrical permittivity calculated by the
equation 6 in (F/m); e=1.602 x 10~1%(C), k»=1.38 x 10-23 (J/K)
and N=6.022 x 1072 (mol?) are the elementary charge,
Boltzmann’s constant and Avogadro’s constant respectively;
T is the temperature in K; Ir (mol/L) represents the ionic
strength calculated by equation 9; Ct represents the ionic fluid
concentration in mol/L; Ca refers to the acid consecration in
mol/L; Kme and K_ are the binding constant for cation
adsorption on silica and the dissociation constant for
dehydrogenization on silica respectively.

2.9 Zeta potential ({)

The zeta potential stands as the electrical potential, formed by
any electrokinetic phenomenon, at the shear plane of the
EDL. It has been noted that the distribution of the potential
within the EDL has an exponential behavior [46, 14, 47] and
can be calculated based on the linearized Poisson-Boltzmann
equation, defined as:

¢ = @aexp(x/xa) (23)
where, x is the distance from the mineral surface.

In addition, {'is also generated within the EDL and by that
is expected to have a similar exponential behavior in its
distribution. According to Glover et al. [14], { potential should
be calculated by the Debye-Huckel approximation, which
yields:

¢ =¢aq exp(=x¢/Xa) (24)
where, @4 (V) refers to stern plane potential calculated by
equation 22, y; =2.4 x 1071° (m) (the shear plane distance),
and xq represents the Debye length calculated by the equation
10.
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Table 1. Parameters of Fontainebleau SST used in the theoretical modeling of zeta potential ({) and further streaming potential
coefficient (Cs), as were discussed previously. (Note that those parameter were defined to be compatible with the experimental
conditions.)

Fontainebleau SST

Parameter Symbol Value Unit
Environmental Conditions
Temperature T 30 °C
Rock properties
Porosity [0) 0.12 )
Cementation factor m 2 ()
Formation factor* F 69.44 Q]
Grain diameter d 2.5x10* (m)
Permeability** k 16.09 + 1.43 (mD)
Pore fluid properties
lonic concentration Ct 10° to 10 (molll)
pH pH 4107 ()
Dissociation constant Kw calculate from equation 16 )
Equilibrium dissociation constant .
of COuin water pK1 calculate from equation 14 )
Equilibrium dissociation constant .

quiibriu Issociat stan pK2 calculate from equation 15 )
of carbonate ion in water
Fluid dynamic viscosity N calculate from equation 7 (Pa.s)
Fluid electrical permittivity &f calculate from equation 5 (F/M)
Fluid relative electrical permittivity Er calculate from equation 6 )
Fluid conductivity Of calculate from equation 18 (S/m)
Mineral/solution interface
Surface site density Is 8.33 x 108 (site/m?)
Disassociation constant
For dehydrogenization of silanol PK_ 6.9 )
Binding constant for

. . K 7.4 -

cation adsorption of quartz PHme )
Surface ionic mobility Bs 5x10° (m?/sV)
Proton conduction ¥ prot 3.56 x 108 (S)
Stern plane distance X¢ 2.4 x 1070 (m)
Debye length Xd calculate from equation 10 (m)
Stern plane potential Pd calculate from equation 22 V)
Fundamental physical constants
Boltzmann’s constant kb 1.381 x 1023 (J/K)
Dielectric permittivity in vacuo €0 8.854 x 1012 (F/m)
Avogadro’s number 6.022 x 1023 (F/m)
Charge of an electrode e 1.602 x 101° (mol?)
Atomic mass of CO2 A 44.01 (g/mol)

* This quantity was calculated by Archie law (Appendix B).

** This quantity was obtained experimentally during the data acquisition part of this research.
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3 Experimental model and procedure

In order to verify, whether the modified theoretical model
reflects the behavior of zeta potential and streaming potential
coefficient (generated by the interaction of CO:2-enriched
water and rock mineralogy composition), a series of core
flooding experiments was conducted. The experiments were
performed using a sequence of increasing and decreasing
flow rates for different pore fluid concentrations, at a constant
temperature of 30 °C. The experimental conditions and
procedures the theoretical approach discussed previously.
To ensure the functionality of the experimental apparatus,
and that the initial theoretical model of Glover et al [14]
describes the behavior of streaming potential coefficient (Cs),
and the ¢ potential for the properties of this particular
sandstone sample, a base case scenario was created. As a
reference experiments were performed with different NaCl
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solutions in a secondary Fontainebleau sandstone sample,
identical to the sandstone sample used for this study (Table
1). The experimental results of this base case are shown in
Figure 4. This base case scenario, calibrates our experimental
apparatus and establishes the repeatability of the
experiments carried out by Glover et al. [14]. An overview of
the experimental procedure is in Appendix D.

3.1 Experimental apparatus

A schematic representation of the apparatus used for the core
flooding experiments is shown in Figure 5. It includes an
injection unit, a pressure control unit, a test unit and two data
acquisition systems. The entire apparatus and the data
acquisition systems were placed in an isothermal cover with a
heat generation system connected to the thermal sensors to
ensure temperature stability in the system.
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Figure 4. Theoretical estimations and experimental results of

Pore fluid conducivity (mol/l)

NaCl for Fontainebleau sandstone in comparison with data

available in the theory. (a) Streaming potential coefficient model obtained from Glover et al. [14]. (b) Streaming potential
coefficient model developed for the rock properties of Fontainebleau (Table 1) and experimental results for NaCl solution. (c) ¢
potential model obtained from Glover et al. [14]. (d) ¢ potential model developed for the properties of Fontainebleau (Table 1)

and experimental results for NaCl solutions.



The injection unit consists of a silicone oil tank, a GE P-
900 pump and a piston fluid tank. The test unit consist of the
core holder device and the pressure control unit which
includes a back pressure tank. The first data acquisition
system is used only for temperature, pressure and pressure
differences measurements, while the second is used for
electrical charge and conductivity measurements.

3.1.1 Test unit and sandstone sample

The test sample unit, consists of a cylindrical core holder
device (Figure 6) and has been designed such that it tolerates
pressure and temperature up to 65 bar and 100 °C
respectively. Its total fluid capacity has been calculated to be
142 ml.

The cylindrical shape sample of Fontainebleau SST
(Figure 7), contains 99% quartz, its permeability is 16.09 *
1.43 mD, and it has a porosity of 12% (parameters that
coincide with the literature). The average grain diameter is
250 um and the formation factor is between 145 and 200. It
was coated with a layer of glue to ensure that the flow goes
through the entire length of the core and no leakage occurs
during the experiments. The dimensions of the consolidated
sandstone cylinder were 39.5 mm diameter and 170 mm
length. The glue increased the width of the sample to 40.5
mm. When the sample was inserted into the cylindrical device,
the fit was such that the tolerance was +0.01 mm. The glue
ensures that there is no contact between the sample and the
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wall, so that there is no influence from external sources. More
specific, the influence from external sources can be
considered to be the low frequencies generated by the
components of the apparatus that are connected to electrical
power as well as the low frequency generated by neighboring
equipment of the lab. These frequencies are in the magnitude
of the scale used in the voltage deference measurements and
have a major impact on the noise level.

The holes/sockets for the silver (Ag) electrode transmitters
were drilled, with 8 mm diamond drilling bits, after the sample
was mounted into the core holder device. Therefore, the
assembly was dismounted, cleaned and mounted again, to
secure that no failures were made during the drilling
procedure. The exact distance between the two sockets was
measured (m).

During the experiments, the flow direction through the core
was from the bottom to the top and the space between the
core and the core holder was completely saturated by the
confining pressure fluid.

3.1.2 Data acquisition system and error.
The two devices of interest, from the data acquisition system,
are the pressure difference (AP) transducer and the unit for
the voltage potential measurements. These two components
contribute considerably to the measurement error of the
signal.

Ag Electrodes

— CW low line
—— silicone oil flow line
Wire line
--—— Isothermal cover
¥  Two way valve
% Three wayvalve
ggnwd;cggy meter Data acquisition
& Pressure sensor
@  Temperature sensor
] AP meter
silicone oil tank U
P Ts AP
Core
v, L
holder
V. T out device }/
LBackpressure
@ tank \_/
e g = |
| ! CO; bottie Confining pressure line
Py T
Pump—/

Figure 5. Schematic representation of experimental set-up used for the study of CW behavior on electrokinetic effects.




Precisely, the AP meter (Figure 1) used in this apparatus
was a Deltabar S from EH (Endress & Hauser) with a full scale
output error of 0.3 x 10°. The device used for the voltage
potential measurements was a digital oscilloscope Yokogawa
DL9240L with 8 bit resolution and total output error less than
0.4%. However, because of the influence by the external
sources discussed previously, the noise level of the voltage
measurements was larger than expected, which significantly
affects the total interpretation and thus quantitatively a total
error of 5% is estimated. Similarly the pressure data acquired
by the AP transducer have been corrected according to the
temperature variation and the response from the pressure
sensors, with a total error of 1% has been estimated on the
final interpretation.

Outlet

ik

Cap

¢

NN

— Core Sample

!
:

—— Body
Ag Electrodes
Confining

pressure
Line

/— Cap

AN

Inlet

Figure 6. Sketch of cylindrical core holder device.

3.1.3 Injection unit and fluid preparation
The injection unit, consist of a GE P-900 pump, the silicone oil
tank and the piston fluid tank. These three components in
combination with the CO2 bottle have a major role during the
fluid preparation.

Three equilibrium fluids of CW were prepared and injected
for each sample sandstone individually. The preparation
procedure is as follows:
complete demineralized and degassed water was
placed into the piston fluid vessel (Figure 8).
silicone oil was pumped from by the GE P-900 pump
till the air was removed completely, without creating
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any additional pressure.

simultaneously, the demineralized degassed water
was heated at 30 °C.

the CO:2 bottle of 1 liter capacity was filled and
pressurized under the favorable pressure of the
equilibrium, in this case 7, 12 and 18 bar.

thereafter, the COz2 bottle was connected to the three
way valve V1 (Figure 5), where the CO2z was injected
in small quantities and mixed with the demineralized
water until pressure stability between the CO:2 bottle
and the vessel was achieved (equilibrium point).
This procedure was repeated for all the equilibrium fluids. The
volumes of demineralized water and CO2 were measured for
concentration calculation. Note that in the equilibrium phase
during the pressure steps, the system pressure was always
above the point where CO2 could degassing.

Figure 7. Core sample of Fontainebleau sandstone drilled
and covered with glue.

3.2 Experimental
acquisition

The experiments were conducted in a procedure consisting of
two stagers; the system preparation and the experimental
test. The overall process, for the acquisition of the data
presented in paper, was repeated for the three equilibrium
fluids, mentioned in Table 2.

procedure and data
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— Cap
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Figure 8. Piston fluid vessel representation, major component
in both the preparation and the fluid injection.

3.2.1 System preparation

There are three steps in the system preparation part of the
experimental procedure; the mounting of the core, the
replacing of fluids and, most importantly, the system
regulation.

When the core sample was placed in the system, the
following procedure was followed. The experimental
apparatus was dried with continuous injection of CO2 at 5
bars, with the injected amount of CO: of at least 10 pore
volumes. The CO2 was preplaced by injection of
demineralized and degassed water at 19 bar stable system
pressure. The amount of demineralized degassed water
injected, always exceeded 4 pore volumes and the injection
was taking place, at a relative high pressure to dissolve any
remaining CO: that was trapped or accumulated in the pore
space of the sample. Thus, no CO2 gas was present in the
system.

Once the apparatus was filled with DM & DG water, the
pressure of the system was regulated, from the back pressure
tank, and stabilized at the same pressure with the wanted
equilibrium fluid (Table 2), which was connected to the
system. In this stage the apparatus was prepared for the data
acquisition or experimental testing part.

When the data acquisition part was finished and the next
equilibrium fluid was prepared in the injection unit, the system
was flushed again with DM & DG water at 19 bar system
pressure for the same reasons discussed previously. In this
step, the total volume injected was exceeding 4 pore volumes
to ensure that no CO:z resides in the volume of the system.

All the steps mentioned above were always completed
under constant temperature of 30 °C. All the injections were
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performed with a Teledyne 1000D ISCO Pump, which was
connected with the system by the valve Vi (Figure 5). After
the equilibrium fluid was prepared, the CO:2 bottle was
replaced by the ISCO pump for the water injection.

3.2.2 Experimental test / data acquisition
The data acquisition include four distinct measurements,
which are permeability measurements, CW streaming
potential measurements and pore fluid electrical conductivity
measurements. The permeability measurements, were
conducted before any CW solution was injected into the
system and the results are given in Table 1.

The injection of CW fluid was completed and regulated by
the injection unit. Before any measurement was conducted, at
least 3 pore volumes were injected through the system to
achieve full saturation of the core sample and to secure the
integrity of the measured data.

The measurements of pressure and voltage is strongly
correlated with flow rates. The overall acquisition was
performed by measuring the response for different flow rate
values regulated from the injection unit. The overall process
can be described as:

CW was injected from the vessel through the system
in a stable low flow rate of 0.5 ml/min, which was
established as a minimum reference point.

The flow rate was regulated by the GE P-900 pump
and it was increased a maximum value and
decreased back to the reference point, stepwise, by
0.2, 0.5 or 1 ml/min (was chosen according to the
range limit of the AP meter). The temperature,
pressure difference, and voltage difference values
were recorded for each step but only after the
responses were stable.

The pore fluid electrical conductivity was recorded
throughout the same acquisition procedure.

These steps were repeated for all the equilibrium fluids on
the Fontainebleau sample. After each measurement was
completed, DM & DG water was injected at relative high
pressures to remove the electrolyte solution and the
apparatus was prepared for the injection of the next electrolyte
solution, according the technique explained previously. The
range of the flow rates applied for each ionic fluid during the
acquisition, as well as the range of data recorded, are
displayed in Table 2. The temperature variation obtained
during the experiments were used for the correction of the
values compared to the initial conditions.

3.3 Quantities calculation

One of the major goals of this study, is to investigate whether
this theoretical model can describe the zeta potential ()
behavior and streaming potential coefficient (Cs) as a function
of pore fluid concentration (Cy), within a range of acidic pH
environments. However, the experimental apparatus was not
developed to provide measured values of pore fluid
concentration and pH. Consequently, those two quantities
were calculated by the methods explained hereafter.
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Table 2. Ranges of the values that were used or recorded during the experimental part of this research topic. The values of
pressure difference, voltage difference and the calculated streaming potential coefficient have been corrected according to the

reciprocal recorded temperature.

Equilibrium fluid

pressure (bar) Q (ml/min) AP (MPa) AV (V) CS (VIPa)
Fontainebleau SST
7 05-2 0.249 - 1.689 0.121 -0.272 5 x 107
12 05-3 0.765 - 2.859 0.189 — 0.230 6 x 107
18 05-25 0.359 - 1.642 0.065-0.117 3 x107

3.3.1 Pore fluid concentration (Cf) of

equilibrium fluids
The literature gives three methods, compatible for this study
that can be used for the estimation of the CW concentration.
These can be classified as volumetric and non-volumetric.
The non-volumetric method is to measure conductivity values
for the estimation of molar concentration while the volumetric
methods comprise those that use the ideal gas law and the
modified Henry’s law. For this research we are interested in
the volumetric methods, mainly because we are dealing with
measured quantities with higher precision.

The concentration calculation of the ionic equilibrium fluids
was computed by both volumetric methods using the Boyle &
Gay-Lussac and the modified Henry’s law, defined as:

PV =nRT (25)
The Boyle & Gay-Lussac equation for ideal gases; P (Pa) is
current the pressure; V (l) refers to the total volume; n (mol) is
the number of moles; T (K) is the temperature; and R = 8.3145
(J/molK) is the ideal gas constant.

Ctor = p/H' (26)
The modified Henry’s law is used to described the equilibrium
relation between vapor and liquid where, ciwt represents the
equilibrium mole fraction in the liquid face; p (Pa) stands as
the partial pressure; and H’ (Pa) is the Henry’s constant. A
more detailed description of Henry’s law in equilibrium fluids
can be found in Appendix E.

The results of the CO2 concentration calculations for the
equilibrium CW ionic fluids in Table 3, together with their
corresponding errors.
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Based on the error analysis conducted for the two
volumetric methods it has been observed that Henry's law
produces more accurate values than the Ideal gas law. In
addition, with the previous observation, the fact that CW is not
an ideal solution makes the estimations from the ideal gas law
inaccurate. Therefore, the results obtained by Henry’s law as
more consistent for the interpretation of our experimental
results.

Table 3. Summary of pore fluid concentration calculated with
volumetric methods included error.

Pore fluid concentration (mol/l)

Equilibrium
. Ideal Gas Henry’s law
fluids (bar) i
Fontainebleau SST
7 0.044 0.029
+7 x 103 +3x 103
12 0.06 0.079
+3x 102 +6x 1073
18 0.134 0.178
+8x 103 +1x 102

3.3.2 Pore fluid pH on equilibrium CW

In carbonic chemistry one method for the estimation of pH for
CO2-H20 systems is based on the Bjerrum plot, which is
widely used in the field of oceanography. It represents the
equilibrium between the carbonate species of [CO,], [HCO3]
and [C02~] as a function of pore fluid concentration (Cr) [56].
We consider this method as suitable, because it is sensitive
to salinity and to temperature variation [54]; two factors that
also exist as variables in the theoretical model. This method
can be applied within the temperature ranges we use.



The two equilibrium chemical reactions that occur during
the dissolution of CO2 in water are explained in equation 12
and 13. The equilibrium concentrations of carbonate ions
individually can be calculated by a set of three equations
which are given as [55]:

Co,] = LN (27)
[CO) = T+ KK, et
o K, [H*]
[HCO3] = [H*]? + K, [H*] + KK, X Ceot (28)
[Co37] = Kk X Ctot (29)

[H*]? + K, [H*] + K, K,

where, K1 and Kz are the two equilibrium dissociation
mentioned before; cuwt is the total concentration of the species.
More details for the equations above are included in Appendix
F.

The pH values for the ionic fluids with their corresponding
error as well as Bjerrum plot suitable for the experimental
conditions (30 °C and zero salinity) are displayed in Table 4
and Figure 9 respectively.
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Table 4. List of the estimated pH values obtained by the
concentrations of the CW ionic fluids.

pH values for CW fluids used in experiments

Equilibrium .
. Corresponding pH
fluids (bar) P gp
Fontainebleau SST
7 4.76 + 3.81 x 102
12 5.05 + 6.06 x 102
18 5.3+1.07 x 101

3.3.3 Prediction of { potential values

As it is reported by Glover et al. [14], Pride and Morgan [8]
(1991) created a relation to interpret the experimental data of
NaCl solution with zeta potential. This empirical relationship
links the pore fluid concentration with ¢ potential such as:

¢(mV) = a+ blog(Cy) (30)

Bjerrum Plot for carbonic acid (30 °C) and zero salinity
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Figure 9. Bjerrum plot of the equilibrium CW solutions used for the flooding experiments in Fontainebleau sandstone
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Revil et al. [4] and Jaafar et al. [57] studied this relation over
a wide range of data and they suggest that the two parameters
a and b are -6.43 and 20.85 respectively [14].

Despite the fact that this function was established for low
and medium salinity fluids, it was used in this research to
predict ¢ potential from CO:z-enriched water under the
assumption that it can generate accurate values for any
electrolyte solution. The results of  potential for the CW
concentrations are listed in Table 5.

Table 5. List of ¢ potential values.

¢ potential estimations

Pore fluid

V
concentration (mol/l) \

0.029 +£2 x 108 -0.038 £ -0.0031

0.079 £ 6 x 10 -0.030 £ -0.0024

0.178 + 1.4 x 1072 -0.022 £ -0.0018
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4 Cs Coefficient and curve fitting

results

The interpretation of the recorded data and the theoretical
results can be separated into the quantification of the
streaming potential coefficient and the interpolation of the
theoretical model with the experimental data.

4.1 Experimental results and coefficient

The data acquisition was performed with both increasing and
decreasing sequence of flow rates, under a stable system
pressure equal to that of equilibrium fluids and at a
temperature of 30 °C. Figures 10a and 10b show a schematic
representation of the stabilized voltage and the stabilized
pressure difference (AP) against time for a single flow rate. In
Figure 10a it can be observed that due to the noise level,
generated by external sources (frequencies from the
apparatus components and neighboring lab equipment), the
voltage difference (AV) needs filtering. The voltage difference
(AV) for each flow rate was estimated based on the average
values of the stable regimes. A similar phenomenon was
observed in the stabilized pressure difference data, for which
a schematic representation is given in Figure 10b, and
similarly an average stabilized pressure difference was
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Figure 10. (a) Sketch of stabilized voltage against time similar to those observed in the raw data. (b) Sketch of stabilized pressure
difference (AP) against time similar to those observed in the raw data. (c) Stabilized voltage differences (AV/2) and pressure
differences ((APprev- AP)/2) 8experimental data with the corresponding coefficient lines.
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obtained for each flow rate. Following the interpretation
method of Vinogradov et al. [58], the stabilized data for both
increasing and decreasing flow rates are plotted together in
Figure 10c, where each point represents a pair of a stabilized
average pressure differences ((APprev- AP)/2) and stabilized
average voltage difference (AV/2) for a single flow rate. The
static potential has been eliminated. The numbers of the data
refer to the sequence of the steps through time. Specifically,
for all the ionic fluids the point values with numbers between
1 and 5 represent increasing flow rate while the number above
5 denote decreasing flow rate. Vinogradov et al. [58] states
that the advantage of this method is that the measured data
can be interpreted without monitoring the static potential.
Figure 10c, shows that AV is increasing with increasing
AP, but the deviation of the scatter is more pronounced from
the expected linear behavior, especially in the data of the 7
bar equilibrium fluid. In this work, we are interested in the
interpretation of this spread with the coefficient line. It results
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in a single value for the streaming potential coefficient (Cs).
The degree of the coefficient individually for the data points of
each equilibrium fluid are presented in Figure 10c.

4.2 Physical relation and zeta offset ({o)
Glover et al. [14] in 2012 developed a model to predict zeta
potential and streaming potential values over a range of fluid
concentration for different pH environment. They
implemented their theoretical model to a wide range of
experimental data, obtained from literature. To achieve an
accurate interpolation, they modified equation 23 by
introducing a new coefficient named zeta offset ({o), which
varies between 0 and -0.035 (V). This coefficient can be
characterized as a correction factor in the Debye-Huckel
approximation formula, which in their publication was replace
by [14]:

{=w@q exp(—x¢/Xa)+ o (31)
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Figure 11. Combination of streaming potential coefficient (Cs) and zeta ({) potential models as a function of pore fluid
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In their fitting procedure they modified several rock and fluid
parameters such as porosity (¢), formation factor (F),
electrical relative permittivity (&) and grain size (d).

In the interpolation procedure of this research topic the
fluid and the rock parameters are maintained as constants.
Equation 31 was applied here to fit the theoretical model to
the experimental data by the variation of {o. To keep this
theoretical model in line with the approach of Glover et al. [14],
the variation range of the zeta offset was kept within the same
range of 0 and -0.035 (V). Three cases were selected and are
presented, developed with different zeta offset values. The
purpose of those models is to investigate the behavior of ¢
potential and streaming potential coefficient within an acidic
environment and thus the pH range of interest is within 4 to 7.

A combination of both models for the first case (zero zeta
offset) are in Figure 11. In the model of the { potential (Figure
11a) itis visible that the theoretical estimations are lower than
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experimental data, and are intercepting with a line of higher
pH estimations than those calculated by Henry’s law
previously. Similar phenomenon is observed in the streaming
potential coefficient model (Figure 11b). In addition, it can be
noted that the theoretical values of pH 4 in two models are
hardly visible or non-existing, due to the fact that the
estimated ¢ values for low pH become positive at relative low
CW concentration values.

The models for the second case, reflect the
implementation of the theoretical estimations to the
experimental measurements with a zeta offset value of -0.020
(V) (Figure 12). Here, it shows that there is an improvement
in comparison with the previous case. However, the pH
remains at a higher range with respect to the calculated
values for the CW solutions used in the experiments.
Furthermore, in the Cs model of the sandstone sample
(Figures 12b) a more linear behavior of streaming potential
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Figure 12. Couples of streaming potential coefficient (Cs) and zeta () potential models as a function of pore fluid concentration
implemented for the experimental values for -0.020 (V) zeta offset. (a) Zeta ({) potential model for CW flooding in Fontainebleau
SST sample. (b) Model of streaming potential coefficient (Cs) for CW flooding in Fontainebleau SST sample.
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and a smaller decrease at relative higher concentrations is
observed in contrast to the first case.

The best match of the interpolation was obtained in the
third case where the zeta offset was defined as -0.034 (V)
(Figure 13). The experimental results of CW flooding in
Fontainebleau sample are matching successfully with the
theoretical estimations on the line of pH of 5; a value close to
those calculated for the different concentrations of the
equilibrium CW solutions (Table 4). In Figure 13a, it is visible
that the model of { potential for the Fontainebleau sandstone
are extrapolating very well with the experimental value of 12
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bar, while the corresponding values for 7 bar and 18 bar are
in higher and lower ranges respectively. A similar
phenomenon is visible in Figures 13b, where the streaming
potential coefficient (Cs) extrapolates in line with the point
value of 12 bar, while a small difference between the
experimental point values (of 7 and 18 bar) and the assumed
estimations has been observed. It is still debatable whether
this deficiency is a contribution of the coefficient in
combination with the parameters a and b of equation 30, used
in the approximation of { potential, or is attributed to the
sensitivity in the parameters of the theoretical model.
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Figure 13. Couples of streaming potential coefficient (Cs) and zeta (¢) potential models as a function of pore fluid concentration
implemented for the experimental values for -0.035 (V) zeta offset. (a) Zeta (¢) potential model for CW flooding in Fontainebleau
SST sample. (b) Model of streaming potential coefficient (Cs) for CW flooding in Fontainebleau SST sample.
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5 Conclusions and Discussion

In this work we investigate the hypothesis of whether existing
models of zeta potential ({) and streaming potential coefficient
(Cs) for NaCl solutions can provide accurate estimations
under modifications for CW flooding in reservoir rocks with
small amount of clay. For this investigation the model of
Glover et al [14] was selected and converted successfully to
a new modified model, which accounts for CW. To validate the
theoretical results, experiments in a sample of Fontainebleau
SST were performed with different concentrations of CW.

The scatter of the experimental results is relatively larger
than the expected theoretical linear behavior between voltage
difference (AV) and pressure difference (AP). The most
plausible explanation for this phenomenon is the influence
from the noise generated by the low frequencies originating
from the neighboring equipment of the lab and the
components of the experimental apparatus connected to
electrical power. For the correlation of these values with the
theoretical model a streaming potential coefficient (Cs) was
obtained individually for each equilibrium fluid. For similar CW
flooding experiments in sandstone samples with similar rock
properties and higher clay content, lower streaming potential
values are expected. This phenomenon has been also
detected and reported in the corresponding literature for low
salinity fluids.

The suggested theoretical model generated logical values
of the ¢ potential and the streaming potential coefficient (Cs)
for CW flooding within a pH range of 4 to 7 (acidic
environment) for different COz2 fluid concentrations. The model
remains sensitive to temperature, salinity, reservoir rock
properties and fluid properties; the main variable is the fluid
concentration (Cr). Following the approach of Glover et al.
[14], the parameter of zeta offset ({o) was implemented as a
correction factor on the theoretical estimations. From the
comparison of the theoretical estimations with the
experimental results, it can be concluded that this model
describes the behavior of streaming potential coefficient and
zeta potential for CW flooding in low clay content rocks.
Additionally, it was observed that the theoretical model
reproduces the shape of the experimental results for the
Fontainebleau sandstone sample. It can be concluded that
this model can be used for estimations of ¢ potential and
streaming potential coefficient (Cs) in different CW
concentrations.

At the current stage studies concerning the dielectric
aspects of ionic fluids aside from low salinity fluids are limited.
Especially, the area of CO:2 dielectric behavior in reservoir
rocks is currently in a premature stage. Further studies would
improve the current knowledge significantly.

The theoretical model discussed in this study can be
characterized as successful. However, the physics behind the
need for the parameter of zero offset (o) is still a matter of
debate. According to Glover et al. [14], a possible cause may
be the theoretical approximation of electrical permittivity. A
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sensitivity study on the approximation of the parameters
should be conducted.

For further experimental work it is strongly recommended
that the time interval between the measurements should be
large (e.g. 20 minutes). It may result in a more linear behavior
of the spread between the pressure difference and the voltage
difference. In addition, it is recommended that pH of the fluid
should be measured individually for each measurement
during the experiment and not calculated theoretically, which
may decrease the uncertainty of the measurements during the
correlation with the theoretical model.

Finally, it is suggested that further modification and
application of this model be performed in a wide range of ionic
fluids used for EOR methods and reservoir rocks with
relatively higher clay content.
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Appendix A

Electric Double Layer

At any electrode immersed in an electrolyte solution, a specific
interfacial region is formed. This region is called the double
layer [48]. Electric double layer (EDL) is nothing more than a
redistribution of ions in the electrolyte solution to compensate
for the surface charge of the rock/clay [49]. This surface
charge will attract counter-ions (ions with the opposite
charge), which due to entropy will remain dispersed and
mobile in the solvent in the vicinity of the surface. On the other
hand co-ions (ions with same charge) will be repulsed away
from the surface. Essentially, this spatial separation of charge
between the two compact layers of charges formed at the
electrode/electrolyte interfaces was called the “electric double
layer” (EDL). [50, 51].

The concept that a double layer exist at the surface of a solid
that is in contact with an electrolyte was introduced by
Helmholtz in 1879. That first theoretical model assumed the
presence of a compact layer of ions in contact with the



charged metal surface. The next model of Gouy and
Chapman involves a diffuse double layer in which the
accumulated ions, due to the Boltzmann distribution, extend
to some distance from the solid surface. Finally, in 1924 Stern
suggested that the electrified solid-liquid interface includes
both the rigid Helmholtz layer and the diffuse one of Gouy-
Chapman [48]. These three models are shown in Figure A.1.
below.
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Figure A.1. Sketch of the electrical double layer showing the
difference between the models available in the literature,
taken from Wang et al. [51]. (a) Helmholtz model. (b) Gouy-
Chapman model. (C) Gouy-Chapman-Stern model.

Appendix B

Formation factor (F)
Archie in (1942) defined F as the ratio of the resistivity of a

saturated formation (Rp) to the resistivity of pore-water (Rw),
i.e.
(B-1)

= I,

For sediments and sedimentary rocks, Archie (1942)
developed the following equation, which was later modified by
Winsauer et al. (1952), and thus known as the Archie-
Winsauer equation, showing the dependence of F
(dimensionless) on ¢ (fractional) in relation to a and m, where
both are dimensionless:

a
F=—

(pm (B'Z)

which yields,
—[(logf —loga)/(log ¢)],

The cementation factor, m, indicates reduction in the number
and size of pore openings or reduction in the closed-off
(deadend) channels. It is defined as the logarithm of throat
area divided by the logarithm of pore area (inverse of the
nonlogarithmic definition of aspect ratio; pore area/throat
area). This definition of m suggests that the closer the value
of throat radius to pore radius, the closer the value of m to
unity. For unconsolidated sediments, a value of around 1 is
generally used for a [52]. Thus, the Archie-Winsauer equation
takes the form:

(B-3)
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—[logf/(log ¥)], (B-4)

Appendix C

Cubic equation for pH calculation

As was noted before the solution of equation 17 can be found
in appendix of Glover et al. 2012 [15]. This solution follows the
Tartaglia-Cardano methodology. A cubic equation can be
defined as:

x3+ax?+pBx+y =0, (C-1)

To link the parameters of equation 17 with the parameters
of the equation C-1 let a =Ca-Cb, 8 =-(Kw +K1) and y =2KiKo.
In addition the quadratic term of equation C-1 can be
eliminated by defining:

_ a
X =y 3,
38 — a?
A= BT (C-2)
_ 2a®—9ap + 27y
B 27 ’

Based on the equation C-2, the equation C-1 takes the
form:

vy} +Ay*+B =0, (C-3)

and the discriminant of the equation above can be written as:

— C-14
% (C-4)
There are three possible solutions of the equation C-1,
based on the discriminant value. More specifically, if D > 0,
then there are three roots but only one is real, which yield:

1

e ORI
b (5] (30
S (CRURE 0
et (3] + (30
@8 ¢ 8 3 7
A3 (5] )



where, i = 1,2 or 3 with respect to the number of the root that
we are interested to calculated. If D = 0, there are three real
roots defined as:

V1= (—§+\/5)% n <_E—\/5)%, (C-8)
3 1
o= 2
(C-9)

And if D < 0, there are three real roots that, which be calculate
by:

forB>0
_ 1 27B2 2rtk;
Vi = 3 cos| cos YVE 3 |
(C-10)
forB>0
A 1 27B2 2mk;
y, =2 —§cos cos _W 3 )
(C-11)
Appendix D

Base case scenario with NaCl solution

The additional experiments NaCl were conducted on a
external Fontainebleau sandstone sample, to ensure that the
experimental apparatus is functional and the initial theoretical
model without fluid modifications can describe the behavior of
zeta potential for the sandstone sample of Fontainebleau. The
overall procedure that was followed during the experiments
was in line with the procedure used for CW.

More specifically, after the core sample was mounted to
the core holder, the system was dried with continuous
injection of CO2 at 5 bar (5 pore volumes were produced).
Further, the CO2 was completely removed from the system
with injection of demineralized and degassed water at 8 bar
(4 pore volumes were produced). The system pressure was
defined at 7 bar. Thought all the system preparation the
temperature preserved constant at 23°C.

Four experiments were conducted with different NaCl
concentration. The measurements were acquired by the
modification of flow rate under constant system pressure and
temperature of 7 bar and 23°C respectively. The injection of
the NacCl solution was sequential from the smallest to the
highest concentration, but it was ensured that it was fully
saturated (2 pore volumes of each fluid were produced) before
the data acquisition. The results of zeta potential and
streaming potential coefficient for each electrolyte solution of
NaCl are given in Table D.1.
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Table D.1. Experimental values of experiments with NaCl
solutions in Fontana blue.

NaCl flooding in Fontainebleau SST

Concentration

(opm) ¢V Cs (V/Pa)
500 -0.07317 1x 107
1000 -0.08645 6 x 10°8
5000 -0.06283 1x10°®
10000 -0.0617 5 x 107
Appendix E

Henry’s law for equilibrium fluids

William Henry studied the solubility of gases in aqua solutions.
Based on his experimental results, in 1803 he developed a
formula to describe this phenomenon. This formula yields:

H? =c,/p (E-1)

Where, H®P refers to Henry’s solubility; ca is the concentration
of spices; and p is the partial pressure.

According to the publication of Carroll et al. [53] in 1992,
for a CO2-H20 system, Henry’s constant can be estimated
accurately within the temperature range of 0-100 °C by the
model of Krichevsky-Kasarnovsky (KK), which is provided in
Figure E.1. The KK equation is given as:

Pco, = H' Xco, (E-2)

where, pcoz is the partial pressure and xcoz refers to the
equilibrium mole fraction. Note that the above equation
operates under the assumption that CO2 is a single simple
gas.
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Appendix F

Equilibrium carbonic species formulation
The equations of equilibrium carbonic species, discussed
previously, have been obtained from the publication of Mook
et al. [55] in 2000. Despite that, we have presented the
derivations according to their publications, the details that are
not related with our research are excluded and thus we highly
recommend this source as a reference for further information.
The concentration of all the equilibrium carbonic species
or total inorganic concentration (Ctt) can be written as:

Ctot = [HC03_ + H2C03 + COg_] (F'l)

In addition the two dissociation constants can be defined as:

[H*1[HC O3]
= TH,c0,] (F-2)
[HYIC03 ] .

27 [HCO5]

By rearranging the terms of the equation F-2and F-3 we
obtain:

[H,CO5] = ['f{—] [HCO5] (F-4)
[c03]= ﬁ [HCO3] (F-5)

The distribution of the concentrations for each carbonic specie
can be derived by solving equation F-1 with respect to
equation F-4 and F-5 such as:

K, [H'] _
Ctot = 1+W+T1 [HCO3] (F'G)
[H*]  [H*]? 2
Cror = [K—2+ K., + 1[[CO57] (F-7)
Ky KiK;
Ctot = [m +1+ W] [H2C03] (F-8)
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LIST OF ABBREVATIONS

CwW Darbonated water
DM Demineralized water
DG Degassed water
HS Helmholtz and Smoluchowski
EDL Electrical double layer
SST Sandstone
LIST OF SYMBOLS
Equilibrium mole fraction in liquid
Ctot (molfl) phase
d (m) Grain
e (mol?1) Charge of an electrode
k (mD) Permeability
) (J/K) Boltzmann’s constant
m ) Cementation factor
n ) Number of moles
p (Pa) Partial pressure
r (m) Grain radius
Xco2 ) Equilibrium mole fraction
Zi ) Number of ionic species
A (g/mol) Atomic mass of carbon dioxide
Ca (mol/l) Concentration of acid
Cb (moll) Concentration of base
Ct (mol/l) Fuild concentration
cim (molfl) Molarity
Cif (molll) Concentration of a single ionic specie
F “) Formation factor
H’ (Pa) Henry’s constant
It (mol/l) lonic strength
K A Disassociation constant
- For dehydrogenization of silanol
Kine A Binding constant for cation
adsorption of quartz
Kw O] Dissociation constant
Ky ) Equilibrium dissociation constant
of CO2in water
Ko ) Equilibrium dissociation constant
of carbonate ion in water
N (F/m) Avogadro’s number
P (Pa) Pressure
Q (ml/min) Flow rate
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s
ZSEDL
zsprot

b s‘stern

(J/mol.K)
Q)
Q)

Q)
(Q)

(K), (°C)
0]
(m?/sV)
(F/IM)
(F/m)
)
v)
v)
(Pa.s)
(g/cm3)
(S/m)
)
V)
(m)

(m)
(m)
(site/m?)
(Pa)
V)
(m)
(S)
(S)
(S)
(S)
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Ideal gas constant
Resistivity of saturated formation
Resistivity of water

Resistivity of a rock at irreducible
water saturation

Resistivity of water at formation
temperature

Temperature

Volume

Surface ionic mobility

Fluid electrical permittivity
Dielectric permittivity in vacuo
Fluid relative electrical permittivity
Zeta potential

Zeta zero offset

Fluid dynamic viscosity

Fluid density

Fluid conductivity

Porosity

Stern plane potential

Distance of potential from the mineral
surface

Debye length

Stern plane distance

Surface site density

Pressure difference

Voltage difference

Length scale of pore microstructure
Surface conduction

Electrical double layer conduction
Proton conduction

Stern layer conduction




