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Abstract

The measurements of the streaming potential coefficient and the zeta poten-
tial of two consolidated samples saturated with four monovalent electrolytes
at different electrolyte concentrations have been performed. The experimen-
tal results show that the streaming potential coefficient and the zeta potential
in magnitude both decrease with increasing electrolyte concentration for all
electrolytes. It is also shown that there is a dependence of the streaming po-
tential coefficient on types of electrolyte for a given sample. This is explained
by the dependence of the zeta potential and the electrical conductivity on
types of electrolyte. Additionally, the variation of the zeta potential with types
of electrolyte is also reported and qualitatively explained. From experimental
data on the streaming potential coefficient and the zeta potential, the empiri-
cal expressions between the streaming potential coefficients, the zeta potential
and electrolyte concentration are also obtained. The obtained expressions
have the similar forms to those available in literature. However, there is a
deviation between them due to dissimilarities of fluid conductivity, fluid pH,
mineral composition of porous materials and temperature.

Keywords

Streaming Potential Coefficient, Zeta Potential, Porous Media, Rocks,
Electrolytes

1. Introduction

The streaming potential is induced by the relative motion between the fluid and
the solid surface. In porous media such as rocks, sands or soils, the electric cur-
rent density, linked to the ions within the fluid, is coupled to the fluid flow.
Streaming potential plays an important role in geophysical applications. For

example, the streaming potential is used to map subsurface flow and detect sub-
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surface flow patterns in oil reservoirs (e.g., Wurmstich & Morgan, 1994).
Streaming potential is also used to monitor subsurface flow in geothermal areas
and volcanoes (e.g., Corwin & Hoover, 1979; Morgan, Williams, & Madden,
1989). Monitoring of streaming potential anomalies has been proposed as a
means of predicting earthquakes (e.g., Mizutani, Ishido, Yokokura, & Ohnishi,
1976; Trique, Richon, Perrier, Avouac, & Sabroux, 1999) and detecting of see-
page through water retention structures such as dams, dikes, reservoir floors,
and canals (e.g., Ogilvy, Ayed, & Bogoslovsky, 1969).

The streaming potential coefficient (SPC) is a very important parameter in
geophysical applications, since this parameter controls the amount of coupling
between the fluid flow and the electric current in porous media. The SPC of lig-
uid-rock systems is theoretically a very complicated function depending on
many parameters (e.g., Glover, Walker, & Jackson, 2012). At a given porous
rock, the most influencing parameter is the fluid conductivity. Therefore, it is
useful to have an empirical relation between the SPC and fluid conductivity or
electrolyte concentration that has been obtained by Jouniaux & Ishido (2012)
and Vinogradov, Jaafar, & Jackson (2010) by fitting experimental data available
in literature for consolidated rocks. However, experimental data sets used for fit-
ting are from different sources with dissimilar fluid conductivity, fluid pH, tem-
perature, mineral composition of porous media. All those dissimilarities may
cause the empirical expressions less accurate. Additionally, empirical expressions
are different for different types of porous media and types of electrolytes. Re-
cently, Thanh & Rudolf (2018) have obtained the empirical relation between the
SPC and electrolyte concentration by fitting their own experimental data but for
unconsolidated sand packs. In this work, the streaming potential measurement
has been performed for two consolidated rocks saturated by four monovalent
electrolytes (NaCl, Nal, KCI and KI) at six different electrolyte concentrations
(10*M, 5.0 x 10* M, 10 M, 2.5 x 10 M, 5.0 x 107 M, and 107> M).

The experimental data on the SPC show that there is a dependence of the SPC
on types of electrolyte for a given sample. This is explained by the dependence of
the zeta potential and the electrical conductivity on types of electrolyte. The em-
pirical expression between the SPC and electrolyte concentration is obtained.
The obtained expression has similar form to those obtained by Jouniaux & Ishi-
do (2012); Vinogradov, Jaafar, & Jackson (2010) and Thanh & Rudolf (2018) in
which the SPC in magnitude is inversely proportional to electrolyte concentra-
tion. Additionally, the zeta potential of the liquid-rock systems is also deter-
mined from the measured SPC. An empirical relation between the zeta potential
and electrolyte concentration is also obtained and it has the same behavior as
those reported in literature (e.g., Vinogradov, Jaafar, & Jackson, 2010; Pride &
Morgan, 1991). However, the prediction from available empirical expression
overestimate the zeta potential measured in this work. The reason for the over-
estimation may be due to dissimilarities of fluid conductivity, fluid pH, mineral
composition of porous material and temperature etc. at which the experiments

are carried out.
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2. Theoretical Background of Streaming Potential

When a porous medium is saturated with an electrolyte, an electric double layer
(EDL) is formed on the interface between the solid and the fluid (e.g., Jacob &
Subirm, 2006). The EDL is made up of the Stern layer, where ions are adsorbed
on the solid surface and are immobile and the diffuse layer, where the ions re-
main movable in the fluid. In the bulk liquid, the number of positive ions and
negative ions is equal so that it is electrically neutral. The closest plane to the
solid surface in the diffuse layer at which flow occurs is termed the shear plane
or the slipping plane, and the electrical potential at this plane is called the zeta
potential ().

If the fluid is induced to flow tangentially to the interface of the capillary by a
fluid pressure drop (a porous medium can be approximated as an array of paral-
lel capillaries), and then some excess ions within the diffuse layer are transported
with the flow, giving rise to a streaming current. This streaming current is ba-
lanced by a conduction current, leading to the streaming potential (see Figure
1). In a fluid saturated porous medium, the electric current and the fluid flux are
coupled, so fluids moving through porous media generate a streaming potential
(Nourbehecht, 1963). The streaming potential increases linearly with the fluid
pressure difference that drives the fluid flow, provided that the flow remains la-
minar. The steady state SPC is defined when the total current density is zero as
(e.g., Jouniaux & Ishido, 2012)

_AV 886

Cy="—= ,
AP 770_@[7'

(1)
where A Vis the streaming potential, AP is the fluid pressure difference, &, is the
relative permittivity of the fluid, ¢, is the dielectric permittivity in vacuum, 7 is
the dynamic viscosity of the fluid, 0,4 is the effective conductivity, and {'is the
zeta potential. The effective conductivity includes the fluid conductivity and the
surface conductivity. The SPC can also be written as (Jouniaux & Ishido, 2012)
56l
= 77F—0' ,

r

Cs )
where o, is the electrical conductivity of the sample saturated by a fluid with a

conductivity of o,and Fis the formation factor. The electrical conductivity of the
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Figure 1. Development of streaming potential when an elec-
trolyte is pumped through a capillary.
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sample can possibly include surface conductivity. If the fluid conductivity is
much higher than the surface conductivity, the effective conductivity is ap-
proximately equal to the fluid conductivity o,,= Fo, = o,and the SPC is reduced

to:

Cy = . 3)

3. Experiment

3.1. Materials

Streaming potential measurements have been performed on cylindrical rock
samples of 55 mm in length and 25 mm in diameter. Two rock samples are se-
lected for this work (see Figure 1): one sample (sample 1) is Berea sandstone;
the other one (sample 2) is an artificial ceramic. The micro structure properties
and sources of the samples have been reported in Thanh & Sprik (2016); Luong
(2014) and re-shown in Table 1.

Four monovalent electrolytes (NaCl, Nal, KCI and KI) are used with 6 differ-
ent electrolyte concentrations (10™* M, 5.0 x 10* M, 107 M, 2.5 x 107 M, 5.0 x
10 M, and 1072 M). All measurements are performed at room temperature
(22°C£1°C).

3.2. Experimental Setup

The experimental setup for the streaming potential measurement is shown in
Figure 2. The solution is circulated through the samples until the electrical
conductivity and pH of the solution reach a stable value measured by a multi-
meter (Consort C861). The average value of pH is around 6.8. Electrical poten-
tial differences across the samples are measured by a high input impedance mul-
timeter (Keithley Model 2700). A high-precision differential pressure transducer
(Endress and Hauser Deltabar S PMD75) is used to measure pressure differences
across the samples.

The way used to collect the SPC is similar to that described in Thanh & Sprik
(2016); Luong (2014). Figure 3 shows an example of the streaming potential as a
function of pressure difference at electrolyte concentration of 5 x 107 M for
sample 2 and Nal electrolyte. The SPC is then obtained as the slope of the
straight line (see the fitting line in Figure 3). Three measurements are performed to
find the average value of the SPC.

Table 1. Sample ID, mineral compositions and microstructure parameters of the samples.
Symbols &, (in mD), ¢ (in %), F (no units), a,, (no units) stand for permeability, porosity,
formation factor and tortuosity of porous samples, respectively.

Sample ID Mineral compositions k, @ F a.,

Silica, Alumina, Ferric Oxide, Ferrous Oxide
1 Sample 1 310 20.1 14.5 2.9
(https://www.bereasandstonecores.com/)

5 Sample 2 Alumina and fused silica 430 441 50 20
P (see: http://www.tech-ceramics.co.uk/) ’ ’ ’
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Figure 2. Experimental setup for streaming potential measurements. 1, Core holder; 2, Ag/AgCl
electrodes; 3, Pump; 4, Pressure transducer; 5, Solution container and the rock samples used in this

work.

' r Y ° Measured data
> L — Fitting
E -5
[0)
o
@
— _1 0 L o
£
©
o
= -15+ .
1%
o
o
_20— l 1 1 L
1 2 3 4 5 6
Pressure difference-Pa x104

Figure 3. Streaming potential versus pressure difference at a concentration of 5.0x10° M
for sample 2 and Nal.

4. Results and Discussion
4.1. Streaming Potential Coefficient

The measured SPC at different electrolyte concentrations is shown in Table 2.
The maximum error of the SPC is 10%. It is found that the SPC is negative for all
electrolytes and the SPC magnitude decreases with increasing electrolyte con-
centration as expected in literature (e.g., Glover, Walker, & Jackson, 2012). From
Table 2, the variation of the SPC with types of electrolyte for both samples is
shown in Figure 4. The experimental results also show that the SPC is different
for different types of electrolyte at the same concentration for a given sample.
Namely, the magnitude of the SPC increases in the order from KCI, KI, NaCl
and Nal, respectively. This can be explained by the variation of the fluid conduc-
tivity and the zeta potential with types of electrolyte. For the electrolytes used in
this work, the variation of the electrical conductivity with electrolyte concentra-
tion is described by the Debye-Hiickel-Onsager equation (Lide, 2009)

A=A"—(A+BA")c”2, (4)

where A is the molar conductivity (in 10~ m® S mol™), A° is limiting molar
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Table 2. The streaming potential coefficient (mV/bar) for different electrolyte concentra-

tions.

Sample ID Electrolyte 10*M 5x10*M 10°M 25x10°M 5x10°M  102M

NaCl -160 -122 -90 -45 -26 -15
Nal -169 -128 -93 -46 -28 -16
Sample 1
KCl -110 -74 -58 -32 -20 -12
KI ~139 -97 -78 -38 -25 -13
NaCl -407 -220 -130 -77 -32 -17
Nal -426 -235 -132 -79 -34 -18
Sample 2
KCl -385 -165 -84 -46 -28 -14
KI -396 -187 -98 -47 -29 -16
i ' ' [ERKCIIKI . NalBNaC]
1501 T :
e [
® o
L
= 100 1
£
o
o
9 sof 1
10“M  5%104M  10°M 25*10°M 510°M  102M
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500 ‘ ' ‘ " [EEKCIEEKIINalBlNaC|
450f v 1
S
(4]
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a
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"] i] |
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Figure 4. The Variation of the SPC magnitude with types of electrolyte for sample 1 (a)
and sample 2 (b).

conductivity, A and B are constants (A = 60.20, B = 0.229), cis electrolyte con-
centration. For dilute solutions, the values of A’ for is KCI, KI, NaCl and Nal
are 149.79, 150.31, 126.39, 126.88 (10™* m*S-mol™"), respectively. From Equation
(4), the variation of the molar conductivity with electrolyte concentration for
different electrolytes is shown in Figure 5. It is deduced that at the same elec-
trolyte concentration, the electrical conductivities of KCI and KI that are almost
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Figure 5. The variation of the molar conductivity with electrolyte concentration for dif-
ferent electrolytes.

the same are larger than those of NaCl and Nal that are almost the same. As
stated later in this section, the zeta potential in magnitude is larger in electrolytes
containing cations of Na® than that in electrolytes containing cations of K.
Therefore, the SPC in magnitude for electrolytes containing cations of Na' is
larger than that in electrolytes containing cations of K" as observed in Figure 4.

The SPC magnitude as a function of electrolyte concentration is plotted for
both samples and four electrolytes (Figure 6). By fitting the experimental data
shown by the solid line in Figure 6, the empirical relation between the SPC
magnitude and electrolyte concentration is obtained as

Cy =3.98x107C*" (V/Pa), (5)

where C;is electrolyte concentration.

Equation (5) has the similar form as the empirical expression
C, =1.36x IO'Q/C;‘9123 obtained by Vinogradov, Jaafar, & Jackson (2010) by fit-
ting experimental data collected for sandstone, sand, silica nanochannels, Stain-
ton, and Fontainebleau with electrolytes of NaCl and KCl at pH = 6 - 8. Addi-
tionally, by fitting experimental data on sand saturated by NaCl at pH = 7 - 8
which are available in literature, Jouniaux & Ishido (2012) obtain another ex-
pression Cg =1.2x10"* /Gf (af is the fluid conductivity). The relation be-
tween fluid conductivity of a NaCl solution and concentration in the range 107
M < ;<1 M and 15°C < temperature < 25°C is given as o, =10C, (Sen &
Goode, 1992). Therefore, the expression Cj =1.2><10_9/Cf is deduced from
Jouniaux & Ishido (2012) and that also has the similar form as Equation (5).

The prediction of SPC from electrolyte concentration from Jouniaux & Ishido
(2012) and Vinogradov, Jaafar, & Jackson (2010) is also shown in Figure 6 (the
dashed lines). It is seen that their predictions have the same behavior as that ob-
tained in this work but give larger values at the same electrolyte concentration.
The reason for the deviation between the empirical expressions may be due to
dissimilarities of electrical conductivity of fluids, fluid pH, mineral composition

of porous materials, temperature etc.
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Figure 6. The SPC magnitude versus electrolyte concentration. Symbols are experimental
data. Solid line is the fitting line and two other dashed lines are predicted from Jouniaux
& Ishido (2012); Vinogradov, Jaafar, & Jackson (2010).

4.2, Zeta Potential

In order to determine the zeta potential from the measured SPC, the resistance
of the saturated samples is measured by an impedance analyzer (Hioki IM3570).
The electrical conductivity of the saturated samples (o;) is then obtained from
the measured resistance with the knowledge of the geometry of the sample (the
length, the diameter). Based on the electrical conductivity of the saturated sam-
ples (o,) and formation factor (F), the effective conductivity is calculated using
0,7 =F. 0, and is shown in Table 3. With the measured SPC, the effective con-
ductivity, viscosity and dielectric constant of the fluids, the zeta potential is de-
termined from Equation (2) and is displayed in Table 4. From Table 4, the de-
pendence of the zeta potential on types of electrolyte is shown in Figure 7 for
sample 2 for example. The same behavior is also observed for sample 1. Figure 7
shows that the zeta potential in magnitude decreases with increasing electrolyte
concentration for all electrolytes as observed in literature (Glover, Walker, &
Jackson, 2012). Additionally, the experimental results also show that among the
electrolytes used in this work, Nal has the most effect on the zeta potential, while
the KCI has the least. This observation is in good agreement with what is stated
in Kim et al. (2004) for the zeta potential of silica particles in electrolytes of
Nacl, Nal, KCl, CsCl, Csl.

From Table 4, the variation of the zeta potential with electrolyte concentra-
tion for different electrolytes in both samples is shown in Figure 8. By fitting the
experimental data (solid line), the empirical relation between the zeta potential

in magnitude and electrolyte concentration is obtained as

¢ =-20+5logl0(C, ), (6)

where ¢ isinmVand C, isthe electrolyte concentration.

Equation (6) has a similar form as ones available in literature. For example,
Pride & Morgan (1991) obtain the empirical relation between the zeta potential
and electrolyte concentration for quartz and NaCI and KCI at pH = 7 and tem-
perature of 25°C as
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Table 3. The effective conductivity of the samples (o, in mS/m) at different electrolyte
concentrations.

Sample ID Electrolyte 10*M 5x10*M 10°M 25x10°M 5x10°M  107°M

NaCl 15.3 19.2 25.5 47.2 77.7 130.5
Nal 14.5 18.3 25.0 44.9 75.6 132.1
Sample 1
KCl 17.1 24.0 29.5 52.4 78.9 124.3
KI 16.7 22.6 27.3 56.0 81.6 145.1
NaCl 8.6 14.9 253 54.7 87.3 178.9
Nal 7.9 13.9 24.1 51.6 81.1 166.1
Sample 2
KCl 7.2 16.5 29.1 51.2 78.3 154.8
KI 7.5 15.1 254 52.0 80.1 158.4

Table 4. Zeta potential at different electrolyte concentrations.

Sample ID Electrolyte 10*M 5x10*M 10°M 25x10°M 5x10°M  102M

NaCl -34.3 -33.0 -32.0 -27.3 -26.3 -25.7
Nal -34.5 -33.0 -32.5 -29.1 -28.8 -29.1
Sample 1
KCl1 -26.5 -25.2 -24.3 =237 -21.9 -20.5
KI -33.0 -31.0 -30.0 -27.0 -28.5 -27.2
NaCl —49.2 -49.3 —46.2 -39.3 -394 =353
Nal -50.0 -47.8 —45.2 —40.0 -38.9 -37.5
Sample 2
KCl —41.2 —40.0 -34.5 -33.0 -31.3 -29.8
KI —44.2 -41.5 -35.1 -34.2 -32.8 -33.5
' ' ‘ " [EEKCIEEKI[NalBlNaC|
60
>
S
-
I
40
]
=
(@]
o
©
©20
N
0

10“M 5*10“M 10°M 2.510°M 5*10°M  102M

Figure 7. The dependence of the zeta potential in magnitude on types of electrolytes for
sample 2.

£ =8+26logl0(C, ). 7)

The another relation between the zeta potential and electrolyte concentration
is obtained in Vinogradov, Jaafar, & Jackson (2010) based on published zeta po-
tential data for quartz, silica, glass beads, sandstone, Stainton and Fontainebleau
in NaCl at pH = 6 - 8 as
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Figure 8. Zeta potential versus electrolyte concentration for both samples and four elec-
trolytes. Symbols are experimental data. The solid line is the fitting one. The dashed lines
are predicted from Vinogradov, Jaafar, & Jackson (2010) and Pride & Morgan (1991).

£ =-9.67+19.02l0g10(C, ). (8)

The variation of the zeta potential with the electrolyte concentration predicted
from the empirical expressions obtained by Vinogradov, Jaafar, & Jackson
(2010); Pride & Morgan (1991) is also shown in Figure 8 (dashed lines). It is
seen that the predictions overestimate the zeta potential measured in this work.
The reason for the overestimation may be due to dissimilarities of mineral com-
position of materials, fluid conductivity, fluid pH, and temperature etc at which
the experiment is carried out. Therefore, the magnitude of zeta potential obtained

in this work is different from the values predicted from the available models.

5. Conclusion

The measurements of the SPC and the zeta potential of two consolidated rocks
saturated with four monovalent electrolytes at different electrolyte concentra-
tions have been performed. The experimental results show that the SPC and the
zeta potential in magnitude both decrease with increasing electrolyte concentra-
tion for all electrolytes as expected in literature. It is also shown that there is a
dependence of the SPC on types of electrolyte for a given sample. This is ex-
plained by the dependence of the zeta potential and the electrical conductivity
on types of electrolyte. Additionally, the variation of the zeta potential with types
of electrolyte is also reported and qualitatively explained. From experimental
data on the SPC and the zeta potential, the empirical expressions between the
SPC, the zeta potential and electrolyte concentration are obtained. The obtained
expressions have the similar forms to those available in literature. However,
there is a deviation between them due to dissimilarities of fluid conductivity,

fluid pH, mineral composition of porous material and temperature.
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