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Applicability of electrokinetic effect in improving water injectivity in tight sandstone is studied. DC potential and injection rate
are varied for optimization and determination of their individual impact on clay discharge and movement. The liberated clays
were characterized through size exclusion microfiltration and ICP-MS analysis. Real time temperature and pH monitoring were
also informative. Results showed that severalfold (up to 152%) apparent increase of core permeability could be achieved. Some of
the experiments were more efficient in terms of dislodgement of clays and enhanced stimulation which is supported by produced
brines analysis with higher concentration of clay element. The results also showed larger quantity of clays in the produced brine
in the initial periods of water injection followed by stabilization of differential pressure and electrical current, implying that the
stimulation effect stops when the higher voltage gradient and flow rates are no more able to dislodge remaining clays. Additionally,
fluid temperature measurement showed an increasing trend with the injection time and direct proportionality with the applied
voltage. The basic theory behind this stimulation effect is predicted to be the colloidal movement of pore lining clays that results in
widening of pore throats and/or opening new flow paths.

1. Introduction

In general, the three phases of petroleum recovery processes
are primary, secondary, and tertiary oil recovery.The primary
recovery phase is mainly driven by the natural energy present
in the reservoir due to dissolved solution gas pressure,
pressure from the overlain gas cap, or the pressure from an
active aquifer below the oil zone. In most cases, the natural
driving mechanism is a relatively inefficient process and
results in a low overall oil recovery [1]. The lack of sufficient
and consistent natural driving energy is compensated by sup-
plementingwith injection ofwater or gas (or a combination of
both) which is the initiation of the secondary recovery phase.
Due to several technoeconomic factors, the most widespread
secondary oil recovery process responsible formost of world’s
oil production is the waterflood recovery [2]. Nevertheless,
water injection may be associated with numerous hurdles
related to fluid incompatibility, reservoir heterogeneity, early
breakthrough through thief zones, permeability damage due
to suspended particles, and clay swelling.

Poor water injectivity is one of the problems often
encountered especially in tight formations [3]. This problem
may further aggravate, when swelling type clays are present
due to which pore throat blockage can occur [4]. This situa-
tion is often faced in clastic shaly sandstones.The swelling and
release of clay particles from pore walls and their subsequent
redeposition downstream in smaller pore throats may induce
severe injectivity damage [5, 6].

The current practice to enhance water injectivity in tight
and clayey formation is centered around hydraulic fracturing
andmatrix acidizing. Unfortunately, environmental concerns
and difficulties to achieve the desired fracture length and
orientation may discourage hydraulic fracturing [7]. In most
cases, matrix acidizing could be challenging to implement in
clay rich sandstone formations due to the complex reactions
between hydrofluoric acid (HF) and the rock minerals (sili-
cates, feldspars, and chlorites) and the damage thatmay occur
by secondary precipitation particularly at high temperatures
[8, 9].
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Figure 1: The mechanism of clay disintegration [19].

In view of the above, we studied an alternative stim-
ulation technology to improve water injectivity in tight
and clay rich sandstone reservoir with the application of
electrokinetic potential. The application of electrokinetic
phenomena in improving oil recovery from heavy oil field
was first proposed and experimentally verified in 1960s by
Chilingar and his associates [10–12]. In principle, it involves
passage of direct current through an oil bearing formation
resulting in complex electrokinetic transport phenomena
involving electromigration, electrophoresis, electroosmosis,
electrochemical reactions, and Joule heating. All of these
mechanisms contribute to improvement of fluid flow in
porous media [12].

Electromigration is basically the gradual movement of
ions that occurs between the anode and cathode. Elec-
trophoresis induces the separation andmovement of the neg-
atively charged clay particles in the form of colloids or surface
chargedmicelles. Electroosmosis is themovement of an ionic
solution (such as brine) in a porous media by the application
of electrical potential [13]. The electroosmosis flow is caused
by Coulomb’s force that is present in a mobile and electrically
charged solution. The electrochemically enhanced reactions
occur due to the interaction between the fluid host material
(matrix) and the pore fluid. These reactions are affected
by the changes in the electrical potential, ionic strength,
and pH of mobile fluid [14]. Due to these electrokinetic
phenomena, dislodgement and migration of clay may occur
as colloids of submicron size, which may directly stimulate
rock permeability and increase effective porosity. The main
mineralogical components of clay minerals are the phyllosil-
icates. Phyllosilicates are aluminum or magnesium silicates
with a certain degree of isomorphous substitution of the
principal cations that can give a net electrical charge to the
solid. The basic components which form the phyllosilicates
are silica (SiO

2
) tetrahedral sheets and aluminum (Al) or

magnesium (Mg) oxides octahedral sheets. Sheets can be
stacked and arranged in different forms, forming different

clay minerals. The positive charges that are distributed on
the edges balance the negative charges that are distributed
on the flat surfaces of the layers [15]. When water is flooded
into the system, the osmotic pressure differential of the water
tends to pull the negatively charged ions along the surface
of the layer. Nevertheless, the electrostatic charges that are
associated with the negative surface charges tend to hold
against the osmotic pressure. Eventually, an electrical double
layer is formed after a steady state is established between the
osmotic pressure and the electrostatic pull [16]. The double
layer obviously consists of two layers. One layer is fixed and
composed of positive charges bonded to the negative surface
charges, forming a strong linear bond, and the other layer is
mobile composed of positive ions and some slackly bonded
ions. Between these two layers, there exists a slipping surface
which let the mobile layer move without disturbing the fixed
layer [17].This leads to migration of clay as colloidal particles
(<1 𝜇m size) upon introduction of the hydrodynamic flow
(supported by electroosmotic flow) and eventually leading
to pore throat enlargement and permeability enhancement.
This phenomenon is depicted schematically through Figure 1.
The electroosmotic flow rate is directly proportional to
applied potential gradient and zeta potential, but inversely
proportional to ion concentration, valence number, and
viscosity of the solution [18]. Under electric potential the
total flow rate (hydrodynamic and electroosmotic) through
a porous media as proposed by Chilingar et al. is given in [15]

𝑞
𝑡
=

𝐴𝐾Δ𝑃

𝜇𝐿

+

𝐴𝐾
𝑒
𝐸

𝜇𝐿

. (1)

The first component of the right hand side of the equation
is the hydrodynamic flow or the Darcy flow equation. The
second component suggests that the increase in the flow
rate due to the application of electrokinetic phenomena is
dependent on the zeta potential, dielectric constant, and
electric field strength.
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Figure 2: Schematics of the flow setup under DC potential.

The objective of this study is to improve injectivity of tight
sandstone reservoir taking advantage of the electrokinetic
phenomena as described earlier. This is achieved through
several coreflood studies in which positive DC potential is
applied on the injector side and the negative potential is
applied on the reference or production side of low permeable
sandstone core plugs, rich in clay minerals. Two sets of
experiments are conducted. In the first set, the DC potential
is varied and subsequently optimized during the water
injection. In the second set, optimum potential is applied and
kept constant and the injection rate is varied to determine the
hydrodynamic flow effect on clay movement. The liberated
clays are characterized through size exclusion microfiltration
and mineralogical analysis using ICP-MS technique. The
Joule heating phenomena associated with electrokinetics are
also studied during the entire injection period.

2. Methodology

Low permeability Berea sandstone core plugs of 9 in length
and 1.5 diameter were used as representative porous media.
All plugs were subjected to porosity and N

2
permeability

measurement. Properties of the selected core plugs are given
in Table 1.

An electrically nonconductive coreflooding setup is fabri-
cated. A schematic of the apparatus used for the coreflooding
experiments is given in Figure 2. In this set up, we housed
the core plug in a rubber sleeve instead of a normal steel
core holder and confinement was applied using several
adjustable plumber rings. Confinement pressurewas adjusted
by tightening the rings. A precession positive displacement
pump was used to provide the hydrodynamic flow through
the core. Two filtration units with 3𝜇m and 1 𝜇mfilter papers
were connected on the production side of the core to collect
particles of different sizes produced with the produced brine.
Two pressure transducers, sensitive to 2 decimal places of
psi, with data logging system were connected as shown in
Figure 2. One was installed across the core plug and the other
across the filtration units to detect the anticipated pressure
rise due to the accumulation of particles and blockage of filter
papers. A stable DC power source with current and voltage

regulator was used to provide the required potential across
the core plug. The whole flooding system was electrically
isolated to avoid current leakage and short circuit. The core-
flood experiments were conducted as single phase flow with
nondamaging 4% ammonium chloride brine. In addition,
arrangements were made to measure the temperature and
pH of the effluent brine. Finally, quantification of produced
clay was performed through the use of ICP-MS (inductively
coupled plasma-mass spectroscopy), using Perkin Elmer
SCIEX DRCe ICP-MS instrument.

Prior to coreflooding, all the core plugs were fully satu-
rated with brine under vacuum followed by saturation under
2000 psi pressure. Absolute brine permeability was measured
at a constant flow rate of 0.2 cc/min. Once the differential
flow pressure across the core plug is stabilized, a premeditated
DC potential is applied and brine flow is continued. Several
corefloods were conducted in which the positive potential
was applied on the injector side and the negative potential on
the reference or production side of the coreflood setup.

The objective of the first set of corefloods is to optimize
DC potential gradient, which was varied from 0.5V/cm to
2.0V/cm at an increment of 0.5 V, while brine flow rate
was kept constant at 0.2 cc/min. All four corefloods were
continued till a steady state was reached. In the second set of
corefloods, the main objective is to optimize the flow rate. In
this set of four corefloods, the DC potential was kept constant
at 1.5 V/cm, the optimized voltage was obtained from the first
set, and the brine injection rates were varied from 0.3 cc/min
up to 0.6 cc/min at an increment of 0.1 cc/min. A summary
of the above two sets of corefloods is presented in Table 2.
During the flow studies, effluent temperature was measured
to investigate Joule heating effect on the porous media.

3. Results and Analysis

Results of the first set of coreflood experiments (Table 2
and Figure 3) show that the application of DC potential
had significant impact on clay destabilization and resulting
permeability enhancement of the core and is dependent on
the applied potential gradient. An apparent increase of core
permeability up to 325% could be seen by application of a
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Table 1: Petrophysical properties of core plugs.

Core # Length (cm) Diameter (cm) Porosity by He expansion (%) Pore volume (cc) Absolute permeability (mD) Exp.
1 23.90 3.783 14.00 37.76 11.95 Set 1
2 23.90 3.809 13.67 37.40 11.71 Set 1
3 23.85 3.789 14.15 38.30 12.47 Set 1
4 23.80 3.816 11.81 32.43 11.93 Set 1
5 23.90 3.792 14.92 40.43 9.33 Set 2
6 23.95 3.820 11.34 31.19 8.55 Set 2
7 23.85 3.791 12.32 33.38 6.98 Set 2
8 23.90 3.811 13.88 37.99 7.45 Set 2

Table 2: Summary of coreflood experiments and experimental results.

Experiments Experiment description WF perm. (mD) WF + EK perm. (mD) % Apparent perm. increase
Set 1

Exp. 1 0.5 V/cm at 0.2 cc/min 11.95 16.64 39.25
Exp. 2 1.0 V/cm at 0.2 cc/min 11.71 19.93 70.20
Exp. 3 1.5 V/cm at 0.2 cc/min 12.47 28.22 126.30
Exp. 4 2.0V/cm at 0.2 cc/min 11.93 55.33 363.79

Set 2
Exp. 5 0.3 cc/min at 1.5 V/cm 9.33 21.89 134.62
Exp. 6 0.4 cc/min at 1.5 V/cm 8.55 19.94 133.22
Exp. 7 0.5 cc/min at 1.5 V/cm 6.98 17.59 152.01
Exp. 8 0.6 cc/min at 1.5 V/cm 7.45 25.30 239.60
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Figure 3: Increase of core permeability on application of different
DC potential (DC voltage optimization).

potential gradient of 2V/cm; however the sudden increase
of permeability after approximately 4.5 PV of brine indicates
dislodgment of large amount of clays and larger size particles
and possibly damaging the matrix itself. It is obvious from
Table 3 that larger accumulation of mass on the filters (>3 𝜇m
and >1 𝜇m) was observed in Experiment 4 which indicates
large size particle production. Thus, 1.5 V/cm potential is
considered as optimum, in which slow and progressive
increase of permeability is observed (126%).

In the second set of experiments, the optimized potential
(1.5 V/cm) was applied and fluid flow rates were varied. It
could be seen from the coreflooding results (Table 2 and

Table 3: Mass of clay accumulations on size exclusion filters for all
experiments.

Mass of accumulation on filtration units
Experiments 3 𝜇 paper (g) 1 𝜇 paper (g)
Set 1

Exp. 1 0.076 0.075
Exp. 2 0.125 0.072
Exp. 3 0.144 0.072
Exp. 4 0.517 0.298

Set 2
Exp. 5 0.132 0.078
Exp. 6 0.149 0.099
Exp. 7 0.163 0.104
Exp. 8 0.495 0.315

Figure 4) that upon the application of a fixed voltage, perme-
ability increased from its base value as the hydrodynamic flow
rate was increased. An apparent increase of core permeability
up to 240% could be observed by application of 0.6 cc/min
flow rate. However, the sudden increase of permeability after
approximately 4.5 PV of brine implies dislodgement of larger
size particles which was observed in the size exclusion filters
(Table 3).Therefore, 0.5 cc/min injection rate is considered as
optimum in terms of slow and gradual increase of permeabil-
ity (152%).

A comparison of the results from the two sets of
experiments shows that the effect of DC potential is more
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Figure 5: ICP-MS analysis results (1.5 V/cm and 0.5 cc/min).

pronounced than the effect of hydrodynamic potential. ICP-
MS analysis results of the effluents collected at each PV
of brine injection (after application of DC potential) show
metal elements corresponding to clay minerals in abundant
quantity (Figure 5), whereas the quantity of clay trapped in
the filter papers is much less.This indirectly indicates that the
clays producedwith effluents are smaller than 1micron in size
and flow easily through the pore channels (Table 3). It is also
evident from this plot that the concentration of the relevant
clay elements is seen to be reduced drastically after 5 pore
volumes of water injection when the stabilized conditions are
achieved and no further clay production is noticed.

Temperature measurements during the flow studies
showed an increasing trend with the injection time and
direct proportionality with the applied voltages (Figure 6).
Nevertheless, the behavior of temperature changes is similar
among set 2 experiments upon which the same potential
gradient was applied for all the flow experiments (Figure 7).
This is due to the fact that Joule heating is proportional to the
applied voltage gradient.

pHmeasurements of the effluent samples (Figure 8) show
initial increase of pH followed by a stabilization period till
the end of the flow, indicating alkaline environment on
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Figure 6: Temperature change upon application of different DC
potential.
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Figure 7: Temperature change at different flow rates at 1.5 V/cm.

application of DC potential. Asmentioned earlier, differential
pressure across the filters is measured on continuous basis
to monitor plugging of filter papers; this is represented by
Figure 9. From this figure, it is evident that there is no
increase in Δ𝑃 during the brine flow, indicating no clay or
fine production. However, after commencing electrokinetic
assisted flow, the Δ𝑃 across the filters increased rapidly at
the initial period, slowed down after about 0.5 PV of brine
injection, and finally stabilized after 5 PV of injection.

4. Discussion

Overall observation from the above results shows that water
injection efficiency can be enhanced by application of DC
potential. Table 2 illustrates this phenomenon, depicting a
linear correlation between applied voltage and permeabil-
ity increase or core stimulation. This phenomenon can
be explained only by the fact that clay disintegration and
migration in submicron sizes take place under the influence
of various electrokinetic mechanisms as discussed earlier. It
is known that the structure of clay mineral is capable of
changing the sign of their surface potential with a change
in pH of the medium. In an acidic medium, the surface of
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Figure 9: Differential pressure change across filtration units
(1.5 V/cm and 0.5 cc/min).

clay particles is seen to be heteropotential, the basal surfaces
gain a net negative potential, and the edges gain a net positive
potential [20], whereas in the alkaline medium, the basal
surface of the mineral and their edges bear the same negative
potential. This is due to the fact that Al and Fe hydroxides
(which make part of the crystalline structure of the clay
minerals) show amphoteric properties and depending on the
pH of the medium may have excess of negative or positive
charges [21].

In the single phase flow experiment with NH
4
Cl brine,

the net flow of ions towards the producer cathode is NH
4

+

and H+. Being a bulky ion, NH
4

+ will find it difficult to
penetrate between two basal plates of clay matrix; however
the tiny H+ ions would easily penetrate and concentrate on
the basal surface. Thus, the production and flow of H+ ions
from the anode (injector side) towards cathode (producer
side) may have twofold impacts on the clay structures; (1) it
would increase the electrostatic repulsion between layers due
to excess of positive charges between the layers and increase
the distance between them; (2) it would introduce local
changes in the pHandmake the clay particles heteropotential,
which in turn change the clay structures from a compact
layered structure to colloidal “house of cards” structure as
shown in Figure 1. With the help of the hydrodynamic and

electroosmotic potential, the submicron size colloidal parti-
cles would easily flow through the micron size pore channels,
increasing pore throat sizes, and enhance core permeability.
This explanation is supported by the high content of metals
(Na, Al, Mg, and K) in the produced brine (ICP-MS analysis,
Figure 5), which are naturally present in the clays.The impact
of DC potential on clay disintegration and migration is also
supported by the fact that filter paper clogging and resulting
pressure rise were observed only after the application of DC
potential and not during normal brine flooding.

5. Conclusion

The study aimed to investigate an alternate method to
improve water injectivity in tight sandstone reservoir. The
findings of this study can be summarized as follows.

(i) Application of DC potential enhances the permeabil-
ity of tight clay rich sandstone rocks which further
boosts water injection efficiency.

(ii) Clay disintegration and mobilization are believed
to be one of the main contributing mechanisms to
permeability enhancement by electrokinetics in sand-
stone rocks. However, the effect of the application of
DC potential on the mineralogy of clays yet needs to
be thoroughly investigated.

(iii) Permeability enhancement increases as both applied
potential gradient and hydrodynamic injection rate
increase.

(iv) The application of carefully studied injection rate and
potential difference may facilitate the injectivity of
water, based on the rock characteristics.

(v) Flow temperature measurements showed an increas-
ing trend with the injection time and direct propor-
tionality with applied voltages.

(vi) pH of the effluent is seen to increase when the flow
was subjected under DC potential, which may have
impact on clay disintegration.

Nomenclature

𝐴: Cross-sectional area of flow, m2
𝐸: Applied electrical potential, V
𝐾: Absolute permeability, m2 or D
𝑘
𝑒
: Intrinsic electroosmotic permeability, Pa⋅m2/V
𝐿: Length of core, m
Δ𝑝: Pressure difference, Pa
𝑀: Dynamic viscosity, Pa⋅s.
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