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Abstract

The paper pertains to the analysis of the chemical interaction between sea water ions, asphaltene colloids and
silicate /calcite mineral as a substrate during water/low salinity water flooding. The work tackles modeling of
salinity dependent relative permeability and capillary pressure functions from contact angle to estimate oil
recovery during water/low salinity water. The paper has two main parts. In the first part, static contact angle is
calculated based on disjoining pressure and compared to the experimental values, reported in the literature. In the
second part, the model is used to demonstrate that water film is more stable in presence of low salinity water
compared to distilled water and sea water, for carbonate and silicate minerals. Increasing temperature enhances
the stability of the water film around the substrate for both types of minerals. This could be future interpreted as
an indication for extra oil recovery applying low salinity water injection at elevated temperature. It is interesting
to observe from the model that, increasing the Mg®" ion concentration enhances the hydrophilicity characteristics
for calcite mineral modified by asphaltene while for silicate surface modified by asphaltene, SO,* ion enhances
the hydrophobicity behaviour.
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Nomenclature
A Hamaker constant (J)
A;  Structural force coefficient (Pa)

electronic charge (=1.602x10™" C)

Distance of separation (m)

Decay length (m)

Mean surface curvature

Boltzmann constant (1.38 x 1072 m? kg s? K™
Refractive index of media

. Capillary pressure (pa)

pHy Isoelectric point of the surface

Radius (m)

Absolute Temperature (K)

Reference Temperature (K)

Interaction potential (J)

Plasma frequency of the free electron gas (3x10" sec™)
Ion valence

Greeks

&  Collision diameter (m)

¢  Permittivity or dielectric constant of medium
h Plank constant (6.63x107* J/sec)

®  Surface potential (J)
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k  Debye length (m)
A Wave length (m)
IT  Disjoining pressure (atm)
6 Surface/interfacial tension (N m™)
@ Contact angle
€  Zeta potential (V)
Subscripts
01 Mineral surface
02 Mineral surface
1 Solid
Oil phase
3 Aqueous phase (water film)

BR  Born short range repulsive force
DLR Double layer electrostatic repulsive force
LVA London -Van der Waals attractive force

0 Oil/original condition
w Water

p Particle
Abbreviations

DLVO Derjaguin, Landau, Verwey, Overbeek
DwW Distilled water

LSW  Low salinity water

Mg?*"  Magnesium

SO,*  Sulfate

SSW  Synthetic sea water

TDS Total dissolved solid

1. Introduction

Low salinity water-based enhanced oil recovery (EOR) has been recognized to contribute for extra oil recovery
from sandstone reservoirs containing clay minerals in the literature (Lager et. al 2007 and Loahardjo et. al, 2007).
In 2011, a laboratory study was documented for reservoir limestone cores from aqueous section of reservoir with
two to five percentage of extra oil recovery by tertiary low salinity water injection (Austad et. al 2011). The
experiments were performed by injection of formation water with salinity of 200000 ppm as a secondary
recovery while the tertiary recovery was observed by injection of 100xdiluted formation water or 10xdiluted
seawater (from Persian Gulf) at 110 °C (Austad et. al 2011). Migration of fines, double layer expansion and ionic
exchange were seems to be the main hypothetical explanations for the efficiency of low salinity water flooding
in sandstone reservoirs (Tang and Morrow1999; McGuire et al. 2005; Lager et al. 2007). Rezaei Doust et al.
(2010) proposed a new chemical mechanism for Low salinity EOR based on wettability alteration by desorption
of organic basic material form silicate minerals at specific range of pH. An increase of pH associated with
flooding with low-salinity water (LSW) has been observed in the experimental work reported by Hamouda and
Valderhaug (2014). It was observed by Hamouda and Valderhaug (2014) also that the pressure drop across the
flooded cores with LSW is almost doubled of the pressure drop compared to cores flooded with SSW. They
argued also low salinity brine will expand the electrical double layer as well as dissolution which will lead to
fine detachment and mobilization; hence the sweep efficiency will be increased (Hamouda and Valderhaug 2014).
Austad et al. (2011) also claimed that presence of anhydrite in limestone is necessary for enhanced oil recovery
by low salinity water flooding in carbonates as the main mechanism is dissolution of anhydrite from mineral to
ionic phase.

Hamouda and collogues in series of articles dealing with carbonate/silicate minerals, water and oil documented
that the parameters that contributes the initial and final wetting condition, before and after imbibition, could be
addressed as oil composition, ionic composition of irreducible and imbibing water, pH, rock surface
characteristics and temperature (Alipour Tabrizy et al. 2011a; Alipour Tabrizy et al. 2011b; Petrovich and
Hamouda 1998; Rezaei Gomari et al. 2006a; Rezaei Gomari et al. 2006¢; Karoussi and Hamouda 2007,
Hamouda and Karoussi 2008; Chukwudeme and Hamouda 2009). Several articles have been reported also in the
literature on improving oil recovery by spontancous and forced imbibition of seawater at high temperature
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(>70 °C) (Cuie and Morrow 1991; Akin et al. 2000; Petrovich and Hamouda 1998; Babadagli 2003; Hirasaki and
Zhang 2004; Rezaei Gomari et al. 2006a; Rezaei Gomari et al. 2006b; Karoussi and Hamouda 2007; Hamouda
and Karoussi 2008; Chukwudeme and Hamouda 2009). It was reported also as the temperature increases, the
degree of exchange of Mg®" and SO,”ions enhances (Karoussi and Hamouda 2007 and Petrovich and Hamouda
1998). Mahani et al. (2014) used a model of sandstone rock that consists of Na- Montmorillonite clay over glass
substrate to observe the kinetic of oil droplet detachment in presence of low and high salinity water. They
reported a wettability alteration process toward less oil-wet condition when the system is exposed to low salinity
brine with slow kinetic reaction (Mahani et al. 2014). The field response to low salinity water flooding as
secondary and tertiary modes were also addressed in another research work by Mahani et al. (2011). For one
field, it was documented that dual step water cut is developed and the viscous force is the dominant mechanism
which can be interpreted as a characteristic of change in wetting state; in contrast for another case study, the low
salinity water flooding is immature and the breakthrough of low salinity brine was not yet observed due to strong
bouncy effect caused by high vertical permeability of reservoir (Mahani et al. 2011).

In spite of the fact that several observations were reported for the application of low salinity water flooding in
sandstone and carbonate rocks as a promising EOR technique, there are few reports in the literature to study oil
recovery mechanism(s) associated to low salinity water injection applying universal mathematical model. This
paper addresses the calculation of disjoining pressure and total interaction potentials of mineral/brine/asphaltene
colloids linked to the effect of temperature, to study the influence of seawater ions and low salinity seawater on
wettability modification of calcite and quartz surfaces. Static contact angle is calculated based on disjoining
pressure and compared to the experimental values, reported previously in the literature by Alipour Tabrizy et al.
(2011b). It is attempted also to generate oil/water relative permeability curves from calculated contact angle to
investigate, the influences of sea water ions/low salinity water flooding on recovery process.

2. Theory
2.1 Fines Detachment by DLVO (Derjaguin Landau Verwy Overbeek) Theory

DLVO theory and experimental observations could indicate that fine detachment is the mechanism that may alter
the wettability of the rock at high temperatures (Hamouda and Karoussi 2008). However, Hamouda and Karoussi
(2008) did not provide any calculation of contact angle based on DLVO theory and simply used variation of
disjoining pressure versus water film thickness to compare with imbibition and flooding experimental results. In
DLVO theory, the interaction between particles (sphere-shape) and a pore surface is described by London van
der Waals (LVA) attraction, double-layer repulsion (DLR) and Born repulsion (BR). The DLVO model may not
be able to fully describe colloidal behavior in aqueous media. Grasoo et al. (2002) reviewed many of the
interactions that play a role in environmental systems and are not commonly included by the traditional DLVO
model: e.g., hydrogen bonding and the hydrophobic effect, hydration pressure, non-charge transfer Lewis acid
base interactions, and steric interactions. They documented also that there are conflicting opinions in the
literature as to whether steric interactions and other extended DLVO forces should be considered or not. While
several studies have concluded that these contributions to be additive (Van Oss 1994; Jucker et al. 1998; Giasson
et al. 1998 and Freitas et al. 2001); others disagree with this approach (e.g. Rijnaarts et al. 1999). It seems that
the complexity of aqueous, hydrocarbon and oil system will most likely preclude the development of a unique
approach that can be used for all conditions. In this work, hydration and structural forces are not taken into
account for simplicity. Therefore the total interaction potentials (between a fine particle and mineral surface)
may be expressed as follows (Israelachvili 1992):

V() =V, (D) +V () +V g (B) M

For a spherical particles and flat mineral surfaces, the interactions potential are expressed for the different
interactions by the following equations (Israelachvili 1992):

Via(h)=-

In(

Al20+h o H @
6| HH+2)  H+2

where H=h/r,; A is Hamaker constant; h is distance of separation; r, is particle radius; € is permittivity of
medium (water); g is permittivity of free space; k is Debye length and @, and @, are surface and particle
surface potentials. Hamaker constant is calculated using Lifshitz theory as a function of temperature
(Israelachvili 1992):
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Where, €, &, and g3 are the static dielectric constants of the three media, while n;, n, and n; are values for the
refractive index of media. K is Boltzmann constant (1.38 x 10> m* kg s* K'), T is temperature in Kelvin, 7 is
Plank constant (6.63x10>* J/sec) and Vv, is plasma frequency of the free electron gas (3x10" sec™). The Born
repulsion interaction potential can be calculated as follows:

Vg (h) =—

o[ 8 +h  6r—h
Ad{ a a } @

7+ 7
7560| 2r, +h) &

Where J is collision diameter which in this research the collision diameter is assumed 5 A to compare with the
work done by Karoussi and Hamouda (2007) and Schembre et al. (2006). The double layer repulsion force can
be calculated as:

(h) =~ :
D, +D, 1—exp(—kh)

DLR

In this equation, ®y; and @, are surface and particle surface potentials. The Debye length (k) is calculated on the

basis of (Israelachvili 1992):
2.2
P G 6)
egkT

Where, e is electron charge; n b is total ion density in bulk solution; z is ion valence; k is Boltzmann constant

and T is temperature in K. The reported permittivity values for the water at different temperatures by Schembre
et al. (2006) are interpolated to the corresponding temperatures. The surface potential (i.e. {1) for mineral surface

(®01) is determined by Nernst equation and extrapolated to the corresponding temperature (Israelachvili 1992).

;1 =0, = _2~3[k7Tj(pH_pHoi) @)

(1) =, =—0.01712[(T - T,)+1]{(T,) ®)

In this equation, pHy; is the iso-electric point of calcite and quartz and T is the temperature in Kelvin.

2.2 Disjoining Pressure

Basu and Sharma (1996) described the stability of water films on the basis of disjoining pressure. Disjoining
pressure was expressed by Young-Laplace equation:

P =Tl+20,J ©)

Where Pc is the capillary pressure between wetting (water) and non-wetting (oil) phases (for water wet mineral),
IT is the disjoining pressure in thin film, o,, is interfacial tension between oil and water, and J is the mean
surface curvature. J is positive for concave surfaces and negative for convex surfaces. If the applied capillary
pressure exceeds the net forces due to disjoining pressure and surface curvature, the wetting films will be
unstable (Basu and Sharma 1996). The disjoining pressure is directly related to the contact angle by the
following equation:

F,
cos(@) = 1+%jhdn (10)
o7 %

The detail of mathematical calculation is shown in appendix. Controversial equation was reported by Karoussi
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l F:
and Hamouda (2007) where they claimed that cos(6) = 1+Ty j I1dh , without any mathematical derivation or
o %

justification. The reported equation in their work is dimensionally inconsistent as the dimension of derivate part
is length (h or thickness of film) while the dimension of upper and lower limits of integration is pressure (p. or

E
capillary pressure). The stability of wetting phase can be examined by calculation of / = IhdH and is discussed
0

in appendix. Disjoining pressures could be derived from intermolecular or inter ionic forces such as van der
Waals, double layer electrostatic and structural forces, which are estimated by the following equations
(Israelachvili 1992):

M, (k) =T1,,,(h)+T1,, () + 1, (h) (11)
4(15.967 +2)
m,,, (h)=- A (12)

i +5320y
)

K

T (h)=—Ae " (13)
® @& cosh(xh)-® > - *
H h — nkT rl r2 7l r2 14
ou () { sinh?(xh) (14)
ed,
O =2 15
W =K (15)

Where, h is film thickness; A is wave length (=100 nm); A is structural force coefficient (1.5x10" Pa); hy is
decay length (0.05 nm) and ®,; and ®,, are reduced potential for surface and particle, respectively (Israclachvili,
1992).

2.3 Relative Permeability and Capillary Pressure Model

Several experiment on core flooding showed that the maximum oil recovery occurs in neutral or slightly
water-wet cores (Anderson 1985). In strongly oil-wet media, oil occupies the smallest pores, which cross ponds
to high capillary pressure and high residual oil saturation. In contrast, for strongly water-wet porous media, oil
become disconnected from continues oil film (snap off effect); herby trapped in pores. This results to lower oil
recovery and early water breakthrough (Zhao et al. 2010). The maximum oil recovery is archived in
intermediate-wet porous media, where water invades the smallest pores and oil production will continue through
film flow (Hui and Blunt 2010). It is possible to speculate theoretically that, the oil saturation decreases during
water/low salinity water flooding exponentially with respect to rock wettability according to Equation (16):

S — aebcos(ﬂ) (16)

or
In this equation, S u is residual oil saturation after water flooding, a and b are constants and can be calculated
from boundary conditions. 8 is the contact angle between oil, water and mineral. If it is assumed that the rock

is initially strongly oil-wet and after following with low salinity water, wettability will be altered to intermediate
wetting, one can calculate the constants in Equation (16). Substituting the boundary conditions to Equation (17)

yields to the following equation:

(SO" ) / \cos(8)
Sor = Sor o N 17
RENTIR an
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In this equation, S, is the residual oil saturation, (S, )¢is the final residual oil saturation after low salinity
water flooding and (.S, ); is the initial oil saturation in the rock. Assuming the definition of normalized oil
saturation and Corey correlation for calculation of normalized relative permeability and capillary pressure, it is
possible to write:

s, =S

Son =__©° o (18)
1 _sor - Swi

2+4

S, ~(S,), <(S§’ yeo
k., = s )( ) (19)
1_( or)/.( or/f )cos(ﬁ) -S

(S,): "

2431

(SW )f cos(6 g
So _(Sor )f (W) @ (20)

B (S)/ cosior
1=(S,,),( ), ) S

_ (Sor)f cos(6)
S, (S”")f(i(Sg),-)

_ (Sor)f cos(8) _
1-(S,.), (7( S), ) Sui

PCZPCth 1-( ) @

Where P.” and A are capillary threshold and pore size distribution, respectively. Similar approach were reported

in the literature to model continues wettability alteration during immiscible CO, flooding (Al-Mutairi et al.

2012).
3. Results and Discussion

This section is dividing in three subsections. The first part addresses the calculation procedures of contact angle
and discusses the influences of ions and temperature on wettability alteration. Total potential interactions
between modified minerals and different ions are discussed in the second part, while the last section is dealing
with mathematical modeling of relative permeability and capillary pressure from contact angle.

3.1 Modeling of Contact Angle and Subsequent Effects of lons and Temperature

Before addressing the stability of water film for modified minerals by asphaltene in presence of different ions,
the Hamaker constant is computed for different temperatures in accordance with Lifshitz theory for ternary
system of mineral/water/oleic. In Figure 1, the variation of Hamaker constant versus temperature is shown for
quartz and calcite minerals. The used dielectric properties of three media and refractive index corresponding to
the media are shown in Table 1.

Table 1. Dielectric properties and refractive index values for mineral /water/ toluene systems (Israelachvili 1992)

Calcite/Water/Toluene

Media 1 Calcite n 1.638 € 8
Media 2 Toluene n, 1.496 € 2.38
Media 3 Water ns 1.323 & 80.1
Quartz/Water/Toluene

Media 1 Quartz n 1.536 € 4.29
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Media 2 Toluene n, 1.496 € 2.38
Media 3 Water ns 1.323 € 80.1
2E-20
1.9E-20 -
= 1.8E-20 -
=
- DDDDDDDDDUJDDDDUDDDDG ——
—
g 1.66-20 &
o ={ F=Calcite
= 1.5E-20
-
g 1.4E-20 A
3
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1.2E-20 5
1.1E-20 1
1E_20 L L 1 L : L 1 L L : L L L L : L
298 348 398 448

Temperature (K)

Figure 1. The variation of Hamaker constant versus temperature for quartz/water/toluene and
calcite/water/toluene systems

From Figure 1, it is clear that the Hamaker constants for calcite and quartz are increasing linearly with the
temperature. However these trends for calcite (=7.98E-24 J/K) and quartz (=8.77E-24 J/K) are slightly different.
This can be also observed from Equation (22) in which the derivate of Hamaker coefficient to the temperature is

a constant and is equal to:
d_Azék £ & || &—¢& 22)
dT 4 \g+¢& )\ & +¢g

This is in contrast of the trend reported by Karoussi and Hamouda (2007) where they showed that Hamaker
coefficient for calcite/decane/water system is decreasing by increasing temperature. Lifshitz theory has been
used in their work to calculate the Hamaker constant; however the method of calculation (or simplification) for

the second term (ﬁr M =&0) | &M =& ) dv ) was not mentioned. Equation (22) shows that sign
4 g +&0) )\ &) +£((V)

dA . . . .
of aT is dependent to the values of £;, £, and &;. As the dielectric constant of water ( €5 ) is larger than the

. . . dA
dielectric constant of calcite or normal decane (& and &,) so ﬁ>0; then the Hamaker constant could not

decrease by increasing temperature.

The stability of water film in calcite/silicate system (modified with 0.35 wt. % asphaltene) in presence of
distilled water (DW), 0.1 M NaCL, 0.1 M Na,SO,4 and 0.1 M MgCl, is addressed in this section. Jada et al. (2002)
and Rezaei Gomari et al. (2006a) reported the zeta potential charge of quartz and calcite as a function of pH.
Parra- Barraza et al. (2003) also reported the zeta potential of asphaltene versus pH when the asphaltene is
precipitated from crude oil in presence of n-heptane with the ratio of 1 to 40. In Figure 2, calculated disjoining
pressure as a function of water film thickness at 25 °C for quartz and calcite is demonstrated. From Figure 2a) it
can be seen that water film over silicate mineral in presence of asphaltene dissolved in toluene and DW or 0.1 M
Mg®" is unstable since the area under disjoining capillary pressure is less than —c*”_(Type 3 according to
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appendix); hence the system is strongly oil-wet. The water film for quartz/0.1 M SO,*/asphaltene or quartz/0.1
M NaCl/ asphaltene is meta-stable (Type 2 according to appendix) and the system is more water-wet respect to
quartz/0.1 M Mg”/asphaltene or quartz/DW/ asphaltene. As it can be seen in Figure 2 b, for calcite, the water
film is unstable regardless to the type of ions; however the instability of water-film over calcite in presence of
0.1 M Mg”" and 0.1 M SO,” is in lesser extent compared to 0.1 M NaCl and DW.

200
= 150 ~
=
Z 100 |
)
Z 50 A
o
&
g}_. 0
i
5 =509 R S
= —&— Quartz/0.1 M MgCl2/Asph.
() . ;
o ~100 - —0— Quartz/0.1 M Na2S 04/Asph.
Aa 150 - —a— Quartz/DW/Asph.
_ —— Quartz/0.1 M NaCL/Asph.
-200
h(nm)
a) Quartz
200
- —&— Calcite/0.1 M MgClI2/Asph.
150 -
= —O— Calcite/0.1 M Na2S0O4/ Agph.
2 100 ~ _
= —&— Cacite DW/Asph.
L 50
= 50 —— Calcite/0.1 M NaCl/Asph.
50
5 )
= -50 A
=
3 4100 4
i
A 150 |
-200
h(nm)
b) Calcite

Figure 2. Calculated disjoining pressure as a function of water film thickness at 25 °C for a) quartz and b) calcite
in presence of distilled water (DW), 0.1 M NacCl, 0.1 M Na,SO, and 0.1 M MgCl,

In Figure 3, disjoining pressure as a function of water film thickness at 25 °C for quartz and calcite in presence
of low salinity and synthetic sea water is shown. The ionic composition of low salinity seawater is obtained by
1000 times diluting the concentration of ions in seawater. In Table 2, the ionic composition of synthetic seawater
and low salinity seawater is shown.
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Table 2. Tonic composition of synthetic sea water and low salinity sea water

Ions Concentration (mol/l) Concentration (mol/l)
Synthetic Sea Water Low Salinity Water
NaCl 0.4 0.0004
KCl1 0.01 0.00001
CaCl, (2H,0) 0.013 0.000013
MgCl,(6H,0) 0.045 0.000045
NaHCO;3; 0.002 0.000002
Na,(SO,) 0.024 0.000024
TDS 0.494 0.000494

From Figure 3, it can be seen that water film over silicate and calcite minerals in presence of asphaltene
dissolved in toluene and synthetic sea water (SSW) is unstable as the area under disjoining capillary pressure is
less than —o™ _ (Type 3); hence the system is strongly oil-wet. The water film for both types of minerals (quartz
and calcite) in presence of low salinity water (LSW) and asphaltene is meta-stable (Type 2) and the contact angle
forms between zero and 90 °. This shows that LSW may alter the wettability of calcite and silicate minerals
toward water wet condition. Mahani et al. (2014) also observed a wettability alteration process toward less oil
wet condition when clay coated silica glass is exposed to low salinity brine with slow kinetic reaction (Mahani et
al. 2014). They addressed that the time scale of wettability alteration is ten to twenty times longer than expected
time by diffusion (Mahani et al. 2014). It seems to be that the kinetic of the process is consistent to the electro
kinetic ion diffusion mechanism involving DLVO forces between oil layer, water film and clay minerals.

3500
3000
2500 A
2000 A
1500
1000
500
0
-500
-1000
-1500
-2000
-2500
-3000
-3500

—HLSW ——S5SW

Disjoining pressure (atm)

h(nm)

a) Quartz
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22000
22500
-3000
-3500
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Figure 3. Calculated disjoining pressures as a function of water film thickness at 25 °C for a) quartz and b)
calcite in presence of low salinity water (LSW) and synthetic sea water (SSW)

Static contact angle between n-decane, distilled water and aged mineral (prewetted with distilled water (DW),
0.1 M NaCL, 0.1 M Na,SO4 and 0.1 M MgCl,and 0.35 wt. % dissolved asphaltene in toluene, are calculated
based on Equation (16) and shown and compared in Table 3 with experimental values reported by Alipour
Tabrizy et al. (2011b) and Mahani et al. (2014). The experimental error measurement was reported within 3° and
5° by Alipour Tabrizy et al. (2011b) and Mahani et al. (2014), respectively.

Table 3. Contact angle between oil (n-decane), distilled water and aged mineral (pre wetted with distilled water
(DW), 0.1 M NaCL, 0.1 M Na,SO, and 0.1 M MgCl, and 0.35 wt. % dissolved asphaltene in toluene at 25 °C

Modification brine 0.1 M Mg* DW 0.1 M SO/~ 0.1 M NaCL LSW SSW
Quartz

Theoretical calculation 120 109 93 97 60 93
Experimental **

Experimental * 133 95 %0 93 67 90
Calcite

Theoretical calculation 78 105 120 95 80 140
Experimental * 65 100 127 95

*From Alipour Tabrizy et al. (2011b).
**From Mabhani et al. (2014).

The effect of temperature on disjoining pressure has been shown in Figure 4. for quartz/0.1 M Mg**/asphaltene
and calcite/0.1 M Mg*'/asphaltene systems for temperatures 25 °C and 130 C°. Temperature has two main effects
on calculated disjoining pressure, the first effect is related to Hamaker constant and the second effect is related to
zeta potential of surface mineral and asphaltene colloids which they control the double layer interaction force.
For both systems, increasing the temperature is enhancing the stability of water film over mineral surface; hence
it will improve the hydrophilicity of system. The contact angle is decreasing from 77.78° to 31.78° for calcite
mineral and from 124.75° to 16.25 ° for quartz mineral by increasing of temperature from 25 C°to 130 C°. This
indicates the influences of ions on water film stability are accelerated by increasing temperature both for
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carbonate and silicates mineral.
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Figure 4. Calculated disjoining pressure as a function of water film thickness and temperature for a) quartz and b)
calcite in presence 0.1 M MgCl,

3.2 Total Potential Interactions between Modified Minerals and Different Ions

Total interaction potential can be used to order the affinity of different ions/polar components to adsorb to the
mineral surface. The calculation of total interaction potential for quartz and calcite are shown in Figure 5. From
this figure it is possible to see that for modified quartz with asphaltene in presence of distilled water (DW), 0.1
M NaCL, 0.1 M Na,SO4 and 0.1 M MgCl,, the total interaction potential between asphaltene colloids and
mineral surface are always positive; hence the interaction force between asphaltene colloids and mineral surfaces
is repulsive. However the magnitude of this force is dependent to the type of brine, where for 0.1 M NaCL and
0.1 M Na,SOy this repulsion is more pronounced; hence the modified quartz with asphaltene in presence of 0.1
M NaCl and 0.1 M Na,SO, are more water-wet comparing to the modified quartz with asphaltene in presence of
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DW and 0.1 M MgCl,. For modification of quartz by asphaltene in presence of 0.1 M MgCl,, Mg" ions may act
as bridge between asphaltene and quartz surfaces. This calculation is supported by water vapor adsorption and
contact angle measurements by Alipour Tabrizy et al. (2011b) and is in agreement with pervious research works
reported by Chukwudeme and Hamouda (2009) and Morrow et al. (2000). They explained in different
experiments, possible bridging as an explanation. In other flooding experiments in micro model tests (Liu et al.
2010) for enhanced heavy oil recovery by alkaline flooding; it was found that oil recovery was greatly affected
by wettability alteration of water-wet grains to preferentially oil-wet due to magnesium ion bonding. For calcite,
the potential interaction between calcite and asphaltene in presence of DW and 0.1 M NaCL are negative which
supports the high affinity of calcite and carbonate mineral to adsorb asphaltene. Calcite and carbonate minerals
modified by asphaltene are strongly oil-wet compared to silicate minerals since the interaction potential is
negative and the interaction force between asphaltene and calcite mineral surfaces is attractive unlike asphaltene
and quartz minerals. Figure 5b) shows 0.1 M Mg”" ions can enhance strongly the hydrophilicity of modified
calcite with asphaltene as the affinity of asphaltene to interlock with Mg*" is much less than Ca®". The total
interaction potential between asphaltene colloids and Ca" is smaller that in two orders of magnitude compared
to asphaltene colloids and Mg”". It has been reported previously that the affinity of cations to adsorb negatively
charged colloidal particles (e.g. asphaltene) has the following order: (Tang and Morrow 1999)

Li"<Na"<K'<Mg*" <Ca?<H"
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Figure 5. Calculated total interaction potential between asphaltene colloids, quartz and calcite in presence of
distilled water (DW), 0.1 M NaCl, 0.1 M Na,SO,4 and 0.1 M MgCl,
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The calculations of total interaction potential are shown also for synthetic seawater and low salinity seawater for
quartz, calcite and asphaltene colloidal systems in this subsection. The total interaction potential of quartz and
/or calcite, synthetic sea water (SSW) and low salinity sea water (LSW), asphaltene colloids are demonstrated in
Figure 6. In quartz/brine/asphaltene system, the total interaction potential is slightly positive for DW and SSW.
For LSW, the total interaction potential is considerably larger than DW and SSW (10° order of magnitude larger
that SSW and 10” order of magnitude larger than DW). In calcite/brine/asphaltene system, the total interaction
potential is negative (attractive) for DW and SSW. For LSW, the total interaction potential is positive (repulsive).
This clearly shows the applicability of low salinity seawater for tertiary improved oil recovery after sea water
injection both for sandstone and carbonate reservoir rocks. The low salinity seawater flooding makes the crude
oil/brine/rock (COBR) system more water-wet; hence it can produce additional oil between 5% up to 15% from
water flooded sandstone and carbonate rocks (Tang and Morrow 1999).

1.93E-16

1.19E-17

-5.35E-19

Total interaction potential (I)

-5E-17
DW SSW L.SW

a) Quartz

1.26E-17

Total interaction potential (T)

-3.94E-18

DW SSW I.SW

b) Calcite

Figure 6. Calculated total interaction potential between asphaltene colloids, quartz and calcite in presence of
distilled water (DW), Synthetic Sea Water (SSW) and Low Salinity Sea Water (LSW)
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3.3 Modeling of Relative Permeability and Capillary Pressure

Figure 7 shows the relative permeability and capillary pressure curves from estimated contact angles by applying
Equation (19) till Equation (21) for a sandstone rock saturated initially with 0.35 wt. % dissolved asphaltene in
toluene and flooded with low salinity water (LSW), synthetic sea water (SSW) and 0.1 M MgCl,. Capillary
threshold and pore size distribution for this rock sample is assumed as 2.5 bar and 0.5 respectively.
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Figure 7. Calculated relative permeability and capillary pressure curves from contact angle for sandstone rock
saturated with 0.35 wt. % dissolved asphaltene in toluene and flooded with low salinity water (LSW), synthetic
sea water (SSW) and 0.1 M MgCl,

Two observations can be seen from Figure 7. The first observation is the shift of the oil relative permeability
toward the right hand side and a decrease in residual oil saturation with reduction of contact angle for the core
flooded with low salinity water (LSW). This indicates oil becomes confined to smallest pores as the rock is
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altered from strongly oil wet to intermediate wet condition. On the other hand, water relative permeability
decreases as the rock wetting state is altered towards intermediate wet condition during low salinity water (LSW)
injection. The crossover point for oil/water relative permeability curves is located at 0.5 of S,, for the core
flooded with low salinity water, whereas for the core flooded with synthetic sea water and 0.1 M MgCl,, the
crossover points are located at 0.4 and 0.3 respectively. The second observation is related to the area of the
capillary pressure curves for the sandstone rock saturated with 0.35 wt. % dissolved asphaltene in toluene and
flooded with different brines. Figure 7b demonstrates the area below capillary pressure curve (work per unit
volume of rock to displace water by oil) is higher for flooded core with low salinity water (LSW) compared to
that for flooded core with sea water or 0.1 M MgCl,. This also shows the wettability alteration of sandstone rock
towards intermediate wetting condition during low salinity water flooding.

4. Conclusions

This paper provides insights to a more fundamental understating of oil recovery by water/low salinity water
flooding in silicates and carbonate rocks. An approach is discussed to assess the reservoir rock wettability
(contact angle) from oil and mineral surface chemistry properties, ions concentration, pH and temperature. A
model for evaluating relative permabilities and capillary pressure is used also to describe the wettability
alteration mechanism and estimates the flooding/imbibition recovery by different ions.

The wettability change to a less oil-wet condition was shown for both types of sandstone and carbonate
reservoirs during low salinity water; however the wettability alteration is more pronounced for modified silicate
mineral compared to modified calcite mineral. Increasing the temperature also enhances the stability of the water
film around the mineral surface and increases the efficiency of low salinity water flooding. The model shows
also Mg”" ion enhances the hydrophilicity characteristics for oil-wet calcite mineral while for oil-wet silicate
surface, SO,” ion enhances the hydrophobicity behaviour. This is consistent to the experimental observations
reported in the literature; however it is worth mention that the physics underlying water/low salinity flooding is
more complex than the simple model presented in this work, among them geomechanical considerations of rock
during water/low salinity flooding (such as dissolution, precipitation, compaction and clay swelling) should
receive considerable attention.
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Appendix
The disjoining pressure is expressed in terms of the change in the sum of interfacial tensions of the surrounding
surfaces with respect to its thickness (Basu and Sharma, 1996). This can be expressed as:

oY + By
e 8ho- )@T (A1)

Where 0% .,0 P7. the interfacial tensions for thin fluid films and h is the film thickness. By integration of this
equation, the critical pressure is calculated as:

M=

h(E)
(07 +0")=(c"_ +0"”_)=-

Tdh (A.2)

WE)

Where 0%, 0 A7, are bulk interfacial tensions between liquids and solid surface. is the film thickness

at capillary pressure. The final film tension is:

o/ =0 +c" +11h (A.3)
Where, I is disjoining pressure at film thickness h. By applying Equation (A.2) the following relation is
obtained:
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h(E.)
o/ =(6”_+0"_)- j T1dh +T1h (A.4)
Using the derivative chain rule, the following equation can be written:
£
o/ =(6“_+0"_)- j hdTl (A.5)
0
The contact angle can be expressed as applying force balance calculation:
S Br
o’ —0
cos(0) =———— (A.6)
o,
Hence; the disjoining pressure is directly related to the contact angle by the following equation:
1 1)(
cos(§) =1+—— j hd Tl (A.7)
o7

One can divide the variation of disjoining pressure curve versus film thinness in three cases. In the first case
(Type 1), the area under disjoining pressure versus film thinness curve is positive or zero (1 = 0); accordingly
the wetting phase is stable and cannot create an angle (or zero contact angle) between solid surface and two
liquid phases. In the second case (Type 2), the area under disjoining pressure versus film thinness curve is

between zero and —o”_ (-0 <I1<0) where the wetting phase is meta-stable and the contact angle
between zero and 90° is created. In the third case (Type 3), the area under disjoining pressure versus film
thinness curve is less than —0®_ (20" <I<-0") and the wetting phase is unstable with the contact
angle between 90° and 180°.
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