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Abstract

Oil/brine electrical behavior could control the wettability of the oil/brine/rock system during low salinity water flood-
ing. However, there is a lack of understanding of chemical reactions occurring on the oil surface. There are a few
surface complexation models (SCMs) for the oil/brine interface, and all of them assume that the surface site density
is a fixed number, like the mineral surface. The current study assessed two existing models on this subject (Model A
and B). These models ignore the dynamic nature of the oil/brine interface. Therefore, they failed to capture exper-
imentally measured  potentials appropriately. Therefore, this study constructed a novel diffuse layer SCM (Model
C) considering the interfacial concentration of surface carboxylic acid as a function of brine salinity for each salt,
including NaCl, Na SO,, CaCl,, MgCl,, and NaHCO,. Model C matches the experimental data of the literature far
better than A and B. Based on Model C, Na*, CI, and SO,* cannot be adsorbed on the oil/brine interface; however, the
role of these ions in the electrical behavior of crude oil/brine is only to affect the interfacial concentration of -COOH.
For example, an increase in Na+ reduced the oil/brine IFT. Therefore, more carboxylic groups would be available
at the oil/brine interface. As a result, -COO- concentration increases, and the crude oil surface becomes more nega-
tively charged. The current study indicated that Ca** and Mg*" are not the only factors that make the interface more
positively charged. However, an increase in IFT (in this study by salinity reduction) significantly makes the oil/brine

interface more positive, too.
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Introduction

Low salinity water flooding (LSWF) re-establishes the
thermodynamic equilibrium of oil/brine/rock system to
enhance oil recovery of oil/brine/rock system [1-5]. It
has been shown that low salinity water flooding has a
great potential to be selected as an EOR method [6-8].
Wettability change toward a more water-wet state is
widely accepted as a primary mechanism of improved oil
recovery during LSWF [9—13]. The wettability alteration
occurs when a thicker water film is created on the rock
surface [14-16]. The attractive and repulsive forces
between oil/brine and rock/brine interfaces control the
thickness of the water film [17,18]. Attractive Van der
Waals and attractive/repulsive electrostatic forces are
dominant forces [9,19]. The latter depends on the sign
of the electric charges at two interfaces. The range of
variation in electrical potential of oil/brine versus
salinity is greater than that of brine/rock interface,
particularly in carbonate reservoirs [20,21]. Therefore,
the electrical behavior of the oil/brine interface is of
greater significance in improving the chance of the

success of LSWF.

Although considerable efforts have been put into study-
ing carbonate rock/brine interface by measuring zeta (§)
potential, a few researchers investigated the electrical
behavior of oil/brine surface [22]. The { potential, the
electric potential at the shear plane, is the most common
method to quantify the electrical properties of the oil/
brine interface [17,23]. Kolltveit et al. [24] investigated
the electrical behavior of three crude oil samples with
NaCl brines by measuring { potential at different salinity
and pH. They found that brine salinity increased the  po-
tential of all crude oil droplets in brines. However, their
results didn’t reveal any relation between the measured ¢
potential and pH. Mahmoudzadeh et al. [25] and Farhadi
et al. [20] measured the oil/brine { potential at different
seawater salinities. Based on the results, further brine
dilution from a certain brine salinity leads to a rise in
the { potential. In another work, the  potential of crude
oil emulsion in different single brines (including NaCl,
NaOH, MgCl,, and CaCl,) was measured and modeled
by Takeya et al. [23]. They concluded that the reduction
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in { potential due to salinity reduction is a result of the
electrical double layer (EDL) expansion. Farhadi et al.
[22] recently revealed that the EDL expansion is not the
only reason behind the reduction in the { potential with
brine dilution. They discovered that the density of -COOH
sites is a function of brine salinity/composition, and the
variable site density significantly affects the { potential. The
absence of clear insight into the effect of brine pH, salinity,
and composition on the electrical behavior of the oil/brine
interface is the motive of the present study to develop a new
surface complexation model (SCM) that can explain the
complexity of the oil surface.

An SCM simulates the chemical equilibrium based on
chemical reactions at the oil/brine interface. Using an SCM
as an alternative to the experimental methods helps to
understand the electrical properties of the oil surface. Brady
etal. [26] developed a diffuse layer model with (-COOH) and
(-NH) sites at the oil/brine interface to simulate the electrical
properties of the oil surface. In their model, the base sites
can only develop a positively charged surface by protonation.
However, the acid sites make the surface negatively or
positively charged by dissociation or divalent cation
adsorption. However, the monovalent ions were neutral to
the surface charge since they assumed these ions do not
adsorb on the defined sites. Qiao et al. [27,28] constructed a
surface complexation model for the oil/brine system to model
oil recovery from a core during LSWF. They assumed that
only carboxylic groups (-COOH) are present at the oil/brine
interface and assigned a specific surface site density to each
crude oil based on its acid number (AN). Takeya et al. [29]
investigated different crude oil surfaces using a combination
of experimental { potential measurements and a triple-layer
surface complexation model. They found that the site density
of (-COOH) has a linear correlation with the resin content in
crude oil and a logarithmic relationship with the AN content
of crude oil. In addition, Bonto et al. [30] developed an SCM
considering the chemistry of different oils by taking surface
site density as a linear function of the acid and base numbers.
They tuned the obtained surface site density based on the {
potentials reported in the literature. In the developed SCM,
Na' can be adsorbed to the oil surface. All the reviewed SCM
models assumed that the oil surface site density was constant
even with changing brine pH, salinity, and composition.
They did not consider the acid and base group distribution
changes at the oil/brine interface under different conditions.
Also, there is no consensus on the adsorption of monovalent
on the oil surface.

It is well-established that the surface site density of mineral
surfaces is constant. The electrical behavior of the mineral/
brine interface is a function of salinity, composition, and pH
[15,31-34]. The theory of constant surface site density has
also been implemented on the oil surface [30] to develop a
surface complexation model for the oil/brine interface. In
other words, in the prediction of the electrical behavior of the
oil surface, the effect of adsorption of surface active agents
from the oil bulk into the oil/brine interface is overlooked.
Measuring the interfacial dilatation rheology, Freer and Radke
[35,36] indicated that asphaltene molecules transport from
the oil bulk to the oil/brine interface. In addition, Spiecker
and Kilpatrick [37] performed interfacial shear rheometry
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tests to investigate the role of asphaltene molecules on the
interfacial behavior of the oil/brine system. They revealed
that an asphaltenic film forms at the oil/brine interface, and
the asphaltene accumulation in this film depends on the heavy
metal content, polarity, and aromaticity. Recently, it was
indicated that the adsorption of surface active agents onto oil/
brine surface is also dependent on brine salinity [24,38,39].
Therefore, considering the role of brine chemistry and its
interaction with oil surface-active components helps to
perceive the electrical behavior of the oil surface. Hence, this
work developed a diffuse-layer SCM considering the impact
of brine pH, salinity, and composition on the surface site
density of oil surface and its electrical behavior. Using density
functional theory (DFT), Andersson et al. [40] indicated that
it is more favorable for acid and base materials to accumulate
at the oil/brine interface than the oil bulk. In other words, the
total acid and base numbers of crude oil are the indexes of the
surface density site of these surface active agents at the oil/
brine interface. By analyzing Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometry data, Jan Czarnecki
[41] revealed that the composition of accumulated materials
at the oil/brine interface differs from asphaltene and resin of
the oil bulk. Yang et al. [42] sub-fractioned the asphaltene
molecules based on their interfacial activity. They showed
that less than 2% of asphaltene molecules are responsible for
interfacial properties. In another study, using experimental
findings and molecular dynamic simulation, Yang et al. [43]
showed that sub-fraction of asphaltene with higher molecular
weight and higher content of heteroatoms (e.g., oxygen) were
more engaged in crude oil/brine surface. It can be concluded
that total acid/base numbers are not a befitting representative
for surface active material or surface site density of the oil/
brine interface. However, interfacial tension (IFT) between
oil and brine is an adequate index for accumulating surface-
active materials at the oil/brine interface. Thus, in this work,
IFT was used as an index of the level of transportation of acid/
base materials to the oil/brine interface and the oil surface
site density. Figure 1 shows a schematic representation of the
relation between the oil/brie IFT and the surface site density
of oil. As shown in Figure 1, at high IFT condition (Fig.
1-Left), most surface-active molecules reside inside the oil
bulk. Changing brine to achieve a low IFT condition (Figure
1-Right) causes the surface-active molecules to travel into
the oil/brine interface.

The presented literature lacks an SCM that considers the
fluid nature of oil instead of handling its surface as a solid.
Therefore, this study developed a novel diffuse-layer SCM
considering the interfacial concentration of the -COOH
group as a function of brine salinity and composition. The
model is validated by fitting the experimental { potential of
the oil/brine interface under different conditions reported in
the literature. The model is either as good as or outperforms
the previous models in the whole range of brine salinity and
composition. To develop such a model, the oil/brine IFT is
set as the index to characterize the transport of surface-active
material from the oil bulk to the interface and to determine
-COOH site density at different salinity and composition. A
new concept is developed for surface chemistry and the issue
of the adsorption of monovalent ions such as Na is addressed
using the new model.
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Fig. 1. Relation between the oil/brine IFT and the accumulation of
surface-active materials at the oil surface with changing brine.

Materials and Methods

The existing surface complexation models, describing
the electrical properties of the oil/brine interface, consider
that the surface site density is always constant, even with a
change in brine salinity and composition [44.45]. The issue
was addressed by calculating the surface site density based
on the acid and base content of oil and the IFT behavior of
the oil/brine system.

Surface Complexation Model

Step 1: Determining Surface Site Density as a Function of
the Oil/Brine IFT

This study uses the oil/brine IFT as an index to describe the
concentration of surface-active materials at the oil/brine
interface. Farhadi et al. [39] developed a mathematical model
(see Eq. (1)) based on the drift-diffusion theory to describe
the transport of polar molecules from the oil bulk to the

interface.

y(@t)=y,—ADt (1)
where y(t) is time-dependent interfacial tension (mN/m), y 0
is interfacial tension at the beginning of the oil drop formation
(mN/m), A is a constant depending on the oil composition, D
is the diffusion coefficient of polar molecule from oil bulk
to the interface (m2.s™), and t is time (s). Brine salinity and
composition could change the oil/brine IFT [39.46-48]. The
oil/brine IFT reaches equilibrium, giving enough time at t_.
In the current study, to simplify the physics of the problem, it
is assumed that t_ is the same for all brines. For the desired
brine (denoted by “x”) and the brine with minimum IFT
(denoted by “min”), at the equilibrium condition, Eq. (1) is
rewritten in the form of Eqgs. (2) and (3), respectively.

1oy (t,) =AVD, 1) 2)
YO_Yinln ( eq) A\/( max eq ) (3)
Eq. (4) is derived by d1V1d1ng Eq. (3) by Eq. (2):
70_7mm(teq)_ Dmax Dx yO_;/x(teq) 2
=N o o 2 )
70_}/x(teq) Dx Dmmc 7/0_7min(teq)

The ratio of the diffusion coefficient of polar molecules (D /
D), equals the ratio of the concentration of surface-active
material at the interface (or the ratio of total surface site
density). In other words, the total surface site density for the
desired brine can be obtained by Eq. (5):

70~ 7 teg)
70~ 7 min(teq)

2 (5
N—COOH+N—NH)X=(N—COOH+N—NH)maxX( ) ©)

where N .

and N, denote the density of -COOH (carboxyl
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ic acid) and -NH (Ammonium) groups at the oil surface. There-
fore, to obtain the surface site density of the desired brine, one
should first estimate the maximum surface site density.
Eftekhari et al.[49] thermodynamically obtained the acid
(N_¢oor) and base (N-NH) site density using total acid and
base numbers. respectivelv [491.

N- ooy = 06025 10°—TAN (©)
1000a _; X MW,
TBN
N_ = 0.602 % 10° 7
—NH 19" 0002 i X MWion )

where 0.602x10° is the conversion factor from mol/m? to #/
nm?, TAN is the total acid number (mg KOH/g oil), TBN is
the total base number (mg KOH/g oil), aoil is the specific
area of oil (m%g), and MWKOH is the molecular weight of
KOH. In the current study, the oil drop was assumed spherical
with a diameter of 1 um; therefore, the specific surface area
of oil is 6.88 m*g. Eftekhari et al.[49] assumed all the oil
bulk’s acid and base molecules are present at the interface.
However, only a fraction of the acid and base groups can be
surface-active material. Bonto et al. [44] corrected Egs. (6)
and (7) to apply the mentioned concept based on the previous
experimental evidence (see Egs. (8) and (9)):
N oo ma=0-10.678(N ,,,;0.05) 8
NNH max:2/3 NNH (9)
The total surface site density versus brine salinity/composition
can be predicted by inserting N, and N,  (obtained
from Eqgs. (8) and (9), respectively) into Eq. (5). Then, based
on the pH condition one can roughly estimate the amount of
Neoon , and Ny, separately.

Measuring the { potential of oil/bine in different pH and
salinity values, Buckley et al. [50] indicated that base groups
affect the interface electrical properties only at very low pH.
Nenningsland et al. [51] also stated that the travel of the base
group from the oil bulk to the interface is negligible at pHs
larger than 4. At pH values above 4, carboxylic dissociation
dominates the crude oil/brine IFT behavior. Bertheussen
et al. [52] showed that the transport of base groups to the
interface is a function of their molecular weight, in which the
high molecular weight bases (dominant species in crude oil
samples) do not significantly partition into the aqueous phase.
However, high and low molecular weight acid groups partition
into the aqueous phase at pHs higher than 5. Also, Farhadi et al.
[39] showed that the IFT behavior of crude oil/brine originated
from carboxylic acid groups, which agrees with other studies
[48,53-55]. Therefore, this study assumes that the -NH density
is a constant value and rewrites Eq. (5) as follows:

o= 7o) ]2 (10)
Y min( * eq)

Eq. (10) determines the -COOH site density for the crude oil
in contact with a brine sample. As stated before, v, is the IFT
between oil and brine when they first come into contact. For
every oil sample, the IFT is the largest value since no surface-
active molecules have yet traveled from the oil bulk to the
interface. Usually, dynamic IFT (the IFT vs. time) is not an
available experimental data; therefore, y, is set as a matching
parameter (based on the experimental { potential), which
should be higher than the largest measured equilibrium IFT.
Also, v, . is the minimum IFT related to a state in which all
surface-active molecules of oil bulk travel to the interface.

COOH

N

—coonx=N

— COOH max x [
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This parameter was also considered a matching parameter
(based on the experimental { potential), constrained by the
smallest measured equilibrium IFT. Finally, y_or IFT should
be specified for each salinity, and composition. The IFT data
were extracted for each oil and described in Appendix A.
Step 2: Defining the Surface Reactions

After determining the oil surface properties, a diffuse
double-layer surface complexation model was implemented
in PHREEQC V.03 to estimate the oil surface potential.
PHREEQC is a geochemical modeling software based on
the C++ programming language. To generate the diagrams
of this study, [PhreeqcCOM-3.7.3-15968 was coupled with
MATLAB software. This coupling expedited the diagram
generation and didn’t change the outcomes of PHREEQC
V.03. to Reactions 1-4 (see Table 1) and their equilibrium
constants are taken from Brady et al.[56]. Reactions 5-9 (see
Table 1), which consider weak bonds and Na adsorption, are
taken from Bonto et al.[44]. The current study introduces
reactions 8-10 (see Table 1) that have the same stoichiometry
and equilibrium constants as reactions 2-4; however, the sign
“>>” gtates that carboxylic acid groups have a variable surface
site density with changing brine salinity/composition based on
Eq. (10). Table 1 introduces three models to compare the novel
model of this study (Model C) with previous models (models
A and B). Model A assumes that carboxylic acid groups have a
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manipulates Model A by considering the change in the surface
site density of carboxylic acid groups with brine salinity/
composition.

The total base number of all crude oil samples used in this
study was unknown. Therefore, the Surface site density
of ammonium groups (-NH) was considered a matching
parameter. The value of this parameter is reported in Table 2.
The total acid number of all crude oil samples used in this study
was available. Therefore, the surface site density of carboxylic
acid groups for Model A and Model B is estimated through
Eq. (8). The surface site density of carboxylic acid groups for
Model C is obtained from Eq. (10).

Surface charge (c,) was obtained by subtraction of the total
mole of positive surface species (such as -NH*, -CO,Ca’,
-COMg") from that of negative surface species (such as
-COO) as follows:

F
o =g Qm, =2m,) (11)

where F is Faraday constant (96485 C/mol), A is specific
surface area (m?/g), S is the amount of oil distributed in brine
(g/L), m is the mole of ith positive surface complex (mol/m?),
and m_ is the mole of i" negative surface complex (mol/m?).
Then, the surface potential () was related to the surface
charge using Grahameh Eq., derived from Gouy-Chapman
model [57].

i s i . ZF

ek bands and Na adsorption o Model A 1) Model € © 00050k (i) "
Table 1 The surface reaction of crude oil and water species and their equilibrium constant.

# Surface reaction Log K Model A Log KModel B Log K Model C

1 6.00 7.27 6.00

2 -4.80 -4.65 0

3 -3.80 -3.30 0

4 -4.00 -3.30 0

5 0 -3.40 0

6 0 -6.23 0

7 0 -4.60 0

8 0 -4.60 0

9 0 -5.70 0

10 0 0 -4.80

11 0 0 -3.80

12 0 0 -4.00
Table 2 The matched parameters of different models used in this work.

Crude oil I [ 22 3.8 0.05 0.05 0.05 0.6 0.6 0.3

Crude oil IT 21 | 21.4 5.5 0.05 0.05 0.05 0.3 0.3 0.3
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where ¢ is the dielectric constant of pure water, ¢ is the
vacuum permittivity (8.854x102 F/m), T is the absolute
temperature (298.5 K in this study), R is the constant of the
ideal gas (8.314 J/(mol.K)), I is the brine ionic strength (M),
and Z is the charge of a symmetric electrolyte sample.
Step 3: { Potential Determination

Using the obtained surface potential, we calculated the
potential using the Gouy-Chapman Eq. (see Eq. (13)).

kx

I+ye”

2K, T
p(x) === ) (13)
where
Yy
e? —1 14
Y= (14)
e? +1
where y  is the reduced surface potential as follows:
Wry= _[e(l//;" (15)
B

where v, is the surface potential, k;, is the Boltzmann constant
(1.38064852x10 m*kgs?K™"), e is the charge of an electron
(1.60217662x10-" C), T is the absolute temperature (K), and
x is the distance of shear plane (where £ potential is assumed to
be measured [58]) with the crude-oil surface. The shear plane
lies near the outer Helmholtz plane (OHP); however, there is
not a clear understanding of the distance of the shear plane from
this surface [58,59]. Literature has reported different values for
shear plane location, i.e., 0.33 nm [60,61], 0.6 nm [50,62,63],
and 2 nm [64]. Therefore, the current study assumed that the
distance between the oil surface and shear plane for each crude
oil sample is a matching parameter between 0.3 and 0.6 nm
(based on the experimental { potential). The matched values of
x are reported in Table 2.

Step 4: Validation

The final step is to assess the performance of the models
presented in Table 1. Therefore, we compare the calculated
C potential for each model with the  potential values of
the literature. A few experimental works have studied the
oil/brine { potential. Fewer of these works measured the
potential and the IFT of crude oil/brine simultaneously,
which are as follows:

1- Farhadi et al. [65] measured the { potential and the IFT of
crude oil I/single-salt brines (including NaCl, CaCl,, MgCl,,
Na_SO,, and NaHCO,) in a wide range of salinity.

2- Mahmoudzadeh et al. [25] and Farhadi et al. [ 12] used the
same crude oil (named crude oil II) to measure the { potential
at different salinity levels of Persian Gulf seawater.

The matching parameters for the mentioned oils are listed in
Table 2.

Results and Discussion

The Effect of Ionic Strength on Single Salt Brine

Farhadi et al. [65] measured the IFT and { potential of crude
oil in contact with different single salt brines, including
NaCl, Na,SO,, NaHCO,, CaCl,, and MgCl,. They provided
experimental evidence on the impact of the crude oil/brine
IFT on the role of individual ions (such as Na, Ca, and Mg)
in the electrical behavior of the crude oil surface.

Na* Concentration

The results of C potential predictions of each of the surface
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complexation models, described in Table 1, were plotted
against the experimental results of Farhadi et al. [24] for NaCl
and Na,SO, brines. As shown in Fig. 2, neither Model A nor
Model B can predict the general relation between the crude
oil/brine ¢ potential and ionic strength. Model C, the novel
model presented in this study, can match the experimental
data in trend and value.

(A)

——Model A
—Model B
—Model C

m Experimental

-40

Zeta potential (mV)

=50

-60

04 0.6 0.8 1

lonic strength (M)

—Model A
—Model B
—Model C
B Experimental

Zeta potential (mV)

0.4 0.6
Tonic strength (M)

Fig. 2 { potential of crude oil I/brine at different salinity levels for a)
NaCl brine and b) Na,SO, brine.

Model A assumes that the surface site density is constant.
Also, based on Table 1, Model A does not consider Na or Cl
adsorption on the surface. Therefore, based on Model A, a
decrease in the ionic strength in an almost fixed pH reduces
the £ potential due to EDL expansion. Model B considers the
effect of Na* ions by Na adsorption on the crude oil surface.
Hence, based on Model B, a reduction in the ionic strength
decreases the  potential due to EDL expansion and less Na
adsorption. Fundamentally, none of these two models can
predict the increase in the { potential with salinity reduction.
However, Model C predicts the experimental data by con-
sidering the variation in -COOH density as a function of the
IFT behavior.

Since the change in IFT and { potential for NaCl and Na,SO,
are similar, we selected NaCl brine for more investigation.
Figure 3 shows the concentration of surface species formed
at the crude oil/NaCl brine interface based on Model C. As
shown in Fig. 3, the IFT increases with salinity reduction.
Therefore, a less carboxylic group should be available at the
interface with brine dilution. As a result, as observed in Fig.
3, -COO" concentration reduces, and the crude oil surface be-
comes less negatively charged.
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Fig. 3 The concentration of surface complexes based on Model C

12 1/4

and the measured crude oil I/brine IFT versus ionic strength for
NaCl brine at different salinity levels.

The schematic representation of Fig. 4 provides a more vivid
image of the impact of considering the IFT behavior on the
electrical properties of crude oil/brine. In the low IFT/high
salinity condition (Fig. 4-left), there are more carboxylic
acid groups than in the high IFT/low salinity condition (Fig.
4-right). Therefore, as can be observed in Fig. 4, there are
more dissociated carboxylic acid groups (-COO-) at low
[FT/high salinity conditions. For NaCl brine, the increase in
-COOH density opposes and overcomes the effect of EDL
shrinkage due to an increase in salinity. Therefore, more NaCl
concentration leads to a more negative charge on the crude oil
surface. In the case of NaHCO,, IFT remains almost constant
with salinity. Fig. 5 compares the predicted  potentials of
surface complexation models, described in Table 1, plotted
against the experimental results of Farhadi et al. [24].

Low IFT High IFT
= Surface/zeta potential # & Surface/zeta potential &
T0 ro
a
o
e
2
= Shear plain Shear plain
o)
I #
NaCl (aq) 10dxNacCl (aq)

Fig. 4 Schematic representation of the impact of IFT on the surface
charge of crude o0il/NaCl brine.

2

= .30

=

2 ——Model A

°

3 ——Model B

3 -50 Model B- No Na+ adsorption
——Model C

60 .
B Experimental

-70

0/2 0/4 0/6 0/8 1

Ionic strength (M)
Fig. 5 { potential of crude oil I/brine at different salinity levels of
NaHCO, brine.

12 1/4
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As shown in Fig. 5, all models can capture the general trend
of data. Model B has the worst performance in matching
experimental data. However, the same model without Na
adsorption (dashed purple line in Fig. 5) provides a good
prediction of the experimental { potential. Model C performs
slightly better than Model B (without Na adsorption). None
of the models suggest the Na* adsorption on the oil surface.
One can conclude that, in the absence of IFT change, all
model performs relatively well. Model C provides a better
match for the case with slight change in IFT. Also, as shown
before, only Model C provides a satisfying performance in the
case of major change in IFT. Fig. 6 shows the concentration
of surface species formed at the crude 0il/NaHCO, brine
interface based on Model C. As shown in Fig. 6, the IFT
didn’t change significantly with salinity reduction. Therefore,
an almost constant carboxylic group number should be
available at the interface at different salinity. As a result, as
observed in Fig. 6, -COO" concentration is insensitive to the
ionic strength.

—>>C00-

T T —

—-NH+ ®m IFT

9/0E-07
8/0E-07
7/0E-07
6/0E-07
5/0E-07
4/0E-07
3/0E-07
2/0E-07
1/0E-07
0/0E+00

pH

Surface complex specious (M)

0 0/2 0/4 0/6 0/8 1 172

Fig. 6 The concentration of surface complexes based on Model C
and the measured crude oil I/brine IFT versus ionic strength for
NaHCO, brine at different salinity levels.

Fig. 7 shows a schematic to explain why salinity reduction
significantly decreases the { potential. In the case of constant
IFT with brine salinity/composition, as discussed before,
the -COOH density doesn’t change with salinity. In other
words, the -COOH density remains constant during a change
in NaHCO, concentration. Also, as concluded, No Na
adsorption occurs at the crude oil surface.

EDL thickness

NaHCO:3 (aq)

10dxNaHCOs3 (aq)

Fig. 7 Schematic representation of the impact of IFT on the surface
charge of crude 0il/NaHCO, brine.
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However, EDL expands as a result of brine dilution. The EDL
expansion reduces the drop in { potential with distance from
the crude oil surface. In other words, for a more diluted brine
sample, the { potential is closer to the surface potential. Also,
based on Eq. 13, the surface potential per se is a function
of ionic strength. In the case of a constant surface charge,
a decrease in the brine ionic strength reduces the surface
potential. Therefore, the EDL expansion and the reduction
in the surface potential, solely due to a decrease in ionic
strength, reduce the { potential significantly.

Ca?/Mg?* Concentration

The { potentials predicted by the surface complexation
models, described in Table 1, were plotted against the
experimental results of Farhadi et al. [24] for CaCl, and
MgCl, brines. As shown in Fig. 8, Model A and Model B
predict the general relation between the crude oil/brine
potential and ionic strength. However, Model C can match
the experimental data in both trend and value.

z
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2 —Model B
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N 15 —Model C

B Experimental
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(a) Tonic strength (M)
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Zeta potential (mV)
s

0 0.2 04 0.6 0.8 1 12 14

lonic strength (M)
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Fig. 8 { potential of crude oil I/brine at different salinity levels for:
a) CaCl, brine. b) MgCl, brine.

Fig. 9 shows the IFT of crude 0il/CaCl, and the concentration
of surface complexes based on Model C. As shown in Fig.
9, the equilibrium IFT increases from 4.8 to 11 mN/m by
diluting CaCl, brine from the initial concentration (1.19 M)
to 5-time diluted CaCl, (0.23 M). Therefore, as shown in Fig.
9, fewer carboxylic acid groups are present at the interface at
the high IFT/low salinity condition. The change in -COOH
density helps us to understand how Model C outperforms
Model A and Model B at intermediate and low salinity levels.
As described, Model A and Model B assume that -COOH
group density doesn’t change with brine salinity/composition.
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Fig. 9 The concentration of surface complexes based on Model C
and the measured crude oil I/brine IFT versus ionic strength for
CaCl, brine at different salinity levels.
Notably, an increase in CaCl, causes a slight decrease in
pH. Therefore, -COOH decreases slightly with an increase
in the ionic strength. In other words, these models express
that brine dilution slightly increases the -COO-, as depicted
in Fig. 9 (dashed green line). However, Model C considers
the reduction in Ca?**/Mg?* ions with brine diluting and the
decrease in -COO- site density. Therefore, for example, at
very low salinity (dashed black box in Fig. 8), Model C shows
a higher value for the C potential than the other models.
Fig. 10 shows a representative schematic of Model C to
describe the electrical behavior in the presence of Ca*/Mg**
ions. As stated in Fig. 9, the crude oil/brine IFT decreases
with increased Ca?' concentration. Therefore, as shown in
Fig. 10, more -COO" sites occupy the oil/brine interface in
the case of CaCl,, compared to 10-time diluted CaCl,. Also,
adding salinity would result in more Ca®" in the solution,
which leads to more absorption of Ca?" on the -COO- sites.
Thus, increasing Ca®* concentration from 10-time diluted
CaCl, to CaCl, increases the surface and the { potential of
crude oil/brine from a negative to a positive value.

Low IFT High IFT

=}
Q
&

o

Shear plain

EDL thickness

>

CaCl: (aq) 10dxCaCl: (aq)
Fig. 10 Schematic representation of the impact of IFT on the surface

charge of crude oil/CaCl, brine.

Conclusions

The current study developed a novel diffuse layer surface
complexation model based on the interfacial concentration
of surface carboxylic acid. [FT behavior was set as an index
to describe the interfacial density of -COOH sites. The
model could successfully match the experimental data of the
literature better than all previous models. The key findings of
this study are as follows:

* Considering the transport of surface-active material from
the oil bulk to the oil/brine interface was the main reason
behind the developed model’s success. Previously, surface
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site density was assumed constant, similar to the rock surface.
However, using the oil/brine IFT, this study demonstrated
that acid (-COOH) cite density is a function of brine salinity
and composition.

* The model showed no monovalent ions, Na*, Cl, and SO 42',
can be adsorbed on the oil/brine interface. The role of these
ions in the electrical behavior of crude oil/brine is only to
affect the interfacial concentration of -COOH.

* Although Na* doesn’t adsorb on the oil surface, a reduction
in Na concentration led to an increase in the IFT. Therefore,
a less carboxylic group would be available at the oil/brine
interface. As a result, -COO concentration reduces, and the
crude oil surface becomes less negatively charged.

* The current study indicated that not only Ca* and Mg
are PDIs for a more positively charged interface, but the IFT
increase (in this study, for example, by salinity reduction)
is another factor that makes the oil/brine interface more
positive.

* The model of this study could predict the optimum salinity
where the { potential is minimum. All previous models state
that salinity reduction results in a decrease in the { potential.
However, the developed model of this study could predict
the increase in the { potential by further brine dilution after
a certain salinity.

« It should be noted that the model considers carboxylic acid
as the only surface-active material of the oil bulk. However,
basic components can act as surface-active material, too (not
in the condition of the current paper). This study suggests
that building a comprehensive model to predict the travel of
surface-active material from the oil bulk to the interface is
the next step to fully predicting the oil/brine interface.
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