Journal of Petroleum Exploration and Production Technology (2021) 11:769-781
https://doi.org/10.1007/513202-020-01020-1

ORIGINAL PAPER-PRODUCTION ENGINEERING q

Check for
updates

Theoretical and experimental investigation of effect of salinity
and asphaltene on IFT of brine and live oil samples

Aboozar Soleymanzadeh' - Ahmadreza Rahmati? - Mohammad Yousefi® - Babak Roshani?

Received: 23 May 2020 / Accepted: 8 October 2020 / Published online: 20 October 2020
© The Author(s) 2020

Abstract

Several factors influence the IFT of oil and formation water. These factors are rooted in the complex composition of oil, pres-
ence of different salts in water, water salinity, temperature, and pressure of reservoir. In the first part of this paper, effect of
salinity on IFT between brine and an Iranian live oil sample has been studied experimentally. It is observed that IFT increases
almost linearly with brine concentration. Also, linear increasing behavior of IFT with respect to pressure is obviously seen.
Then, using thermodynamic properties such as surface excess concentration, chemical potential, chemical activity, and
activity coefficient, results were analyzed and observed effect of salinity and pressure were justified thermodynamically. In
the second part, the effect of asphaltene on IFT reduction has been studied. In previous works, the investigators extracted
resin and asphaltene and then examined their effects on IFT in the absence of other fractions of oil phase. We believe that
all fractions play a role in this phenomenon so, in this paper, the effect of natural surfactants of oil phase on IFT has been
investigated in presence of all fractions of oil. Hence, SARA test was performed on all samples. Then, IFT between oil sam-
ples and brine were measured using captive drop instrument at 25 °C and 3000 psia. Results showed that neither asphaltene
content nor asphaltene/resin ratio is a good indicator for effect of asphaltene on IFT, whereas colloidal instability index could

be a useful tool to predict asphaltene effect on IFT.

Keywords Interfacial tension - Asphaltene - Salinity - Chemical activity

Introduction

Surface tension or interfacial tension (IFT, denoted by o) is
a parameter that describes behavior of interface between two
immiscible fluids. Generally, surface tension and interfacial
tension are applied for interfacial forces between gas/liquid
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and liquid/liquid interfaces, respectively. Attraction forces
for two immiscible fluids in their bulk volumes and at their
surface are presented in Fig. 1 (McCain 1990; Dandekar
2013; Barati-Harooni et al. 2016; Meybodi et al. 2016).
Sometimes IFT is defined based on change in Helmholtz
and Gibbs energies when area of interface changes by dA
(Li 2013). Equations 1 and 2 show these definitions. In these
equations, F' and G are Helmholtz and Gibbs energies.

o= (%)
“\94 )rpn, @

Several variables influence the IFT of oil and formation
water. These factors are rooted in the complex composition
of oil, presence of different salts in water and wide varia-
tion of formation water salinities, temperature and pressure
condition of reservoir. Hoeiland et al. (2001) concluded that
the value of IFT reduces only at high pH condition when
the crude oil sample contains acidic components. Bai et al.
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Fig. 1 Attraction forces for two immiscible fluids

(2010) showed that when pH > 10, there is a drastic decrease
in IFT with increase in pH. At basic condition, the acidic
species in the polar components create naphthenates, which
can interact with petroleum sulfonate. The synergetic influ-
ence of petroleum sulfonate and the active species of crude
oil sample can create a remarkable reduction in the IFT
value. They stated that the sample with higher acid number
creates more naphthenates, resulting in the lower values of
IFT. Cratin (1993) and Kelesoglu et al. (2011) reported that
the reduction of IFT between brine and oil with increasing
pH value is related to the dissociation of acidic constituents.
Buckley and Fan (2007) investigated effect of various vari-
ables such as pH of brine, fluid densities, fluid viscosities,
asphaltene content of oil and acid and base numbers. They
used 42 oil samples and different aqueous solutions includ-
ing double-distilled water (DDW), 0.1 M NaCl, and syn-
thetic seawater. The asphaltene content of their oil samples
varied from 0.05 to 8.75 wt%, acid numbers changed from
about 0.01 mg KOH/g oil to 3.92 mg KOH/g oil, and base
numbers ranged from 0.11 to 5.19 mg KOH/g oil. Buckley
and Fan reported that the key oil properties which corre-
late with IFT between oil and pH-adjusted distilled water
and 0.1 M NaCl solutions are the asphaltene content, acid
number, base number and viscosity. They concluded that
IFT reduces with increasing acid number and increases
with increasing viscosity. Furthermore, they stated that
IFT increases with increasing base number. Acid number
is effective in the very basic condition, i.e., for pH > 10.
Ultralow IFT values are obtained for acid numbers greater
than 0.1 mg KOH/g oil. Additionally, Buckley and Fan
found that the base number influences IFT at weakly basic
oil condition.

Alves et al. (2014) studied the effect of the salinity of
the brine phase on the interfacial properties of the brine
and crude oil. Their results revealed that increasing the salt
concentration enhances the total interfacial elasticity and
elastic and viscous modulus. Furthermore, they concluded
that the presence of salt in aqueous phase increase the
rigidity of the interfacial film. Also, addition of salt into
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the aqueous phase improves the interfacial activity of the
surfactants that enhances the elasticity and compressibility
of the interface.

Lashkarbolooki et al. (2016) categorized effect of oil
and formation water compositions on IFT in three groups:
(1) existence of asphaltene and resins in oil composition
as natural surfactants, (2) salinity of formation water, and
(3) the presence of different types of salts.

Lashkarbolooki and Ayatollahi (2018) examined the
effect of acid number, asphaltene and resin content of the
oil on the IFT between oils and brine solutions with dif-
ferent pH values and salt concentrations. They reported
that acid number is not sufficient to describe the interfa-
cial behavior of different oil samples. Lashkarbolooki and
Ayatollahi stated that the presence of heteroatoms such
as those containing sulfur, nitrogen, and oxygen in the
asphaltene structure and the pH brine phase significantly
affect the value of IFT. Moreover, the changes of IFT with
respect to pH are similar for both seawater and deionized
water.

Sayed et al. (2019) measured the IFT value between
decane containing a homologous series of carboxylic
acids and brine including different anions and cations.
Their experimental results showed that salinity does not
greatly influence the value of IFT between pure dacane
and brine solutions. Moreover, they reported that addi-
tion of carboxylic acids into the decane phase considerably
decreases the IFT between dacane and brine. But, Sayed
et al. did not observed significant influence of the carbon
chain length. They concluded that there are no clear trends
between the IFT values when the cation changes from Na*
to K™ and Ca** with the anion being kept unvaried as CI~.
In contrast, they indicated that variation of the anion from
chloride to carbonate greatly reduces the IFT. In other
words, presence of the carbonate anion in the brine phase
increases the pH value and therefore a transformation of
the constituent acids from neutral to their anionic form.

Drexler et al. (2020) studied the effect of CO, content
of oil on the IFT using measurement of IFT between a
high salinity water and an oil sample with a high value of
base number and non-negligible acid number. Their results
showed that dissolution of CO, leads to 56% increase in
IFT which indicates that despite the high value of base
number of the oil sample, basic groups have insignificant
surface activity. Moreover, Drexler et al. investigated the
effect of pH on IFT and concluded that the maximum value
of IFT was obtained at strongly acidic condition, but con-
stant values of IFT values occurred at neutral and basic
conditions.

The main affecting parameters on recovery of trapped oil
after primary and secondary production are wettability, IFT,
and viscosity. These parameters are included in a dimension-
less number as capillary number, N_,. N, is defined as Eq. 3:
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where p is viscosity of injected fluid, V is velocity and € is
contact angle. For an ideal enhanced oil recovery (EOR) pro-
cess, N, should be maximized. Decrease in IFT increases
value of capillary number. So, one of the main mechanisms
in most of EOR processes such as low salinity water injec-
tion, smart water injection, and surfactant injection is reduc-
tion of IFT. In the mentioned EOR operations, salinity of
injected water has great influence on the performance of that
operation (Barati-Harooni et al. 2016).

As noted in this section, most of the experimental stud-
ies on the IFT between oil and brine have been conducted
on the dead oil sample or pure hydrocarbon such as decane.
Also, review of these studies reveals that the effect of pres-
ence of saturate and aromatic fractions of the oil samples
has not been considered and less attention has been given to
the thermodynamics of the effect of pressure and concen-
tration on IFT. Therefore, in this work, the effect of salin-
ity (different concentrations of NaCl in distilled water) and
presence of saturate and aromatic fractions of oil sample on
IFT between brine and a live oil sample (sample A) from an
Iranian reservoir were studied experimentally. Experiments
were conducted at 25 °C and in the concentration range of
50,000-260,000 ppm NaCl in distilled water and pressure
2500 psi up to 4000 psi. Furthermore, obtained results are
analyzed and observed effect of salinity and pressure are
justified thermodynamically.

Effect of salinity on IFT between brines
and oils

Numerous studies have been done on the effect of water
salinity on the IFT between hydrocarbon and brine phases.
These studies showed different and in some cases opposing
behaviors. Most of investigators reported an increasing trend
in IFT due to increase in water salinity. Some researchers
suggested contrasting behavior. Several studies about effect
of water salinity on the interfacial tension between hydro-
carbon and brine systems are given in Table 1.

From Table 1, it can be concluded that behavior of a
hydrocarbon/brine system generally depends on the type
and amount of salts and natural surfactants in the oil/brine
system.

Effect of asphaltene on IFT between brines
and oils

Because of complex structure of crude oil, its elemental
examination is very difficult. SARA separation is a spe-
cial analysis of oil sample. In this technique crude oil is

divided into four main fractions based on their solubility
and polarity: saturates, aromatics, resins, and asphaltenes.
Saturates are nonpolar fraction of crude oil. They have
no double bonds in their structure and involve groups of
straight chain and branched alkanes and cycloalkanes or
naphtenes. Aromatics fraction includes benzene and its
different derivatives (Ashoori 2005; Kord and Ayatollahi
2012).

Asphaltenes are the heaviest part of the crude oil which
have not definite structure. They are defined as a fraction of
oil that is insoluble in light normal alkanes such as n-pentane
or n-heptane but soluble in aromatics solvents such as tolu-
ene and benzene (da Silva Ramos et al. 2001; Castillo et al.
2009). Resin is a fraction of oil which is not soluble in liquid
propane or ethyl acetate but soluble in n-alkanes and aro-
matic solvents (Kord and Ayatollahi 2012; Arya et al. 2015).
Polar properties of crude oil are mostly related to its asphal-
tene and resins content because of presence of heteroatoms
(Nitrogen, Oxygen and Sulfur) in structure of these frac-
tions (Hammami et al. 2000). When asphaltene is separated
from oil, asphaltene precipitates. This phenomenon can take
place in a vast domain from porous media to flowlines and
separation units. Two main approaches have been suggested
in the literature for precipitation of asphaltenes: solubility
and colloidal approaches. In solubility model, asphaltene is
considered as a fraction which has been dissolved in the oil
phase as real solution. Therefore, changes in thermodynamic
conditions may result in asphaltene precipitation (Yarranton
et al. 2000). In colloidal model, asphaltenes are assumed as
suspended particles in oil which stabilized by layers of resins
on their surfaces. Stability of suspended asphaltene particles
is disturbed due to desorption of resin layers from asphaltene
particles. Collisions of asphaltene particles with each other
on empty spots of their surfaces (which are not occupied by
resins) can lead to asphaltene precipitation (Escobedo and
Mansoori 1995; Yen et al. 2001; Arya et al. 2015).

Literature review on properties of asphaltenes and res-
ins shows that they affect the interface of water and oil
system and change IFT based on composition of water
and oil phases. Therefore, these fractions of oil can be
considered as natural surfactants. It should be noted that
the mechanism of IFT change by these natural surfactants
is not well understood (Lashkarbolooki et al. 2014, 2016;
Lashkarbolooki and Ayatollahi 2016).

Moeini et al. (2014) used the structure of asphaltene
particles to confirm their surfactant nature: asphaltenes
consist of a hydrophobic part (hydrocarbon) and hydro-
philic part. Hydrophilic part aligns in the water and the
hydrophobic group orients into the oil phase. Therefore,
asphaltene particles tend to adsorb at the interface of water
and oil system which causes decrease in IFT. So, it can be
expected that asphaltenes play a role such as surfactants
in IFT reduction. Moeini’s et al. results showed that IFT
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of heavy oil samples and brine is much lower than IFT of
pure hydrocarbons and brine which is related to the pres-
ence of natural surfactants such as asphaltenes and resins
in oil phase. Lashkarbolooki and Ayatollahi (2016) meas-
ured the IFT between solutions of 8 wt/wt% asphaltene
and resin in toluene and deionized water. They stated that
lower IFT values of these solutions with respect to IFT of
pure toluene and deionized water are related to surfactant
roles of asphaltene and resins.

Yarranton et al. (2000) measured the IFT between solu-
tions of Athabasca asphaltene (extracted by n-heptane and
n-pentane) in toluene and water. They found that IFT of
these two systems continuously decreases with increasing
asphaltene concentration. Zaki et al. (2000) prepared solu-
tions of asphaltene in oil at different concentrations. At first,
they provided a liquid sample by dissolution of 20 wt% of
paraffin wax in decalin and then prepared different model
oils by addition of asphaltene (0.2—1 wt%) to this solution.
Zaki et al. measured IFT between these solutions and syn-
thetic formation brines and found that IFT decreases with
increasing asphaltene concentration. da Silva Ramos et al.
(2001) performed some IFT measurements between water
and solutions of asphaltene (extracted from a Brazilian reser-
voir by n-pentane and n-heptane) in toluene. They concluded
that IFT decreases as asphaltene concentration increases.
They noted that precipitant type in asphaltene extraction pro-
cess affects IFT reduction behavior of asphaltene. Acevedo
et al. (2005) measured IFT between distilled water and solu-
tions of asphaltene (extracted from Negro crude oil sample)
in toluene. They observed reducing effect of asphaltene on
IFT. Lashkarbolooki et al. (2016) investigated the effect of
asphaltene and resin content of an acidic crude oil sample
on IFT of sample and aqueous phase with different compo-
sitions. They extracted asphaltenes and resins fractions of
their studied crude oil sample. Their results showed that the
asphaltene and resin content of acidic crude oil sample were
11% and 13%, respectively. Then, they prepared two solu-
tions of 8 wt/wt% extracted asphaltenes and resins in toluene
and measured IFT of these two solutions and different aque-
ous phases, i.e., different brines including MgCl,, NaCl, and
CaCl,, to examine the sole influence of the asphaltene and
resin contents on IFT. Their results revealed that none of
aqueous solutions of MgCl,, NaCl and CaCl, could moti-
vate the resin fractions to move from the bulk of crude oil
to the solution interface, and therefore the aqueous solu-
tions reached to the high values of IFT at low concentra-
tions. In contrast, for solutions with high concentrations of
MgCl,, the likely complex ion paired containing MgCl, and
resin transferred toward the solution interface while NaCl
and CaCl, cannot break this molecular arrangement at the
interface. Indeed, they concluded that three main affecting

factors on IFT of oil/water system are presence of natural
surfactants in oil phase, salt type and concentration of salts
in aqueous phase.

Experimental work
Materials

Hydrocarbon phases of this work are four live oil samples,
namely samples A, B, C and D from four Iranian reservoirs.
These samples were prepared by recombination of separa-
tor gas and oil samples from production units. In order to
provide live oil samples, oil and gas were recombined, at
25 °C and 3000 psia, by having stock tank and separator
gas and stock tank liquid compositions, gas and oil forma-
tion volume factor (B,, B,) /oil ratio (R;). Stock tank oil
was filtered through a Whatman filter paper No. 41 before
recombination. Composition of all the studied oil samples
is given in Table 2.

SARA separation test was performed for all samples.
Results are shown in Table 3.

Table 2 Composition of all the studied samples

Component  %mole
Sample A Sample B Sample C ~ Sample D

Cl 42.65 23.21 37.32 25.26
Cc2 7.88 9.19 5.49 7.76
C3 5.76 7.24 5.31 5.87
i-C4 1.10 1.22 1.02 1.02
n-C4 3.10 3.53 3.17 3.16
i-C5 1.34 1.75 1.35 1.19
n-C5 1.60 221 1.81 1.47
n-C6 224 5.06 2.82 297
H2S 0 1.76 0.36 0.06
Co, 1.33 3.63 1.05 0.23
C7+ 33 41.20 40.30 51.01

Table 3 SARA analysis of oil samples A, B, C and D

Oil sample Saturates (%) Aromatics Resins (%) Asphaltene
(%) (%)
A 55.4 12.6 28.9 3.1
B 51.8 114 27 9.8
C 49.5 37.8 8.2 4.5
D 34.9 54.1 54 5.6
&ﬁ#ﬁﬁﬁ @ Springer
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Brine phases of this study were prepared using different MmN o
concentrations of NaCl in distilled water. Sodium chlo- % ér é §
ride (NaCl: purity > 99.5%) was purchased commercially. 2 § § § §
In order to prepare brine, sodium chloride was dissolved
in the distilled water using a magnetic stirrer for at least f)

20 min. Variation of concentrations was in the range of E‘ § § % §
50,000-260,000 ppm. Salt concentration of 180,000 ppm c}:“ = = =2
was used for investigation of asphaltene effect on IFT. < SESRES
=288 3
82888
al8s88s
Density measurement i
g| |2§gk
Oil and brine densities (p, and p,, respectively) were S h 38 A
determined using DMAS5000 of Anton Paar company at SIS == ==
temperatures and pressures of interest. This apparatus can o o < oo
be applied in a temperature range of — 10 °C to +200 °C g 8 § §
and in a pressure interval of 0-700 bar. This densitom- 2 § § § §
eter measures the oscillation period of a U-tube contain-
ing fluid sample. Table 4 shows densities (in g/cc) of oil S § % g §
sample A and brine at temperature 25 °C for different = § 8 @&
conditions of pressure and salinity. Also, density of four Sl = ===
oil samples at 25 °C and 3000 psia is given in Table 5. It — e~ ©
is noted that densities were measured three times using £ 88
the DM A5000 densitometer and their average values were 2 § § § §
presented in Tables 4 and 5. Values of standard deviation
(SD) are given in Tables 4 and 5. o F2ord
S A XS
S| 2SSz
XN = = = =
O O >~ A
Interfacial tension measurement S 888
al888s8
Measurement of IFT between live oil samples and brine . I I
systems were done using pendant drop technique. Captive 8 o S R28
drop apparatus used pendant drop method for determina- g § % % % g
tion of interfacial tension. Numerous researchers applied § 2 === =
this technique for measurement of IFT (Flock et al. 1986; 3t - o — o
Hjelmeland and Larrondo 1986; Badakshan and Bakes E § § § §
1990; Bonfillon et al. 1994; Kashefi et al. 2016; Lashkar- 8 Al 8888
bolooki and Ayatollahi 2016; Najafi-Marghmaleki et al. z I I
2016). Captive drop equipment operates in a wide range of ? S % § g §
temperature (up to 200 °C) and pressure (up to 11,000 psi). g = § g g g
Figure 2 illustrates schematic of captive drop apparatus. % 2= ===

In this work, the equilibrium value of IFT was measured k] - - e —
during experiments. Indeed, in pendant drop method, the 08 ér § § §
value of IFT gradually decreases with time until reaches to Fel a § § § §
a constant value as equilibrium IFT. To obtain the equilib- ‘i é
rium value of IFT, experiments were conducted for about ‘é }: ol | @ § E §
45 min. All tests were repeated three times and their aver- S|E|8l 3582 FF
age was recorded as the equilibrium value of IFT. %’ SIS 22322
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Results and discussion
Effect of salinity on IFT of brine and oil sample A

Experimental results of IFT measurement between live oil
sample A and brines versus concentration of NaCl in dis-
tilled water is shown in Fig. 3.

Every set of data in Fig. 3 has been obtained at a constant
pressure. It is clearly observed that IFT increases almost
linearly with concentration of brines. Correlation coefficient
(R?) of each fitted line verifies linear trend of data. This
increasing behavior of IFT with respect to salinity confirms
the most of previous studies in this topic. Later, linear trend
of data will be examined from thermodynamic point of view.

To investigate the effect of pressure on the interfacial
tension of oil and brines, IFT data are plotted versus pres-
sure at constant concentrations. Linear increasing behav-
ior of IFT with respect to pressure is obviously seen in
Fig. 4 (see R?). This figure reveals that IFT values with
respect to pressure change in a wider range at higher con-
centration of brines. For example, at 50,000 ppm con-
centration, IFT change from 20.6 dyne/cm at 2500 psia
to 20.8 at 4000 psia. But, at 260,000 ppm concentration,
IFT change from 23.1 to 25.1 dyne/cm in the same range
of pressure.

To analyze the results of Figs. 3, 4 and 5, the inter-
face of two phases is examined from viewpoint of
thermodynamics.

Gibbs derived an adsorption isotherm equation in the
form of Eq. 4.

do = - ) Iy, @)

where I'; and y; are surface excess concentration and chemi-
cal potential of component i, respectively. I'; is defined as the
difference between concentration of component i in the bulk
and at the interface. According to the definition of chemical
potential, Eq. 4 can be written in the form of Eq. 5:

do = -RT ) IdIn(a,) Q)

In Eq. 5, R is gas constant, T is temperature and a; pre-
sents chemical activity of component i. For a system con-
taining two components, such as solute and solvent, I" for
solvent is zero. So, Eq. 5 can be written in the form of Eq. 6
(Moeini et al. 2014):

a do
r=——
RT da ©

To determine I', chemical activity should be calculated.
Activity coefficient (y) is related to chemical activity based on

Table 5 Density of four oil

P (psi /
samples at 25 °C and 3000 psia (psia) 1, (g/ec)

Sample A SD Sample B SD Sample C  SD Sample D SD
3000 0.814046  0.000009 0.832227 0.000034 0.807199 0.000045 0.838905 0.000003
Camera I HPHT Visual Cell _l Light Source
I —— —+
Y : —< oil I
I Transfer Vessels I
R s I _
| =
N - f | Imjection Pumps
—— — — — — — — — —]
Fig.2 Schematic of captive drop apparatus
&’f&m&ﬁ@ Springer
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concentration: « = ym, where m is molality. When a solute
experience an ionic dissociation (formation of cation (c) and
anion (a)) in a solvent, its mean activity and activity coef-
ficient can be calculated from Eq. 7. In this equation, P can
be chemical activity or activity coefficient and 9, and 9, are
stoichiometric coefficients of ionization equation (Atkins and
de Paula Atkins’ 2002).

P.+9) — Pga Plcg‘ 7

Because activity coefficient depends on ionic strength (I:
see Eq. 8) and properties of dissociated ions, several mod-
els, such as Debye—Hiickel equation, extended Debye—Hiickel
equation, Davies equation and Pitzer model were developed to
predict activity coefficient of ionic solutions.

= % 2z @®)

where Z; is the charge of ion i and m; is the molality of ion i.
The ionic strengths of brines in this work are in the range of
(0.9-6). For such high values of ionic strength, it was preferred
that Harvie’s and Weare equation is used to predict activity
coefficient of brines. This equation was based on the Pitzer
model for aqueous ionic solutions. Equations of Harvie and
Weare model are as follow (Kim and Frederick Jr 1988):

I (7,.) = =|Z ZC|A[ +b\/—

Vi <1+b\/_>] +4m<19

The parameters B, and B'ac explain the interaction of oppo-
sitely charged ions. These parameters are found using follow-
ing equations:

=P+ P (V1) (10)

%=%y@ﬁ) an

InEgs. 10and 11,0 =2. If X = a; V1, thenf(aﬂ/?) and
f (al \/?) can be written as Eqgs. 12 and 13:

2[1 = (1 +X)e7¥]

fx) = e (12)
21— (14X +0.5X%)e™]
(X)) =
=~ e (13)
Finally, C,, is calculated from Eq. 14:
co
C =_—%
ac 14
24/12.2.] (1
9. I 9,9
B+ 5B, ) +6m (=52 )9.7,C 9
8>( +2“‘+m<19 Z.Cy. ©

where v, is the activity coefficient, § is summation of stoi-
chiometric coefficients (9, + 8,.) and constants A and b are
0.392 and 1.2 at 25 °C, respectively.

Kim and Frederick Jr (1988) calculated g0, ) and
CZ)(.- for different ionic solutions at 25 °C. Values of these
parameters for NaCl in water are 0.07722, 0.25183 and

Fig. 3 IFT between oil sample 26
A and brines at different
concentrations and pressures at R? =0.9695
25°C 25 79
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Fig.4 Interfacial tension versus 26
pressure for different concentra-
tions at 25 °C
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0.00106, respectively. Data related to calculation of sur-
face excess concentration of NaCl at 25 °C are given in
Table 6.

To justify linear increasing trend of IFT versus con-
centration in Fig. 3, Eq. 5 is used. From Eq. 5 it can be
inferred that variation of IFT with respect to concentra-
tion is proportional to change in[I" In «] versus concentra-
tion. For this reason, I' Ina at 25 °C and different pres-
sures is plotted versus concentration in Fig. 5. It is clearly
observed that the linear equations are fitted on data very
well. Negative slopes of lines in Fig. 5 confirm increas-
ing of interfacial tension versus concentration in a linear
manner. R? are 0.9951, 0.9984, 0.995 and 0.993 from 2500
to 4000 psia.

Also, effect of pressure on IFT can be deduced from this
figure. Figure 5 shows that IFT data for different pressures

100000

Concentration (ppm)

150000 200000 250000 300000

are very close to each other although their difference
increases with increasing salinity. This figure confirms the
insignificant changes of IFT between brines and crude oil
with respect to pressure.

Table 6 Data related to calculation of surface excess concentration of
NaCl at 25 °C

Concentration  Ionic strength Activity coef- Mean activity
(ppm) ficient

50,000 0.9 0.73 0.66

100,000 1.9 0.59 1.11

130,000 2.55 0.54 1.37

180,000 3.75 0.48 1.79

220,000 4.82 0.44 2.14

260,000 6 0.42 2.5
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Asphaltene Effect on IFT of Four Oil Samples

In mentioned works (“Effect of asphaltene on IFT between
brines and oils’ section), the investigators extracted resin
and asphaltene and then examined their effects on IFT in
the absence of other fractions of oil phase. We believe
that all fractions play a role in this phenomenon. Hence,
in this paper, the effect of natural surfactants of oil phase
on IFT is investigated in the presence of all fractions of
oil. Hydrocarbon phases are four live oil samples, namely
samples A, B, C and D from four Iranian reservoirs. These
live samples are prepared by recombination of separator
gas and oil samples from production units. SARA separa-
tion test was performed on all samples. Results of SARA
analysis are given in Table 3. IFT between these oil sam-
ples and brine (180,000 ppm NaCl in distilled water)
were measured using captive drop instrument at 25 °C
and 3000 psia. Results of IFT measurement are given in
Table 7.

If asphaltene content of four oil samples are considered
as the only affecting parameter on IFT values, then accord-
ing to the last column of Table 3, it is expected that the
oil sample with higher portion of asphaltene would have
lower IFT with respect to identical brines (B < D<C < A).
Results show a different trend (B < A<C < D). Sample C
has a higher asphaltene content compared with sample A,
but it has a higher IFT. Why? The answer comes from the
fact that all asphaltene particles are not free to go to the
interface. In order to clarify this statement we use colloidal
model. The colloidal model presumes that the asphaltenes
are colloidal particles surrounded by adsorbed resins. The
resins are assumed to partition between the asphaltene par-
ticles and the solvent. The more asphaltene surrounded by
resins, the less freedom to act as a surfactant and reduce
IFT. It means the more asphaltenes become unstable, the
more freedom for asphaltenes to go to the interface and
reduce IFT.

One of the most popular indices for predicting the
asphaltene stability are the asphaltene—resin ratio (A/R).
A/R is the ratio of asphaltenes to resins fractions resulted
from SARA test. Asomaning (2003) stated that for a given
oil, the higher the A/R the more unstable the oil is. The
ratio makes sense intuitively since the resins are one of the

fractions that are known as peptizing agents of asphaltenes.
Since the effects of saturates and aromatics are not included
in this method, it may predict incorrectly the stability of
asphaltenes in some crudes. Based on A/R ratios in Table 7,
IFT values should be in this order: D <C<B < A, but
experiment says that B < A<C < D. Therefore, A/R is not
an appropriate method to predict the effect of asphaltene
on IFT reduction.

We have to use an index that includes the effects of
all fractions of oil. The Colloidal Instability Index (CII)
assumes the oil sample as a colloidal system made
up of the fractions as saturates, aromatics, resins, and
asphaltenes. The CII expresses the asphaltene stability in
terms of these fractions and is defined as the mass ratio
of the sum of asphaltenes and its flocculants (saturates) to
the sum of its peptizers (resins and aromatics) in a crude
oil. CII uses the weight percentages resulted from SARA
test (see Table 7). The CII has been used to predict the
asphaltene stability in crude oil-solvent mixtures (Aso-
maning and Watkinson 2000). The CII measures rela-
tive stability; the higher the value, the more unstable the
asphaltenes in the oil are and consequently the more free-
dom the asphaltenes have to act as surfactant and reduce
IFT. Indeed, the higher value of the CII parameter leads
to the lower value of the IFT between brine and crude oil.
Experimental results (see Table 6) confirmed this point
and showed that CII parameter is an appropriate criterion
for analyzing the effect of asphaltene on the IFT between
brine and crude oil.

Two points should be kept in mind when using this
method for analyzing asphaltene effect on IFT. The first one
is that as Yarranton et al. (2000) showed, because of differ-
ent structure of asphaltenes in different oils, the degree of
being surface active may be different for various asphaltenes.
Hence, when CII of two oil samples are close to each other,
nature of asphaltenes determine which oil sample will have
lower IFT. The other point is that asphaltene can lower the
IFT up to a certain point. It means that as the oil sample
becomes more unstable, the asphaltene particles get more
freedom to go to the interface and reduce IFT. But when the
sample reaches the asphaltene onset condition, asphaltene
particles start to come out of solution and aggregate. At this
point, asphaltene particles attract each other and get heavy.

Table 7 IFT, asphaltene/resin

- A o Oil sample
ratio and colloidal instability

index of four oil samples IFT (dyne/cm)

Asphaltene/resin
Colloidal instability index

B C D
22.51 (SD=0.01) 20.85(SD=0.02) 25.52(SD=0.02) 26.14
(SD=0.03)
0.36 0.63 1.04
1.61 1.17 0.68
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Therefore, they cannot stay at the interface and will precipi-
tate. Along with precipitation, asphaltene concentration at
the interface will decrease and hence the IFT will increase.

One of the methods used for determination of asphaltene
onset point is IFT measurement method (Mousavi-Dehghani
et al. 2004). In this method, precipitant is added gradually
to the oil sample and IFT of solution is measured. IFT is
almost constant until asphaltene onset point is reached. At
this point IFT starts to increase with increasing percentage of
precipitant added to the solution. At first, IFT do not change
with adding precipitant which may seem to be in contrary
with what has been presented. In the previous paragraph,
it has been said that as the oil sample becomes more unsta-
ble, asphaltene particles get more freedom to go to the inter-
face and reduce IFT until asphaltene onset point is reached.
Indeed, adding precipitant will cause the oil to become more
unstable but the IFT does not change with increasing insta-
bility. The answer to this contradiction comes from atten-
tion to the change in oil composition. As precipitant is added
to the oil sample, the solubility parameter of solution will
decrease. Also the oil density will decrease. Both of these
factors will increase IFT. At the same time, adding precipi-
tant will cause the sample to become more unstable. So, more
freedom of asphaltene particles will lower the IFT. Reduction
in oil density and solubility parameter of solution tend to
increase IFT while adding precipitant makes oil more unsta-
ble and decreases IFT. Hence, at the first (before onset point)
as a result of this competition, the IFT does not change very
much. After reaching asphaltene onset point, the IFT reduc-
tion factor will vanish. Hence, the IFT will increase rapidly.

Conclusions
The following conclusions are drawn.

1. Linear increasing behavior of IFT with respect to pres-
sure is obviously seen in this work. Linear trends of
I' Ina at 25 °C with respect to salt concentration and
the negative slope confirm linear increasing trend of IFT
versus salinity.

2. This work shows weak dependency of IFT on pressure.
IFT data for different pressures are very close to each
other although their difference increases with increasing
pressure.

3. Neither asphaltene content nor A/R are good indicator of
asphaltene effect on IFT because the effect of asphaltene
on IFT should be investigated in presence of all fractions
of oil. So, CII which includes the effects of all fractions
of oil was proposed as the best index.

4. As the oil sample becomes more unstable, the asphaltene
particles get more freedom to go to the interface and
reduce IFT. But when the sample reaches the asphal-
tene onset condition, asphaltene particles start to come
out of solution and aggregate. At this point asphaltene
particles attract each other and get heavy. So, they can-
not stay at the interface and will precipitate. Along with
precipitation, asphaltene concentration at the interface
will decrease and hence the IFT will increase.
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Appendix

Data related to Figs. 3 and 4 are given in Table 8.
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Table 8 Data relat.ed to the IFT P (psia) Salinity (ppm)
measurement of Figs. 3 and 4
50,000 100,000 130,000 180,000 220,000 260,000
IFT SD IFT SD IFT SD IFT SD IFT SD IFT SD
2500 20.60 0.02 21.00 0.03 21.54 0.04 21.89 001 2226 0.03 23.19 0.01
3000 20.70 0.01 2143 001 2202 0.05 2251 002 2308 0.04 2378 0.01
3500 20.81 0.03 21.87 0.02 2276 0.02 23.15 002 2346 0.04 2472 0.03
4000 20.88 0.03 22.09 0.05 2312 0.02 23.89 0.03 2431 0.02 2502 0.04
4500 2094 0.02 2291 0.01 2412 0.06 2457 0.05 2493 0.01 2540 0.03
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