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Abstract
During the past years, the usage of new oil recovery methods known as enhanced oil recovery methods is increasing because 
of energy consumption rate enhancement and reservoir pressure depletion. Unfortunately, since most of the investigations 
were focused on crude oil, it is hard to find a generalized pattern of interfacial tension (IFT) and wettability change for 
different crude oils because of its complicated composition. So, it is necessary to examine the effect of specific fractions 
of crude oil especially resin and asphaltene fractions on the IFT and wettability alteration using systematic investigations. 
Although a limited number of investigations examined the interactions between these specific fractions and salts, there are 
no systematic reports respecting the possible interactions between asphaltene and resin fractions in the presence of alkaline 
and surfactant. So, in the first stage, the impact of dissolving asphaltene (0–9 wt%) in the toluene was investigated on the IFT 
reduction which revealed a decrease in IFT value from 34.8 to 23.3 mN/m as the asphaltene concentration was increased. 
Further experiments showed that the presence of  MgCl2 and NaCl with a maximum concentration of 5000 ppm led to a 
reduction in IFT to a minimum value of 18.3 and 17.3 mN/m for NaCl and  MgCl2, respectively, which means the higher 
impact of  MgCl2 on the IFT reduction. After that, the selected optimum concentrations of  MgCl2 and NaCl (5000 ppm) 
were used in the rest of the experiments in which the effect of resin fraction and other chemicals including sodium dodecyl 
benzenesulfonate (SDBS) and NaOH concentrations was examined on the IFT reduction and rock wettability. According to 
the obtained results, it was possible to reach the minimum IFT value of 0.08 mN/m, which is several orders lower than the 
original IFT value of the binary system without the chemicals using the optimum chemical formulation obtained by mixing 
proper concentrations of SDBS, NaOH,  MgCl2, and NaCl. Moreover, the obtained optimum formulations were used through 
core flooding experiments which revealed the possibility of increasing the oil recovery to a maximum value of 10.1% based 
on the original oil in place.
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Al2O3  Aluminum oxide
ASO  Asphaltenic synthetic oil
CA  Contact angle
CMC  Critical micelle concentration
CuO  Copper oxide

EOR  Enhanced oil recovery
Fe2O3  Iron oxide
FTIR  Fourier transform infrared spectroscopy
GC  Gas chromatography
IFT  Interfacial tension
ILs  Ionic liquids
MgO  Magnesium oxide
MgSO4  Magnesium sulfate
NISOC  National Iranian South Oil Company
NPs  Nanoparticle
OOIP  Original oil in place
ppm  Parts per million
PSNP  Polysilicon NPs
RSO  Resinous synthetic oil
SDBS  Sodium dodecyl benzene sulfonate

 * Seyednooroldin Hosseini 
 masihanoor@gmail.com

 Nabeel K. Abbood 
 nabeel.abbood@buog.edu.iq

1 Basrah University for Oil and Gas, Basrah, Iraq
2 Department of Petroleum Engineering, EOR Research 

Center, Omidiyeh Branch, Islamic Azad University, Post 
Box: 164, Omidiyeh 63731‑93719, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-023-01673-8&domain=pdf
http://orcid.org/0000-0003-2108-6256


2458 Journal of Petroleum Exploration and Production Technology (2023) 13:2457–2474

1 3

SiO2  Silicon oxide
SiO2‑NPs  Silicon oxide nanoparticles
TAN  Total acid number
TiO2  Titanium oxide
wt%  Percentage by weight
[C18mim][Cl]  1‑Octadecyl‑3‑methyl imidazolium 

chloride
[C12mim][Cl]  1‑Dodecyl‑3‑methyl imidazolium chloride

List of symbols
D  Equatorial diameter, m
d  Diameter at the distance D from the top of 

the drop, m
g  Acceleration of gravity, m  s−2

H  Shape‑dependent parameter, m
L  Drop length, m
R and Rm  Radius of the drop at equator, m
Ro  Radius of the drop at edge, m

Greek letters
γ  Interfacial tension, mN/m
Δ  Difference between two parameters
ρ  Density, kg  m−3

ω  Rotational speed, rad/s

Introduction

Unfortunately, only a low portion of the oils in the reser‑
voir can be extracted using the natural pressure of the res‑
ervoirs which is not more than 30 percent of the original oil 
in place (OOIP). This level of oil production is not enough 
to satisfy the ongoing consumption considering the energy 
demand and industrial developments. Respecting this fact 
and the unfortunate shortcoming of available oil reserves, 
it is required to use new and innovative methods to increase 
the amount of extracted oil from the trapped oil generally 
named enhanced oil recovery (EOR) or improved oil recov‑
ery (IOR) methods (Cheraghian 2015; Abhishek et al. 2015). 
In general, it is possible to categorize the EOR processes 
into chemicals (chemical EOR known as CEOR) (Amirsa‑
dat et al. 2017; Barahoei et al. 2016; Hosseini et al. 2020; 
Najimi et al. 2019; Zabihi et al. 2020a, b; Zeinolabedini 
Hezave et al. 2014), thermal‑based methods, injection of 
low‑salinity and smart water, carbon dioxide or carbonated 
water injection, etc. (Lashkarbolooki et al. 2019; Rajaei et al. 
2013; Zabihi et al. 2020a, b). Between the available EOR 
processes, chemical EOR methods dealing with an injection 
of chemical agents such as alkali, surfactant, and polymer 
(Fang et al. 2022; Zhong et al. 2021) are gaining attention 
since it is possible to modify the capillary number by manip‑
ulating the surface wettability and reducing the interfacial 
tension (IFT) (Najimi et al. 2020; Nowrouzi et al. 2019a, b, 
2020a, b, 2021a, b, c, 2022a, b).

Among the possible chemical methods, alkaline and sur‑
factant injection under low salinity conditions is an innova‑
tive and applicable method that can extract a considerable 
amount of trapped oil if a proper chemical formulation is 
obtained. According to the previously performed stud‑
ies, it is hard to activate multiple and proper mechanisms 
using only one chemical or method for more recovery of 
the trapped oil. So, during the past decade, a new approach 
that uses different EOR methods together gained increas‑
ing attention commonly known as the hybrid method. One 
of the possible combinations is the application of alkaline‑
surfactant solution prepared using low‑salinity water to 
activate multiple mechanisms. So, a variety of chemicals 
are used in CEOR, namely surface‑active chemicals (Sheng 
2015), ion‑engineered water (Rezaeian et al. 2020), alka‑
lis and polymers (Fakher et al. 2019; Agi et al. 2018), and 
nanoparticles (NPs) (Olayiwola and Dejam 2019). Among 
the possible chemical compounds, surface‑active agents are 
highly interesting and applicable in a wide variety of indus‑
tries since they can manipulate the water/oil interface and 
the wettability of rock surface (Zulkifli et al. 2020).

Surfactants can be categorized as non‑ionic, anionic, cati‑
onic, and zwitterionic (Kume et al. 2008) according to the 
hydrophilic head charge. The surfactant molecules have a 
chain structure comprising its hydrophobic tail (Azam et al. 
2013; Burnham et al. 2013). Moreover, Gbadamosi et al. 
(2019) reported that the tail group of a surfactant is often 
formed of a short polymer chain, a long chain of hydrocar‑
bon, etc., which directly affects the amphiphilic nature of the 
surfactant (see Fig. 1).

Besides the surfactant molecules, it is possible to use 
alkali to produce in situ surfactants which can act as sacri‑
fice preventing the adsorption of expensive chemicals such 
as surfactant molecules. With respect to these facts, Saha 
et al. (2018) examined the probable relation between IFT 

Fig. 1  Surfactants types regarding the headgroup charge: a non‑ionic, 
b cationic, c anionic, and d zwitterionic (amphoteric) surfactants. 
Source: Modified from Soleimani Zohr Shiri et al. (2019)
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and wettability using saponification of alkali chemicals 
through core flooding experiments such as sodium hydrox‑
ide (NaOH) for different crude oils of light and medium 
types. They reported that IFT reduction is vital to extract the 
residual trapped oil through emulsification and wettability 
reversal. Their obtained results revealed an undeniable effect 
of NaOH concentration on the oil recovery as the concentra‑
tion of alkali increases.

Moreover, Sun et al. (2018) investigated the crude oil 
composition effect on different chemicals including alka‑
line, polymer, and surfactant under a combination of alka‑
line–surfactant–polymer (ASP) solution comprised of 
sodium hydroxide (alkali), alkylbenzene sulfonate (sur‑
factant), and partially hydrolyzed polyacrylamide (polymer). 
The results obtained by Sun et al. (2018) demonstrated that 
the IFT for Saertu, Xingshugang oil/ASP slug was lower 
than that obtained for Lamadian oil which was correlated 
with the presence of heavy alkyl benzene sulfonate in the 
Lamadian oil, leading to the formation of the active compo‑
nents dissolved into the oil phase and consequently leaving 
the oil–water interface unoccupied. Also, Cai et al. (1996) 
examined several alkane/brine systems IFT and hydrocar‑
bon mixture water/brine systems IFT in the ranges of 0.1 
to 30 MPa and 298.15–353.15 K. According to the results 
obtained by Cai et al. (1996), IFT and pressure have a linear 
relationship to each other which is dramatically manipulated 
with salt concentration, while the type of salt has a slight 
effect.

In total, examining the previously published works shows 
that unfortunately there is a lack of information regarding 
the alkaline/oleic phase IFT compared with the surfactants 
and oleic phase especially considering any specific fraction 
of crude oil such as aromatics, saturates, or asphaltenic and 
resinous fractions. Although it is well established that the 
presence of alkali has an undeniable effect on IFT reduc‑
tion and higher oil recovery, the impact of monovalent and 
divalent ions for IFT reduction is poorly understood. If the 
alkali concentration is suitably selected using the oil chem‑
istry, it is possible to reach a desired oil recovery factor by 
injection of only an alkali solution, especially if the crude 
oil sample is highly acidic and heavy. Nasr‑El‑Din and Tay‑
lor (1992) examined the Neodol 25–3 s and Triton X‑100/
enhanced alkaline/Lloydminster crude oil IFT value which 
revealed that it is incorrect to expect IFT reduction for all 
the solutions prepared by synthetic surfactants under high 
salt tolerance.

In order to study the impact of surfactant solutions modi‑
fied by alkaline on the IFT of crude oil, Taylor et al. (1990) 
measured the IFT values using a spinning drop technique. 
They showed that for such systems, the dynamic IFT behav‑
ior included minima which vary in both magnitude and 
interfacial age at which they occur. These minima were fol‑
lowed by a sharp increase in the IFT.

Rudin et al. (1994) investigated the IFT behavior of alka‑
line solution modified by surfactant/acidic oils. They found 
that the main mechanism for IFT reduction to ultra‑low val‑
ues is the formation of mixed micelles (ionization of crude 
oil acidic contents) although the presence of surfactant mol‑
ecules can act as a resistance for mass transfer leading to the 
more required time to reach the equilibrium in IFT values. 
Zhao et al. (2018) also reported that dynamic IFT (DIFT) 
between aqueous solution and sample acidic has the chance 
to reach the ultra‑low IFT values even if a low concentration 
of surfactant is used. Their results revealed the significant 
effect of salt on the adsorption of surfactant onto the inter‑
face and the possible partitioning between the aqueous and 
crude oil phases.

This study is firstly concentered to investigate the syn‑
ergy between the different chemicals of alkali and surfactant 
namely sodium hydroxide and sodium dodecyl benzene 
sulfonate (SDBS) under different salts concentration of 
0–5000 ppm which covers the low salinity conditions. So, 
the salinity ranged between 0 and 5000 ppm for both exam‑
ined salts of NaCl and  MgCl2, while the alkali concentration 
was changed from 0 to 2000 ppm to see whether it is pos‑
sible to produce in situ surfactant using the acidic contents 
of the sample oil. Since the effect of alkali on IFT reduction 
is not high enough to reduce the IFT to a desired value, the 
influence of this chemical on IFT reduction was investigated 
as it is combined with SDBS in the range of 0–1000 ppm.

Moreover, the effect of chemicals on crude oil is highly 
sensitive to the composition of the crude oil, especially the 
alkalis which are highly interactive with the acidic contents 
of the crude oil (Overton et al. 2016). So, it is impossible to 
use one specific molecular type for characterizing the crude 
oil (Demirbas and Taylan 2015). As a way out for such a 
limitation, it is possible to use a specific fraction of crude 
oil instead of crude oil for investigations (Azam et al. 2013; 
Demirbas 2016). Among the four main fractions of crude 
oil, resin, and asphaltene fractions are the most attractive 
fractions due to their surface activity that comes from their 
structure. These two fractions are important and attractive 
since it is proven that these fractions are vital for stable crude 
oil although the resin fraction is mainly responsible to keep 
the asphaltene molecules stabilized in the crude oil (Fakher 
et al. 2020). Besides, it is well accepted that the resin and 
asphaltene fractions are highly effective on the IFT reduction 
due to their structure which is highly similar to the surfactant 
molecules. Moreover, among these two fractions, resin frac‑
tions which include polar molecules with heteroatoms such 
as nitrogen, oxygen, or sulfur are more effective on the IFT 
reduction (Demirbas et al. 2015). In general, it is impossible 
to dissolve the resin fraction in liquid propane, while light 
alkanes such as pentane and heptane are good candidates 
to use as solvents for resin fraction. In the previously pub‑
lished works, only a limited number of studies investigated 
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the properties of resin fraction (Aske et al. 2001). In general, 
it is possible to categorize the crude oil fractions into resin 
or asphaltene fractions using the fact that the H/C ratio of 
resins is between 1.2 and 1.7, while this value for asphal‑
tene fractions is between 0.9 and 1.2 although resins are 
structurally similar to asphaltenes (Ficken et al. 2002). In 
light of this fact, it seems that using a specific fraction of 
crude oil for IFT and wettability modification studies pro‑
vide several advantages. The first advantage is that more 
generalized correlations can be extracted since each fraction 
of crude oil is rather the same in contents and overall struc‑
ture. So, any extracted conclusion can be used for the rest of 
similar fractions extracted from different crude oils to some 
extent, while using crude oil eliminates such an advantage. 
The other advantage is that one can specifically investigate 
the synergy between different chemicals and specific frac‑
tions without distortion of other constituents gives a good 
and deep insight regarding the molecular interactions and 
possible mechanisms. Although there are several investiga‑
tions regarding the interactions and possible effects of the 
different chemicals on the IFT and wettability of the sys‑
tem including crude oils, there are a very limited number 
of investigations dealing with specific extracted fractions 
of the crude oil, especially the resin and asphaltene frac‑
tions. These two fractions are more important among the 
different fractions of saturates and aromatics because of their 
complex nature and structure made of a different and fused 
type of aromatics, branched alkyl chains, etc., bringing com‑
plex nature for these fractions. One of the most important 
characteristics of the resin and asphaltene fractions is their 
potential to act as a surfactant to reduce interfacial tension. 
The other noteworthy point is the effect of resin fraction 
on the stability of asphaltene molecules leading to better 
IFT reduction in theory although the real effect of these two 
fractions together must be thoroughly examined under dif‑
ferent conditions especially the presence of different salts 
and chemicals such as surfactants and alkalis.

Since there is no report regarding the effects of asphal‑
tene and resin fractions in the presence of salts (NaCl 
and  MgCl2), NaOH as an alkali, and SDBS as the active 
surfactant, the current investigation is concentrated on 
the interactions that existed between these chemicals 
considering wettability alteration and IFT reduction 
mechanisms.

Materials and methods

The performed experiments can be shown as the follow‑
ing flowchart which can clarify the stepwise stages of this 
investigation (see Fig. 2).

Crude oil, alklai, salts, and surfactant

The required sample crude oil for resin extraction was kindly 
provided by the Iranian Offshore Oil Company (IOOC) 
which is a subsidiary of the National Iranian Oil Company 
(NIOC) from Dorood oilfield with a density of 0.86 g  cm−3 
@ 15 °C comprised of 8.9% asphaltene and 7.6% resin frac‑
tions. This oilfield is the largest Iranian offshore oil field 
(25 km and 5 km long and wide, respectively) located in the 
Persian Gulf which has 88 wells 47 of which are production 
wells (Chehrazi et al. 2013). The formation of this oilfield 
is a combination of Asmari, Surmeh, Yamama, and Manifa 
whose Asmari section has an  APIo of 23–25, while the  APIo 
of Surmeh, Yamama, and Manifa is 29.5, 35, and 31, respec‑
tively (Setudehnia 1978).

The current oilfield has 2 gas injection wells and 12 water 
injection wells, which means that this oilfield is a good can‑
didate for the water‑based EOR processes. On the other 
side, the maximum production of 139.74 thousand bpd of 
crude oil and condensate was the old record of this reservoir 
which will lose its economic production rate in 2041. The 
required chemicals such as SDBS with a molecular weight 
of 348.48 g  mol−1 and CAS number of 25155‑30‑0, NaOH, 
 MgCl2, n‑heptane, and NaCl were supplied from Sigma‑
Aldrich with purity better than 95% and used without any 
further purification.

Resin extraction procedure

In this study, IP 143/90 (Petroleum 1985) was used step by 
step to extract the asphaltene fraction in the first stage and 
then the resin extraction was isolated from the de‑asphalted 
crude oil. The point is that among the different fractions 
of the crude oil, resin, and asphaltene fractions is a natural 
surfactant that can have a considerable effect on the IFT 
reduction during the chemical EOR methods. It is highly 
required to investigate the sole and combinative effect of 
these fractions in the presence of different chemicals. 
Besides the effect of these fractions on the possible IFT or 
wettability alteration, crude oil is a combination of thou‑
sands of chemicals that makes it hard to extract any reliable 
and generalized conclusion if the crude oil is being studied 
for EOR purposes. Respecting these reasons, several investi‑
gations were performed to study the role of different chemi‑
cals in the presence of only resin and asphaltene fractions 
(Lashkarbolooki et al. 2014, 2016; Wu et al. 1998), leading 
to no generalized and consistent results. In brief, using the IP 
143/90 for asphaltene isolation purposes, n‑heptane with a 
ratio of 40:1 was applied in the first place. Then, the remain‑
ing molten and de‑asphalted oil was contacted with a silica 
gel column (Merck, 35 − 70 mesh ASTM) to extract the resin 
fraction using the column chromatography method (Amin 
et al. 2011; Soorghali et al. 2014).
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After that, saturates and aromatics were washed and elim‑
inated from the extracted fraction using 70:30 n‑heptane and 
toluene solution. At last, an acetone/dichloromethane/tolu‑
ene mixture with a ratio of 40:30:30 was used to achieve the 
resin fraction (Miller 1982; Yarranton et al. 2000).

Besides the isolation of resin and asphaltene fraction, 
these two fractions were elementally analyzed using a 
CHNSO analyzer (Thermo Flash EA 1112 series) to deter‑
mine the C, H, N, S, and O contents. Based on the performed 
analysis, the resin fraction with the H/C ratio of 1.39 com‑
pared with the asphaltene H/C ratio of 1.17 revealed lower 
aromaticity characteristics, which means a more branched 

structure of resin fraction than the asphaltene molecules. 
With respect to this finding, it is completely obvious that 
resin molecules have a more surface‑active nature than 
asphaltene molecules.

Interfacial tension measurement procedure

One of the most reliable and accurate methods for IFT meas‑
urement is the pendant drop or rising drop method mainly 
developed based on the shape of a drop if it forms at the 
tip of a nozzle (Yang et al. 2014) (see Fig. 3 apparatus sup‑
plied from Fanavari Atiyeh Pouyandegan Exir Co., (APEX 

Preparing synthetic oil using 
toluene

Crude oil
Resin extraction as below (IP 143)

Mixing with n-Heptane 

de-asphalted oilAsphaltene fraction

Resin adsorption 
(35–70 mesh 

ASTM)

70:30          
n-heptane and 

toluene 
Mixture 

Rinsing saturates 
and aromatics

Resin fraction

Rinsing with acetone (40), dichloro methane (30) 
and toluene (30) 

IFT measurements using different 
salts (0-5000 ppm) under low 

salinity conditions, changing the 
NaOH concentration under 

optimum salts concentration (0-
2000 ppm)

With asphaltene 
fractions (1-9 % wt)

Without asphaltene 
fraction

Optimum NaOH 
and salts 

concentration Analyzing the effect of 
resin and surfactant on 
the IFT of the synthetic 

oil and optimum solution
Selection of 

optimum 
formulation 

based on IFT 
reduction

Investigating the wettability alteration using optimum 
chemical formulation

Core flooding 
experiments

Resin fraction Optimum salt and 
NaOH 

Fig. 2  Flowchart for the sequence of performed experiments
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Technologies Co., Arak, Iran)). This method is mainly com‑
prised of different sections: a) forming the drop at the tip 
of the nozzle, b) an image capturing system comprised of a 
CCD camera and macro lens to provide a proper image from 
a small drop in the bulk phase, and c) the online image pro‑
cessing software. A brief description of the used equipment 
was previously explained in detail (Abbood et al. 2022). 
The point is that during the IFT measurements, not only the 
volume of the drop must be proper but also a suitable mag‑
nification must be applied in a way that the image occupies 
the maximum area of the screen to guarantee the accuracy 
of IFT measurement (see Eq. 1):

where Δρ, g, and H are the difference between the densi‑
ties of bulk and drop phases, acceleration of gravity, and 
the shape‑dependent parameter, respectively. The H value 
and shape factor are dependent on each other, i.e., S = d/D, 
where D is the equatorial diameter and d is the diameter at 
the distance D from the top of the drop.

With the assistance of Eq. (1), an operator can calcu‑
late the IFT using the drop shape analysis concept using 

(1)� =
Δ�gD2

H

the captured images. Besides, using this equipment and the 
sessile drop concept one can calculate the CA (Adamson 
and Gast 1967; Andreas et al. 2002; Stauffer 1965). The 
point is that each reported IFT data point was the aver‑
age of at least three independent measurements used for 
calculating the average value. According to the obtained 
results and calculated averages, the maximum uncertainty 
of about ± 0.2 mN  m−1 can be calculated. The noteworthy 
point is that this low value of uncertainty was impossible 
to be shown in the IFT plots because of a broad range of 
measured IFT values in each IFT plot.

In the second stage, the spinning drop technique was 
used to measure the IFT value of solutions that are below 
0.5 mN/m. The spinning drop method was originally devel‑
oped by Vonnegut (1942) based on drop deformation to 
a very long drop under centrifugal force. At higher rota‑
tion speeds, the droplet formed is merely a cylinder and 
R/L → ∞, in which case Eq. (2) (Vonnegut 1942) can be 
used to calculate the interfacial tension:

(2)� =
Δ��

2R3

4

Fig. 3  IFT and contact angle 
(CA) measurements equipment
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where γ is the IFT in N/m and R is the radius of the drop at 
equator (E) as indicated in Fig. 4 with unit of m.

This formula has been shown to be valid within 0.1% 
if the length of the drop exceeds four times its diameter. 
In practice, a more elongated drop is used which really 
looks like a cylinder, but it is worth remarking that the 
hemisphere at the tip of the drop has not had the same 
radius as the cylinder at the center as indicated in Fig. 4 
(Ro = 2/3 R). This is due to the fact that the centrifugal 
acceleration is not constant but increases with the dis‑
tance from the axis. ∆ρ is the difference between densi‑
ties of bulk and drop phases with a unit of Kg/m3, and 
ω is the angular velocity with a unit of rad/s. Accord‑
ing to the above formula, low tension will be associated 
with a small radius, i.e., elongated drops and slow rota‑
tional velocity, whereas high tension would require a high 
rotational velocity and the drop might not be elongated 
enough to fall in the Vonnegut formula case. This method 
is thus appropriate to measure low tensions, typically 
below 1 mN/m, and down to ultra‑low values (µN/m or 
less) found in surfactant–oil–water systems containing 
microemulsions.

Contact angle measurement

Knowing the wettability of a system is one of the most 
important characteristics of several industries from 
enhanced oil recovery processes to medical. In this way, 
during the past decades, several methods are proposed to 
measure the wettability of the systems; one of the most 
important methods is contact angle measurement. Among 
the different possible methods for measuring the contact 
angle values, using the sessile drop is the most widely 
used and accurate method which provides the chance of 
static CA measurement for the operator with an acceptable 
level of accuracy using an online software (see Fig. 5). If 
the water CA is lower than 90°, the surface is said to be 
hydrophilic, and if the contact angle is higher than 90°, 
the surface is hydrophobic. Respecting this fact, using the 
water CA as a quick and non‑destructive method for sur‑
face chemistry control is one of the first choices for the 
researchers.

Core flooding procedure

In the current investigation, a high‑pressure–high‑tempera‑
ture core flooding apparatus was designed and constructed 
for pressure up to 150 °C and 700 bar, respectively (Fana‑
vari Atiyeh Pouyandegan Exir Co., (APEX Technologies 
Co., Arak, Iran), and used to perform the required experi‑
ments (see Fig. 6).

This equipment mainly consists of different parts 
including a high‑pressure injection pump, high‑pressure 
high‑temperature accumulators for different liquids (three 
of them have a volume of 500 cc, while one of them has a 
volume of 100 cc for easy handling of the chemical slugs), 
high‑pressure–high‑temperature hassler core holder type, 
confining pressure system control and monitoring, gas 
back pressure regulator (GBPR) monitoring and control‑
ling unit, and data acquisition system. In this equipment, 
the injection of fluids is done using a high‑pressure pump 
with desired injection rate mostly between 0.1 and 0.6 cc/
min since the laminar flow of the fluids in the reservoir is 
about 1 ft/day which is close to 0.3 cc/min. So, the cur‑
rent apparatus can be used as a way to perform the differ‑
ent injection patterns, and inject different solutions under 
different pressures and temperatures using the following 
sequence:

• Measuring the porosity and permeability of the core 
plugs.

• Saturation of the fresh core plug using formation brine 
injection for several pore volumes (PVs) to ensure no air 
existed in the core.

• Injection of crude oil under a flow rate of 0.3 cc/min to 
saturate the core plug with crude oil and reach the irre‑
ducible water saturation  (Swirr). At this point, the core 
reaches the reservoir condition after the primary produc‑
tion stage, which means the core is ready to be used for 
secondary and tertiary oil recovery stages.

Fig. 4  “Cylindrical” elongated drop curvature radii in Vonnegut’s 
approximation case

Fig. 5  The schematic of the used captive bubble technique for CA 
measurement
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• Injection of formation brine or any aqueous solution for 
several pore volumes with a flow rate of 0.3 cc/min to 
reach the point where no oil is being produced  (Swro) 
(secondary oil recovery stage). Injection of any chemical 
solution slug in the range of 0.1 to 0.5 PV with desired 
injection rate in the range of 0.1 to 0.6 cc/min chased 
with formation brine for several PVs for further oil pro‑
duction as the tertiary oil recovery stage.

• Soaking the flooded core plug with the chemical slug 
for a specific period of time more than 7 days to give the 
required chance to reach the ultimate wettability altera‑
tion. It is possible to differentiate the effect of differ‑
ent mechanisms such as IFT reduction from wettability 
alteration to some extent.

Results and discussion

Effect of asphaltene fraction on the Interfacial 
tension

In the first series of the current study, the influence of asphal‑
tene concentration on the interfacial tension was examined 
by ranging it between 0 and 9 wt% dissolved in toluene to 
prepare the synthetic asphaltenic oil which is going to be 
contacted with distilled water in the first place. The find‑
ings, which are depicted in Fig. 7, revealed that the pres‑
ence of asphaltene has a considerable impact on the IFT by 
reducing the initial IFT value of toluene/distilled water from 
34.8 to 23.3 mN/m, which is about a 33% reduction in IFT. 
The reason is that asphaltenes have a stronger influence at 

the interface due to the presence of aromatic and polycyclic 
aromatic hydrocarbons in their structure leading to easier 
irreversible adhesion of asphaltene molecules into nanoag‑
gregates. As a consequence of this adhesion, viscoelastic 
interfacial films will form which can stabilize the oil/water 
emulsions, which means a reduction in IFT value (Jian et al. 
2016; Lashkarbolooki and Ayatollahi 2016; Zhang et al. 
2016).

So, considering the water‑in‑oil interaction, asphaltenes 
move from the bulk phase medium to the interface where the 
asphaltene molecules can rearrange in a way that a reduction 
in IFT occurs till the system reaches equilibrium and the IFT 
remains constant at equilibrium value (Cagna et al. 2018). 

Fig. 6  Core flooding experi‑
mental apparatus

Fig. 7  Relation between the IFT variation and asphaltene concentra‑
tion
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The asphaltene adsorption into the interface is a diffusion‑
controlled phenomenon that principally occurs in a short 
time regime, which can be turned to non‑diffusion‑con‑
trolled kinetics with respect to the characteristics of crude 
oil including oil viscosity and mass fraction of asphaltenes 
(Rane et al. 2012). Moreover, besides the aforementioned 
mechanism for the adsorption of the asphaltene molecules 
into the interface, a three‑step mechanism proposed to justify 
the influence of asphaltene respecting the IFT reduction as 
follows:

(1) Occurrence of initial short‑term diffusion‑controlled 
process.

(2) Adsorption reduction due to hindrance of steric com‑
partments compared with the adsorption of asphaltenes.

(3) A long‑term process with the formation of 
adsorbed sublayers above the interface (Zhang et al. 
2018).

A similar trend was reported by Alves et al. (2022) that in 
the first place, there is a fast asphaltene migration from the 
bulk to the interface leading to a considerable reduction in 
IFT and then the interfacial tension reaches a plateau under 
IFT decay rate pattern, although they report a weak version 
of this trend for resin.

They also reported that distinguished differences between 
the IFT of resin and asphaltene systems come from the dif‑
ference existed between their molecular sizes but also it is 
correlated with chemical characteristics. In detail, the pres‑
ence of oxygenated groups and heteroatoms directly affects 
the activity of crude oil fractions in the interface. A similar 
report was also reported by Zhang and his coworkers (2016) 
on the relation between the IFT for asphaltenes and resin 
solutions, which confirmed the better effect of resin fraction 
for IFT reduction due to the higher content of oxygenated 
compounds. So, it seems that not only the content of oxy‑
genated compounds in the resins is a crucial parameter but 
also the smaller size of resin molecules boosts the interfacial 
activity of the resin fractions, leading to better IFT reduction 
capability of this fraction. To sum up, it can be concluded 
that it seems that molecules with bigger sizes, such as lead‑
ing to a faster equilibration and a minor reduction of the IFT 
on the other side. However, it is possible to reach slower 
equilibration and a major reduction in IFT if the molecu‑
lar size is smaller, which means that IFT reduction has an 
inverse relation with the molecular size of the asphaltenes 
and resins molecules.

Moreover, Lashkarblooki and Ayatollahi (2018) reported 
that there is a specific trend between the influence of asphal‑
tene fractions as a function of H/C ratio and salt concentra‑
tion on the IFT behavior of crude oils. They reported that 
the IFT was reduced regardless of using distilled water or 
formation brine as the aqueous solution as the H/C ratio of 

asphaltene fraction was decreased. The point is that they 
claimed that there is an evident effect between the H/C ratio 
of asphaltene and IFT although a contrary relation was 
observed for the resin fraction.

Effect of mono and divalent salts on the Interfacial 
tension

The effect of mono‑ and divalent chloride salts including 
NaCl and  MgCl2 was examined on the IFT reduction, while 
the concentration of asphaltene fraction ranged between 3 
and 9 wt%. The salts concentrations were changed between 0 
and 5000 ppm, which covers the low salinity (LoSal) condi‑
tions due to its unique advantages (see Fig. 8).

The obtained results demonstrated that the presence of 
salts has a positive effect on the IFT reduction considering 
the overall effect of asphaltene fraction on the IFT reduction. 
In other words, the measurements revealed that for all the 
examined asphaltene concentrations of 3–9 wt% regardless 
of the used salts, the IFT experienced a reduction. Besides, 
the findings revealed that both of used sodium chloride and 
magnesium chloride salts led to better IFT reduction of the 
synthetic oil/aqueous solution. The reason is the positive and 
synergistic effect of salts for easier packing of the asphal‑
tene molecules at the interface and providing an effective 
film of asphaltene molecules which can act as the surface‑
active agents consequently reducing the IFT of the binary 
system. Similarly, Zhao et al. (2018) reported that the salting 
out effect and an increase in the concentration of surfactant 
molecules in the interface are the most effective parameters 
on the reducing effect of NaCl on the IFT. Considering the 
effect of electrolyte concentration on IFT, Chan and Shah 
(1980) claimed that this is the “salting out” effect reduce 
the IFT in the interface as a function of active substances 
concentration.

Fig. 8  The impact of different chloride salts on the IFT variation
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They claimed that the surfactant molecules can be trans‑
ferred into the oil phase via the “salting‑out” phenomenon 
as the salt concentration increases. In other words, as the salt 
concentration reaches a desired value, surfactant molecules 
can be re‑distributed into the oil and water phases to a point 
that the concentrations became equal on both sides. At this 
time, the affinities between surfactant molecules at the inter‑
face and between the two phases of oil and water are also 
equal which can move the system toward high interfacial 
concentration and IFT reduction as a consequence. The other 
point they mentioned is that during IFT measurement using 
the spinning drop technique, the volumes of the oil and water 
phases are significantly different since only a few microliters 
of oil drop are contacted with at least 2 cc of the bulk phase 
inside the rotating chamber. Therefore, the surfactant con‑
centration in the aqueous phase remains unchanged which 
means unreal situation of IFT examination.

Effect of NaOH (alkali) on the interfacial tension 
reduction

It is well accepted that the application of surfactants is not 
the only way to the IFT reduction. In general, the nature 
of the oil reservoirs is acidic which usually contains natu‑
ral surface‑active constituents. So, it seems that mixing the 
acidic oil with an alkaline will form an in situ surfactant that 
will reduce the IFT between oil/water. This process com‑
monly known as “alkaline flooding” is one of the useful 
economically efficient EOR techniques without using costly 
chemicals such as surfactants. In light of this fact, a series of 
experiments were designed and performed to find the pos‑
sible effect of NaOH on the formation of in situ surfactant 
formed by a reaction between the acidic contents of the 
asphaltene fraction and NaOH, which leads to the formation 
of a stable film in the fluid/fluid interface and consequently 
reduces the IFT. In this way, the NaOH concentration ranged 
between 0 and 2000 ppm in the current phase of this investi‑
gation, while the concentration of  MgCl2 and NaCl was held 
constant at 5000 ppm (the optimum values were obtained 
from the previous section), which covers the low salinity 
conditions (see Fig. 9).

The obtained results revealed that regardless of the used 
salts, an increase in the NaOH concentration from 0 to 
2000 ppm led to IFT reduction from 29.4 mN/m (3 wt% 
asphaltene concentration, NaCl concentration of 5000 ppm 
with no NaOH) to 7.8 mN/m (9 wt% asphaltene fraction, 
and NaOH concentration of 2000 ppm and NaCl concen‑
tration of 5000 ppm). Moreover, the results revealed that 
the IFT reduced from 25.6 mN/m for the asphaltenic syn‑
thetic oil of 3 wt% and  MgCl2 concentration of 5000 ppm, 
while no NaOH existed in the aqueous solution to a value 
of 5.7 mN/m for the asphaltenic synthetic oil of 9 wt%, 
5000 ppm  MgCl2 and NaOH concentration of 2000 ppm. 

The reason behind this fact is related to the concentration of 
the in situ surfactant in the interface, leading to IFT reduc‑
tion. It is accepted that it is possible to reduce the IFT by 
increasing the surfactant concentration in the interface. The 
value of interfacial concentration is directly related to the 
area in the interface occupied by the surfactant molecules. In 
the shadow of this definition, the smaller the effective cross‑
sectional area accessible for the surfactant molecules, the 
greater its interfacial concentration means. So, it can be con‑
cluded that the structure of surfactant molecules and their 
packing in the interface directly impact the interfacial con‑
centration. Although the findings of the current investiga‑
tion revealed the direct synergism between the NaOH, acidic 
contents of the asphaltenic synthetic oil and the asphaltene 
molecules, Zhao et al. (2018) reported a similar trend for 
the effect of NaOH on the normal paraffin solutions. Even 
if the acidic or other constituents exist in crude oil produc‑
tion in situ form active species via NaOH reaction, it is not 
completely clear that these active constituents can decrease 
oil/water IFT. The point regarding their conclusion is that 
in contrast to the current investigation, they used normal 
paraffin molecules for their investigations, while in the cur‑
rent work, asphaltene molecules were extracted from the 
crude oil and then used to prepare the synthetic oil which 
was far from the normal paraffin type oil. According to this 
fact, it can be concluded that the effect of NaOH on the IFT 
is directly correlated with the both acidic contents of the 
crude oil and the structure of the aromaticity of the crude 
oil, which means the structure of the crude oil. Zhao et al. 
(2018) also claimed that both NaOH and NaCl dissolved in 
aqueous solutions introduce similar effects on the interfacial 
concentration and molecules packing at the interface.

According to these findings, one can conclude that as the 
NaOH concentration increases, the electric double layer of 
hydrophilic groups in asphaltene molecules and the in situ 
surfactant molecules can be compressed. As a consequence 
of this compression, the electrostatic interactions between 
hydrophilic groups weakened, leading to unpreventable 

Fig. 9  The effect of NaOH concentration on the IFT of synthetic oil/
aqueous solution
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accumulation of the surface‑active molecules in the inter‑
face and IFT reduction, which resulted in an increase in the 
interfacial concentration. Continuing to increase the con‑
centration of NaOH, the electrical double layer was further 
compressed; water molecules could incorporate into the 
interface through loose hydrophilic groups.

Moreover, Zhao et al. (2018) reported that according to 
the aforementioned effect of NaOH on the accumulation of 
surface‑active agent in the interface and possible salting out 
effect, IFT can show a dual‑trend behavior which is decreas‑
ing in the first stages and then change to an increasing trend 
as the NaOH concentration increases. They also reported 
that as the NaOH concentration goes beyond a threshold, 
para‑dimethyl alkylbenzene sulfonate molecules were driven 
into the oil phase by the salting‑out effect, and this process 
resulted in IFT reduction for p‑S12‑5 and p‑S14‑5 which 
are water‑soluble chemicals. On the other hand, for oil‑sol‑
uble p‑S18‑5, the above process had a slight effect on the 
effective distribution in the oil phase. The distribution of 
surfactant molecules in an effective pattern can guarantee 
interface stabilization and proper IFT reduction. They also 
claimed that there was no clear evidence regarding the effect 
of NaOH on the IFT reduction considering the synergis‑
tic behavior between para‑dimethyl alkylbenzene sulfonate 
molecules and active species (formed in situ surfactants) in 
the crude oil.

To sum up and based on the findings, it is possible to 
summarize the effect of NaOH on the IFT reduction as 
follows:

(a) The ionic strength of the water phase increases as the 
NaOH existed in the solution due to the polarity char‑
acteristics of the water phase, leading to the electrical 
double‑layer compression of hydrophilic groups.

(b) In light of this compression, the accessible area for 
the molecules to be occupied reduces at the interface, 
which means a higher interfacial concentration of sur‑
face‑active agents, leading to lower IFT values.

(c) After that, an increase in the NaOH concentration lead‑
ing to further compression of EDL reduced the strength 
of electrostatic interactions between hydrophilic groups 
and shortened the electrical effect range. At this point, 
the IFt values increase since the water molecules incor‑
porate into the interface via the gap between loose polar 
groups.

(d) On the other side, the salting‑out phenomenon can 
move the surfactant molecules toward the oil phase 
if the NaOH concentration goes beyond a threshold, 
which consequently leads to better packing of lipophilic 
groups at the interface. In light of this phenomenon, 
IFT reduces for a water‑soluble surfactant system. In 
contrast to the water‑soluble surfactants, the oil‑sol‑
uble surfactant slightly is influenced by the electro‑

lytic concentration considering the close packing of 
longer chains because of greater van der Waals attrac‑
tion between longer chains. Therefore, IFT reduction 
stopped at a higher NaOH concentration for an oil‑
soluble surfactant.

Investigation on several studies revealed that the optimum 
concentration for alkali is about 0.1 wt% to reach the low‑
est IFT which is a low alkaline concentration. But, using a 
low alkaline concentration leads to a limited effect of alkali 
through the system since under a low concentration of alkali, 
the alkaline bank may not be capable of propagating through 
the reservoir due to the high adsorption and consumption 
of alkali. So, it is required to use higher alkali concentra‑
tions for practical application to ensure the ultimate effect 
of used alkali as a sacrifice and primary IFT reducer chemi‑
cal. Respecting this fact, the optimum NaOH concentration 
for the rest of the experiments was considered as 2000 ppm 
although the IFT reduction for 1000 ppm of NaOH was close 
to the IFT values obtained for 2000 ppm.

Synergies between resin and asphaltene 
on the Interfacial tension reduction

In the next stage of this study, the interactions between 
asphaltene and resin fraction in the range of 0–9 wt% of 
asphaltene and 1–5 wt% of resin were examined, while NaCl 
and  MgCl2 concentrations individually remained constant 
at 5000 ppm and NaOH concentration was kept constant at 
2000 ppm. As the measured IFT values demonstrated (see 
Fig. 10), the presence of resin fraction (1–5 wt%) has a linear 
effect on the IFT reduction regardless of the used salts (NaCl 
or  MgCl2 = 5000 ppm) which are in the range of low salinity 
conditions and pH of the system was modified by the addi‑
tion of 2000 ppm NaOH.

Fig. 10  Resin fraction impact ASO/aqueous solutions IFT
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A close investigation of the obtained results clearly dem‑
onstrated the reducing effect of resin on the IFT due to its 
possible effect on stabilizing the asphaltene molecules in the 
interface leading to evident IFT reduction. The point is that 
resin fraction boosts the IFT reduction due to its effect on 
the stabilizing asphaltene molecules and its surface‑active 
nature. In addition, the elemental analysis revealed that the 
resin fraction with the H/C ratio of 1.39 compared with 
the asphaltene H/C ratio of 1.17 showed lower aromaticity 
characteristics, which means the more branched structure of 
resin fraction than the asphaltene molecules, which means 
better detergency feature of resin fraction than the asphaltene 
fraction. Although, regarding the performed experiments in 
the current investigation it is impossible to extract any clear 
conclusion regarding the superiority of the resin and asphal‑
tene molecules to each other. A similar trend was reported 
by Zhang et al. (2016) regarding the better effect of resin 
molecules for the IFT reduction compared with the asphal‑
tene fraction which was correlated with the higher content 
of oxygenated compounds in the resin fraction. Besides, 
they claimed that it is the chemical characterization of low 
stability asphaltenes and resins with richer oxygenated com‑
pounds in the resins than in the asphaltenes fractions that 
could be responsible for their interfacial activity difference 
concomitant with the smaller resins size leading to better 
efficiency of resin for IFT reduction. They also reported that 
using the equimass asphaltene/resin ratio led to measuring 
the IFT values closer to the pure asphaltene model oil, prob‑
ably due to the predominant presence of asphaltenes com‑
plex structures at molecules at the interface.

They also found that a similar trend can be obtained for 
a rich resin content mixture that can behave like pure resin 
model oil. According to these findings, it seems that there 
is a minimum asphaltene concentration at which their effect 
on the IFT measurement is predominant. They even reported 
the effects of salts at the model oil/aqueous solution inter‑
face for IFT reduction, which means the boosting effect of 
salts for better efficiency of both asphaltene and resin frac‑
tions. In brief, they claimed that in the range of studied H/C 
ratio, resin contained a minimum H/C ratio and asphaltene 
consisted of a maximum H/C ratio. According to these 
ratios, a lower favorable interaction with H/C ratio lower 
than crossover was observed which boosted the performance 
of resin molecules as the salts were added. However, for H/C 
ratios higher than the crossover, not only the performance of 
resin molecules decreased as a function of salinity but also 
the effect of salinity significantly diminished. Therefore, it 
can be deduced that light crude oil with high resin content 
and low asphaltene content follows a trend similar to resin 
fraction (Lashkarbolooki and Ayatollahi 2018).

Besides the overall effect of the resin on the IFT reduc‑
tion, it seems that there is a synergistic effect between the 
asphaltene and resin molecules considering the better IFT 

reduction as both fractions existed in the synthetic oil. It 
seems that as the asphaltene molecules are arranged at the 
interface, the resin molecules still can populate the empty 
sites of the interface and better stabilizes the asphaltene mol‑
ecules at the interface leading to more detergency nature of 
these formed films which is with an ultimate thickness of 
three or four layers of molecules. The last point regarding 
the synergistic effect of resin and asphaltene fractions on 
the IFT reduction is that as the resin concentration increases 
from 1 to 3 wt%, the IFT reduces in a sharper slope than the 
IFT reduction, which was observed for the resin concentra‑
tion enhancement from 3 to 5 wt%. The reason is that as the 
resin concentration increases, the empty sites are occupied 
by the resin molecules till the resin concentration passes a 
threshold where the interface is completely saturated with 
the different molecules. As a consequence of this phenome‑
non, the effect of resin fraction diminishes as it is obvious in 
the IFT variation slope as the resin concentration increases 
from 1 to 3 and 3 to 5 wt%.

Effect of sodium dodecyl benzene sulfonate 
(SDBS) on the interfacial tension reduction using 
the optimum formulation

It is well established that using surfactants leads to better oil 
recovery by modifying the interfacial properties and capil‑
lary number using interfacial tension and wettability of the 
rock. In general, in the systems containing surfactants with a 
single hydrophilic group, the area will be occupied by a sur‑
factant molecule at the surface as a function of EDL size for 
the hydrophilic groups. Respecting these facts, the effect of 
sulfonate‑based surfactant namely SDBS was examined on 
the IFT of the alkaline‑low salinity solution in the presence 
of ASO in the range of 100–1000 ppm, while the concen‑
trations of NaOH, NaCl, and  MgCl2 were held constant at 
2000, 5000 ppm, and 5000 ppm, respectively (see Fig. 11). 
The measurements revealed that the effect of SDBS for IFT 
reduction is more evident for the NaCl aqueous solution than 
the MgCl2 aqueous solution. The measurements showed that 
the IFT experienced a sharp decrease in the SDBS concen‑
tration of 100 ppm if it dissolves in the NaCl solution, while 
the  MgCl2 solution experiences moderate IFT reduction. 
The other point that must be explained is that the depicted 
results in Fig. 11 revealed that for the SDBS concentration 
of 200–1000 ppm, the IFT variation keeps its linear trend 
considering the fact that the IFT experiences an extreme 
reduction for the NaCl solution, especially if the asphaltenic 
synthetic oil with a concentration of 9 wt% is used. The IFT 
measurements revealed that for the NaCl aqueous solution 
and 9 wt% ASO, IFT reduces to the value of 0.08 mN/m 
compared with the asphaltenic synthetic oil of 3 wt. % with 
an IFT value of 0.65 mN/m. On the other hand, the IFT 
measurements demonstrated a reduction in IFT from 1.5 to 
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0.4 mN/m for the  MgCl2 aqueous solution being contacted 
with ASO with concentrations of 3 and 9 wt%, respectively. 
It is completely obvious that the effect of SDBS on the IFT 
reduction of NaCl aqueous solution is much higher (eight 
times) than the effect of SDBS on the IFT of  MgCl2 aqueous 
solution (three times).

In general, SDBS, which is an anionic surfactant with 
high molecular weight, can efficiently reduce the IFT to 
ultra‑low values and create a more stable solution at both 
alkaline and acidic pH (Yang et al. 2010). Moreover, sul‑
fonate‑type surfactants such as SDBS not only are capable of 
tolerating harsh temperatures without any distinguished pre‑
cipitation but also can be used for EOR purposes if the crude 
oils are highly viscous, with high‑level wax and asphaltene 
contents. Similar results were reported by Hirasaki et al. 
(2011) who claimed that the main factors determining the 
IFT values are surfactant concentration in aqueous solutions, 
molecular structure, salinity, and temperature. They also 
reported that an increase in the surfactant concentration to a 
high value leads to achieving low and ultra‑low IFT values 
if the concentration reaches the CMC at least.

Moreover, Kwok et al. (1993) reported that anionic sur‑
factants SDBS is one of the surfactants that are sensitive to 
high‑salinity aqueous solutions, as the surfactants begin to 
precipitate due to interaction between the salts and surfactant 
molecules.

Considering these facts, it seems that using low salin‑
ity conditions for SDBS surfactant is an ideal situation to 
provide the chance of IFT reduction to an acceptable level 
without precipitation risk which is one of the most crucial 
concerns during the chemical EOR processes. Respecting 
these findings, the SDBS concentration was considered as 
1000 ppm for the rest of the experiments including wet‑
tability alteration analysis and core flooding experiments. 
Besides, in contrast to the current investigation, Trabelsi 

et al. (2011) reported transient IFT measurements of sur‑
factant‑enhanced alkaline/diluted heavy crude oil systems. 
They demonstrated that the dissolution of a slight amount 
of Triton X‑405 and SDS led to a further IFT reduction, 
especially the SDBS which reduced the IFT of the binary 
solution to ultra‑low values ~ 4 ×  10–4 mN/m at a concentra‑
tion of only 0.05% and a pH of 11. They mentioned accord‑
ing to their findings that this observed ultra‑low IFT value 
provides a great chance for suitable oil recovery level as a 
function of salinity and pH.

Besides the aforementioned facts, it is possible to cor‑
relate the better effect of NaCl salt on the IFT reduction 
of SDBS compared with  MgCl2 to hydrolysis of the SDBS 
head group. As the SDBS head group is hydrolyzed, the 
negatively charged head groups of the SDBS molecules tend 
to spontaneously surround the  Na+ ions present in the liquid, 
and as a result, their surface charges reduce in a way that 
they can form aggregates. In this situation, it is easier for the 
SDBS aggregates to move toward the surface and interact 
with the asphaltene molecules of the synthetic oil compared 
with the aggregates formed by the  Mg2+. In other words, due 
to the bigger hydrate radius of  Mg2+, the formed aggregates 
of SDBS with Na + are smaller, leading to easier packing of 
these aggregates in the interface and consequently increas‑
ing the number of SBDS ion the interface. So, the interfacial 
concentration of SDBS is higher in the case of  Na+, leading 
to better IFT reduction (Wang et al. 2022).

Effect of optimum chemical formulation 
on the wettability alteration of the rock surface

In this phase of this investigation, the possible influence of 
the optimum chemical formulation was investigated on the 
CA variation of the rock surface provided by the carbon‑
ate rock. The measurements revealed that the presence of 
chemicals and salts has a profound effect on the wettability 
alteration of the rock surfaces to move them toward strongly 
water‑wet conditions (see Fig. 12). The reason behind this 
finding can be correlated with the influence of used alkalis, 
salts, and surfactants.

In general, the previously performed laboratory studies 
showed that 5000 ppm salinity is the point that the highest 
level of wettability alteration was achieved (Bartels et al. 
2019); due to the activation of several mechanisms, the most 
important one is the multi‑ion exchange and double‑layer 
effect. The findings revealed that among the different ions 
and cations,  Ca2+,  Mg2+, and  SO4

2− ions are the active ions 
that participate in wettability alteration by separating the 
carboxylate groups from the rock surface (Berg et al. 2010). 
Moreover, Amirian et al. (2017) results revealed the wet‑
tability alteration toward water‑wet conditions as the low‑
salinity water (LSW) was injected into the system.

Fig. 11  The effect of surfactant concentration on the IFT of alkaline–
low‑salinity aqueous solution/ASO
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Furthermore, Strand et al. (2006) reported that the under‑
lying mechanism which is responsible for changing the rock 
wettability can be explained based on the multi‑component 
ion exchange (MIE) concept involving  Mg2+,  Ca2+, and 
 SO4

2− ions, resulting in the desorption of carboxylic mate‑
rial (Strand et al. 2006; Zhang and Austad 2006; Zhang et al. 
2007). They mentioned that the MIE mechanism is a two‑
step process that firstly deals with  SO4

2− ions adsorption 
onto the rock surface and consequent reduction in the posi‑
tive leading to a reduction in electrostatic repulsion exist‑
ing between the rock surface and divalent cations. After 
that,  Ca2+ and/or  Mg2+ ions concomitantly adsorb on the 
surface of the rock which reacts with the carboxylic group 
with a negative charge to fabricate complex ions and desorb 
the carboxylic material from the rock surface (Strand et al. 
2006; Zhang and Austad 2006). Besides the effect of salts 
on the wettability alteration, NaOH and SDBS surfactants 
may introduce a similar effect on the wettability alteration 
since the NaOH can react with the acidic contents to produce 
in situ surfactant, which means the similar role of NaOH 

and SDBS. Carbonate wettability change using surfactant is 
described based on two main mechanisms. The first mecha‑
nism is called the coating mechanism, and it is related to 
anionic surfactants. In the first mechanism of action, anionic 
surfactant molecules form a monolayer on the surface of 
the carbonate rock where the adsorbed oil and hydrophobic 
tails interact with the surfactant molecules. At this point, the 
oil‑wet rock surface moves toward water‑wet conditions due 
to the adsorption of surfactant hydrophilic head groups into 
the rock surface. The next mechanism known as the clean‑
ing mechanism is directly related to the cationic surfactants. 
This phenomenon can be related to the ion–pair formation 
between acidic portions of crude oil which is adsorbed on 
the rock surface and the surfactant cationic heads. The point 
is that based on the obtained results, the presence of anionic 
surfactants introduces a lower influence to change the wet‑
tability than the cases used the cationic surfactants due to the 
higher potential of the ion–pair interactions for these type of 
surfactants (Hammond and Unsal 2011; Salehi et al. 2008).

Effect of optimum formulation on the tertiary oil 
recovery using core flooding experiments

In the last stage of this investigation, the obtained optimum 
chemical formulations for NaCl and  MgCl2 were used to 
find their effects on the tertiary oil recovery, while the con‑
centration of asphaltenic fraction in toluene was changed 
between 3 and 9 wt%. The injection rate for all the stages 
was held constant at 0.3 cc/min well close to the velocity of 
the fluids in the reservoir which is about 1 ft/day to satisfy 
the laminar flow in the porous media. The performed core 
flooding experiments revealed the used optimum chemical 
formulations regardless of using NaCl or  MgCl2 lead to ter‑
tiary oil recovery of between 5.3 and 10.1% based on OOIP 
using different asphaltene concentrations (3–9 wt%) as the 
synthetic oil (Table 1).

The experiments revealed that using the optimum chemi‑
cal formulation consisting of NaCl led to better oil recovery 
with a maximum value of 10.1% based on OOIP than the 
optimum solution consisting of  MgCl2 with a maximum 

Fig. 12  The effect of optimum chemical formulation on the wettabil‑
ity alteration of the rock surfaces using CA measurement (uncertainty 
of measured contact angle =  ± 4°)

Table 1  Influence of optimum chemical formulation on the oil recovery (core diameters = 3.78 cm and core length = 8.1 cm, oil recovery calcu‑
lated based on OOIP)

No Permeability 
(mD)

Porosity (%) Asphaltene concentra‑
tion (wt/wt%)

Solutions Secondary oil recovery % 
based on OOIP

Tertiary oil recovery 
% based on OOIP

1 4.3 13.3 3 NaCl‑based 45.9 5.3 ± 2.9
2 5.3 10.2 6 NaCl‑based 41.3 7.4 ± 2.9
3 4.1 11.9 9 NaCl‑based 40.3 10.1 ± 1.6
4 6.3 15.4 3 MgCl2‑based 52.3 4.9 ± 2.6
5 5.1 16.3 6 MgCl2‑based 44.9 6.4 ± 2.2
6 5.7 12.3 9 MgCl2‑based 39.9 7.3 ± 2.3
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oil recovery of about 7.3 wt%. The reason behind this find‑
ing can be correlated with the better effect of NaCl solu‑
tion (SDBS concentration = 1000 ppm, NaOH concentra‑
tion = 2000  ppm, NaCl concentration = 5000  ppm) for 
IFT reduction with IFT values of 0.65 mN/m, 0.25 mN/m 
and 0.08 mN/m for asphaltene concentration of 3, 6, and 
9 wt%. However, the IFT values for the optimum  MgCl2 
solution (SDBS concentration = 1000 ppm, NaOH con‑
centration = 2000 ppm,  MgCl2 concentration = 5000 ppm) 
were 1.5, 0.88, and 0.4 mN/m, which are larger than the 
values obtained for NaCl solution, especially for the asphal‑
tene concentration of 9 wt% which is eight times larger. In 
this way, the better efficiency of the NaCl solutions for oil 
recovery is directly correlated with the better potential of 
this solution for IFT reduction by considering the fact that 
the effect of these two optimum solutions on the wettability 
alteration is rather the same for the asphaltene concentra‑
tion of 9 wt%. Besides, although the wettability alteration 
measurements revealed the strongly water‑wet conditions 
for solutions being contacted with synthetic asphaltenic oil 
(asphaltene concentration of 3 wt%) with values of 29.30 
and 24.30 for NaCl and  MgCl2, respectively, lower oil 
recovery values were obtained for these binary solutions. 
So, one can conclude that the dominant mechanism through 
the performed core flooding experiments is IFT reduction 
due to its rapid nature instead of wettability alteration which 
is a time‑consuming phenomenon that required more time 
to introduce its ultimate effect on the rock surface and oil 
recovery results. On the other hand, the alkaline agent of 
NaOH in the current investigation aids crude oil displace‑
ment by raising the pH of the injected water and generating 
in situ surfactants as a result of alkali reactions with acidic 
components existing in crude oil. After in situ surfactant 
formation, this mixture mobilizes the crude oil and removes 
it from the pore spaces in the reservoir. The possible mecha‑
nism for the effect of alkaline on the oil recovery can be 
correlated with Fig. 13.

Conclusions

The synergy between the salts under low salinity conditions 
up to 5000 ppm for NaCl and  MgCl2, NaOH in the range of 
0–2000 as an effective alkali, 0–1000 ppm sodium dodecyl 
benzene sulfonate (SDBS) as an effective anionic surfactant 
and asphaltenic synthetic oil activated by resin fraction in 
different concentrations of 0–9 wt% and 0–5 wt%, respec‑
tively, was examined. This investigation was performed to 
find the possible effect of these chemicals on the interfacial 
tension (IFT) and wettability alteration which was then fol‑
lowed by core flooding experiments. The findings revealed 
that:

• Increasing the concentration of asphaltene fraction from 
0 to 9 wt% led to IFT reduction from 34.8 to 23.3 mN/m, 
which was due to the interfacial activity of the asphaltene 
molecules that can act as a surfactant.

• The findings also revealed that the presence of salts 
regardless of whether being divalent or monovalent has a 
deep effect on the IFT reduction especially if the concen‑
tration of 5000 ppm (low salinity condition) is dissolved 
in the aqueous solution.

• The findings revealed IFT reduction from its maximum 
value of 34.8 to 17.3 mN/m for  MgCl2 concentrations of 
5000 ppm.

• Further investigations demonstrated that the presence 
of NaOH as an alkali is significantly effective to reduce 
the IFT of the binary system to the minimum value of 
7.8 mN/m and 5.7 mN/m for NaCl and  MgCl2, respec‑
tively, which means a higher effect of NaOH on the 
 MgCl2 solution.

• Besides, the addition of resin in the range of 1–5 wt% 
revealed the undeniable effect of resin fraction on the IFT 
of the system.

• The synergy between the SDBS as an effective surfactant 
was investigated using the optimum aqueous formula‑
tion of  MgCl2 and NaCl concentrations of 5000 ppm, 
NaOH concentrations of 2000 ppm, and synthetic oil 
with asphaltene concentration between 3 and 9 wt% and 
resin concentration of 5 wt%. The findings revealed that 
in contrast to the previous sections, the addition of SDBS 
has the highest effect on the solution prepared by NaCl 
instead of  MgCl2, leading to IFT reduction to values of 
0.08 and 0.4 mN/m, respectively.

• The optimum formulation of an aqueous solution includ‑
ing 1000 ppm of SDBS, 5000 ppm of NaCl and  MgCl2, 
and NaOH concentrations of 2000 ppm was contacted 
with the synthetic oil prepared using a dissolution of 
asphaltene fraction (3–9 wt%) and resin concentrations 
of 5 wt%. The findings revealed a significant effect of 
the obtained chemical formulation regardless of the 
used salts including NaCl and  MgCl2 on the wettability 

Fig. 13  The possible mechanism of chemicals on the extraction of oil 
drops (Druetta et al. 2019)
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alteration to change the wettability of the rock surface 
toward strongly water‑wet conditions of 29.3° and 24.3° 
for asphaltene concentrations of 3 wt%.

• The core flooding experiments using optimum formula‑
tions revealed the maximum oil recovery of 10.1% based 
on original oil in place (OOIP).
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