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Abstract
One of the most commonly used methods of enhanced oil recovery for use in carbonate reservoirs is the smart 
water injection method. Asphalt nitic compounds in the oil serve as natural surfactants and form water emulations 
in the oil when they are placed at the water and oil contact points. Besides, the salt contained in saltwater also 
contributes to the emulsion stability. Given that low-salty water and seawater are used for enhanced oil recovery, 
this process also increases the likelihood of the formation of W/O emulsions, so the assessment of the formation 
of W/O emulsions with low-salty water and seawater compounds and the stability of these emulsions due to the 
presence of different ions, can bring the conditions of formation of natural emulsions closer to actual events. 
Distinctive properties of injected water in order to form microemulsions of W/O and, the effect of concentration 
of ions in the injected smart water on the oil extraction efficiency have been investigated. Also, the formation of 
water emulsion in oil and its stability in oil sweeping in the formation in the case of smart water injection and 
its effect on the oil extraction efficiency have been discussed in full detail by presenting experimental results.
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Introduction
Considering the growing need for fuel and the limited oil re-
serves of the world, it is necessary to focus on increasing the 
extraction from oil reservoirs. Enhanced Oil Recovery is defined 
as a set of techniques and processes through which, the crude 
oil which cannot be extracted by conventional methods or is not 
economic and cost-effective, is extracted by using the energy or 
material out of oil field. Since the life of most of the world's oil 
reservoirs has reached the second half, the rate of oil extraction 
from them has been significantly reduced. For this reason, it is 
necessary to pay more attention to the enhanced recovery from 
oil reservoirs, [1].

The most important challenge in the oil extraction from frac-
tured carbonate reservoirs, which results in a reduction in the 
percentage of oil recovery from them is the phenomenon of large 
amount of oil remaining inside the rock matrix network and 
clinging to the surface of the rock. There are two main reasons 
for this phenomenon, one is the state of carbonate rock wettabili-
ty which is mostly observed in oil-wet reservoirs and the other is 
big difference is the low permeability in the rock matrix network 
and the high permeability in the rock fracture network. Due to 
the high permeability of the fracture network compared to the 
rock matrix network, when the oil is displaced by water, the oil 
in the fractures is rapidly discharged and a large volume of oil 
remains inside the rock matrix network. As a result, any process 
that can change the wettability state of the rock matrix network 

to water-wet is an effective process in the enhanced oil recovery 
from fractured carbonate reservoirs, [2].

One of the most commonly used methods of enhanced oil recov-
ery for use in carbonate reservoirs is the smart water injection 
method. In fact, by changing the salinity of the injected water 
and its ionic composition in this method, it is tried to minimize 
the interactional effects of water, rock and oil and, increase the 
efficiency of oil extraction from the reservoirs. Smart water was 
created by adjusting and optimizing the ion composition in the 
injected fluid to correct the initial wettability conditions of the 
rock.

Emulsions are used in most oil production sectors and enhanced 
oil recovery (EOR) processes, as well as in many cases, such as 
drilling, production, transportation and processing of crude oil 
[3-7]. Emulsion is defined as the dispersion of a fluid (liquid) in 
another liquid [8]. The emulsion stability is associated with the 
presence of particles located on the surface between the two flu-
ids and postponing the tendency of the two fluids to detach [9]. 
These particles have usually molecules with polar and non-polar 
chemical groups in their structure, commonly known as surfac-
tants. The dispersed phase is usually present in spherical droplets 
in the emulsion [10]. The separation of phases in the emulsion is 
influenced by the thermodynamics of the system. Because when 
the oil and water form two continuous phases, the distance be-
tween them and the free energy of the system decrease [11]. As 
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a result, the characteristics of the emulsion, such as the particle 
size, the average particle size, etc. cannot remain constant over 
time. Therefore, the emulsion stability refers to the ability of the 
dispersed phase to maintain its properties within a given time 
frame [12].

Characterization of emulsions is very common in most particle 
sizes. The emulsion structure is usually measured by the statisti-
cal distribution of the particle size. This measurement is import-
ant in several aspects [13-14]. Knowledge of the particle size 
distribution provides good information on the efficiency of the 
emulsification process [15]. In addition, observing any changes 
in the particle size distribution, such as the age of the emulsion 
provides useful information about the stability of the system [16]. 
Since the size of the emulsion droplets affects other properties 
of the emulsion, including its stability and rheology, valuable 
information can be obtained from these studies about particle 
size distribution. Most emulsions are naturally and thermody-
namically unstable, which means they tend to separate into two 
separate phases over time due to the high surface interactions 
and the overall surface energy [17-18]. Therefore, the charac-
teristics of emulsions including the distribution of particle size, 
average particle size and other characteristics change with time. 
The emulsion stability is determined by the behavior of the main 
parameters that are time dependent. There are several processes 
for breaking emulsions [19-20]. Physical instability mechanisms 
include sedimentation, creaming, aggregation, and coalescence 
[17-21]. In addition to these unstable physical mechanisms, 
mass transfer processes can also occur in emulsions [21].

Water can be found in three different forms in an oil system:
1. Solubilized water
2. Emulsified water
3. Free water

Depending on their capability and saturation, non-polar oils 
solve very little water. Beyond the oil saturation limit, water may 
be emulsified with oil in the presence of surfactants, or remain as 
a separate phase in the system [22]. Heavy polar components in 
crude oil, asphaltenes, waxes, and minerals such as clay and sol-
id particles, temperature, droplet size, the distribution of drop-
lets, pH of saline water and its compounds are among the factors 

that affect the stability of emulsions [23-25]. Asphaltenes are 
one of the surfactants that ate naturally present in oil [26]. They 
contain functional groups that consist of nitrogen or oxygen, and 
at the oil and water contact point, they may exhibit alkalinity, 
acidic, or acidic- alkalinity properties [27-28]. Asphaltene mole-
cules typically contain hydrocarbons. These molecules also have 
a small amount of sulfur and oxygen [29-30]. The nitrogen con-
tent in these molecules is slightly less than sulfur and oxygen 
contents [31-33]. Although asphaltene molecules do not have a 
significant amount of polar components that can dissolve these 
molecules in water, polar compounds and components are pres-
ent in sufficient amounts in these solutions to cause asphaltene 
molecules come to the water and oil contact surface [34-36]. 
The following section provides a review of studies on the role 
of surfactants and other organic and aqueous compounds in the 
formation and stability of emulsions.

Previous studies have also shown to some extent that surface 
activators alone can also be effective in changing the surface 
wettability, reducing the surface adhesion and enhanced recov-
ery from the carbonate reservoirs, [37]. But large amounts of ex-
pensive chemicals are needed for field applications. Therefore, 
for economic reasons, oil companies are reluctant to implement 
this method in the field and the use of low-cost chemical addi-
tives is very important. Therefore, it seems that the combination 
of smart water and a small amount of surface activator as an 
injectable fluid can be used on a field scale.

Emulsion
Emulsion is actually an unstable thermodynamic system con-
sisting of at least two phases of immiscible liquid, one phase 
of which floats in the other in the form of floating granules and 
reaches stability by a third substance called the emulsifier.

Figure 1 presents a view of the two phases of the emulsion, where 
A presents two immiscible phases, B indicates the non-disper-
sion of the first and second phases and the formation of a sus-
pension, C indicates that the desired figure is unstable without 
the emulsifier and tends to return to its previous state. Finally, D 
means that the system stabilizes by adding the emulsifier and the 
droplets remain scattered.

Figure 1: a view of the two phases of the emulsion
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Emulsion preparation theory
As shown in Fig. 2, changing the state from A to B increases the 
contact surface between phase I and phase II and since the two 
phases are immiscible, the systems become unstable.

Figure 2: Changing the state from A to B

We actually add emulsifier to the system in order to reduce the 
surface adhesion between the two phases to form the emulsion. 
So in fact our goal is to reduce interfacial stress.

Classification of emulsions
We generally have three main categories for emulsions:
1. Simple emulsion: such as water/oil or oil/water;
2. Multiple emulsions: such as water/oil/water or oil/water/oil
3. Microemulsion
Emulsions are usually classified on the basis of stability, floating 
droplet size, flow rheology between phases, temperature, and so 
on. Also, the properties of emulsions and their stability may de-
pend on the stirring speed used for preparing the emulsion as 
well as the formation time of the emulsion [38].

Microemulsions
Microemulsions are thermodynamically stable, that the droplets 
can be observed visually, usually consisting of two phases (water 
and oil), and surface activators are used to stabilize the system.
Table 1 compares some properties of the emulsion and micro-
emulsion.

Table 1: Comparison between some properties of the emulsion and Microemulsion

Emulsion Microemulsion
Clearness Yes No
Measure 10-12 mm 0.1-10 mm
Formation Spontaneous Need to an External force
Type  Oil/Water  and Water/Oil Water/Oil, Water, Oil/Water/Oil
Stability Thermodynamically stable Thermodynamically nonstable
Viscosity Low viscosity, 20%-40% Viscos

Emulsion inversion
An emulsion is called invertible if the scattered phase can be 
replaced by a solvent phase, this is usually possible by methods 
such as adding electrolyte, adding cacl2, or changing the volume 
ratio of the phases.

Emulsifiers
The third substance that makes the emulsion stable is called the 
emulsifier, and its task is to reduce IFT; in fact, surface activators 
are substances that reduce the interfacial stress between phases. 
Surface activators have different models classified as anionic, 
cationic, etc. Examples include clay particles, chemical addi-
tives, crude oil compounds such as asphaltene, waxes, resins and 
petroleum acids. Choosing the right surface activator depends 
on several factors, including pH, emulsion salinity, and system 
temperature.

Emulsion preparation
Basic points for preparing an emulsion include:
1. The liquid phase contains scattered droplets
2. Suitable volume ratio of phases for mixing
3. Selecting a suitable emulsifier for system stability
There are two points to keep in mind for preparing an emulsion:
1. The dripping phase must be created by a force scattered in the 
other phase.

2. Then fix these drops.
External energy can be found in many forms:
1. Heating
2. Homogenization
3. Creating turbulence
In the enhanced oil extraction process, we usually use gearbox 
oil as the scattered phase and saline water as the solvent phase 
to prepare the emulsion used in the oil well. Undoubtedly, emul-
sifier or surface activator is used to stabilize the emulsion. The 
solvent is stirred at different speeds over time depending on the 
needs and different characteristics of the solution to reach the 
desired system.

The overall design of the emulsion for each well is based on trial 
and error, and the best emulsion used for the well is prepared 
in this way. However, it contains a special oil injected into the 
reservoir. In preparing the emulsion, we must keep in mind that 
our chosen surface activator plays a very important role because 
its task is to reduce the interfacial stress of the reservoir oil to 
be produced through it. Also the emulsion formulation we are 
preparing, In addition to depending on the characteristics of the 
emulsion itself, it may change according to the condition of the 
reservoir and the condition of the reservoir.

In addition to all these factors, controlling the mobility of the 
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emulsion during operation is also very important. Emulsion 
mass design should be based on reservoir temperature, salinity 
of water remaining in the reservoir and type of crude oil in the 
reservoir because not observing these cases may make it difficult 
for us to control the fluid [39].

The role of emulsions in enhanced oil recovery
After preparing the emulsion and examining and controlling the 
related factors, we will investigate the events inside the well and 
the reservoir after the emulsion injection. In fact, injecting emul-
sion into the well does not break the oil resistance to dissolving 
in water, but lubricates the oil and improves production.

ASP microemulsions (alkaline, surface activator and polymer) 
and emulsifying agent are emulsions that allow the remaining 
oil trapped in the reservoir to be transported and produced. Other 
factors in the success of using this method are correct mass de-
sign and selection of a suitable design for mass injection, as well 
as attention to the rock and fluid dispersions of the reservoir.
One of the most effective emulsions for injection is the type of 
emulsions with the scattered droplets with slightly larger is size 
compared to porous space cavities in the reservoir. Factors af-
fecting the mobility of emulsion masses in wells depend on the 
composition of the masses, the amount of water used, the elec-
trolyte content in the mass, the type of hydrocarbons and the 
amount of emulsifiers.

Figure 3 shows an image of a depth section of the reservoir that 
was initially fully integrated. We inject some water and surface 
activator through the injection well so that the oil in the reservoir 
makes an emulsion and reduce the interfacial tension between 
the water and the oil, increasing the mobility of the oil remaining 
in the well and producing it.

Figure 3: Image of a depth section of the reservoir

Smart water
In total, oil extraction includes three primary, secondary and ter-
tiary methods, in the primary method 5-10% of oil, in the sec-
ondary 10-40% and in the third method more than 40% of oil 
can be extracted.

EOR methods include:
1. Thermal such as hot water vapor injection or combustion
2. Injection of gas such as N2, CO2 and fluency
3. Chemical methods such as surface activators, polymers and 
alkalis
4. Biotechnological methods such as MEoR/MIoR

We more focus on chemical methods.
The most important mechanisms in smart water injection are:
1. Change in wettability
2. Reduced interfacial tension
3. Reduced asphaltene deposition

Mechanism of reducing interfacial tension
In smart water, the injection of ions such as NaCl, CaCl2, MgCl2, 
CaSO4 and MgSO4 are injected, which are ionized to positive 
and negative ions in water, that is, to cations and anions that, cat-
ions forms the complex with negatively charged asphaltene and 
they are located between the surface of water and oil. Asphal-
tene acts like a surface activator with the polar part on the water 
side and the non-polar side on the oil side, which causes the 
formation of water-in-oil or oil-in-water emulsions. Oil-in-water 
emulsions stabilize the injection front and are useful. But water in 
oil emulsion has some advantages and disadvantages [40].

Disadvantages of water emulsion in oil are:
1. Increased oil viscosity
 2. Increased hydrostatic pressure in the well column
 3. After enhanced oil extraction, we need a series of separators 
to separate from each other.
The advantages of water emulsion in oil are:
1. Increasing the relative water permeability in the EOR method
2. Increased mobility ratio or MR
3. Increased oil reciprocation efficiency
1<MR causes the phenomenon of fingering, i.e. instead of push-
ing, the oil itself moves faster and reaches the production well.
At MR>1 there may be no ability to push oil.
The best case is MR=1.
Types of emulsions include:
1. Water in oil emulsion where the surface activators are around 
water, the polar part of which is on the water side and the non-po-
lar part is on the oil side.
2. Oil in water emulsion 
3. Multiple emulsions

The mechanism of change in wettability is that the cations form 
a complex with the asphaltene that is on the surface of the rock 
and are located between the surface of water and oil. On the oth-
er hand, anions such as SO42- are absorbed by the rock surface 
and when their expansion exceeds a certain limit, they reject the 
oil and more oil is produced.

Smart water tests and low salinity on carbonate rocks
Self-imbibition experiments
Webb et al. (2005) examined the effect of sulfate ions on oil 
extraction efficiency from North Sea carbonate rock by a spon-
taneous imbibition experiment on the core. They found that the 
injection of seawater into the carbonate rock changes the wet-
tability of the rock and made it more water-wet than injecting 
sulfate-free water, [41]. In 2007, Zhang et al. studied the change 
in wettability of the North Sea chalk reservoirs in the Eco phys-
ical Field. They investigated the effect of adding calcium and 
magnesium ions to water for injections on the oil extraction effi-
ciency. According to their results, if the injected water contains 
sulfate and calcium ions or sulfate and magnesium ions, the wet-
tability of the rock will change, [42].
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In 2008, Strand et al. performed self-imbibition and force-in-
duced imbibition tests on the carbonate rock confirmed the im-
provement of the water-wet nature of the carbonate rock after 
the injection of seawater at high temperature which led to an 
increase in oil production, [43]. Figure. 4 shows the effect of 
seawater injection on the efficiency of oil extraction relative to 
the formation water in both self-imbibition and force-induced 
imbibition states.

Figure 4: Effect of seawater injection on the efficiency of oil 
extraction, [43]

Fluid flow tests inside the core
Using the method of fluid flow inside the core, Bagci et al. in 
2001 observed an increase in oil production of up to 35% of the 
in-situ oil was by injecting water with Kcl (2% by weight of 
water) into the carbonate rock. They also observed an increase 
in the pH of the water leaving the core due to the presence of in-
rock clays and ion exchange. They attributed the increase in oil 
production in carbonate rocks to low salinity due to the injection 
of water with low salinity, [44].

In 2011, Yousef et al. investigated the use of smart water injec-
tion in carbonate rocks. They used sea water at different concen-
trations. The results of the water flow inside the carbonate core 
showed that as the seawater diluted, the oil extraction efficiency 
increased by 18%, [45].

Gupta et al. in 2011 studied the flow of water in the cores of 
the Middle East limestone and the western Texas dolomite. The 
results showed a 5 to 9 percent increase in oil extraction effi-
ciency for both samples due to sulfate injection. Also, according 
to the results, in limestone, a 7 to 9% increase in in-situ oil ex-
traction was achieved due to a decrease in the hardness of the 
injected water, and an increase of 15% and 20% was observed in 
oil extraction efficiency in the case of application of borate and 
phosphate. They introduced the mechanism of change in rock 
wettability as a factor in increasing oil extraction in carbonate 
rocks [46].

Effect of ions
Effect of the concentration of Ca2+ ion 
Figure 5 shows the effect of Ca2+ ion concentration on oil re-
covery. In the solutions where the effect of Ca2+ ion was in-
vestigated (PG, PG0 Ca2+, PG2 Ca2+, PG3 Ca2+ solutions) at 
temperatures below 90 °C, the oil extracted from all samples 

was the same. But, at a temperature of 90 °C, with increasing 
Ca2+ ions in the solution, the extraction has also increased. 
However, by increasing Ca2+ in PG2 Ca2+ solution (containing 
0.025 mol/L of Ca2+ ion) compared to PG solution (containing 
0.012 mol/L of Ca2+ ion), identical recovery was obtained from 
the two solutions. In the studies conducted by Austad et al. on 
chalk carbonate rocks, increasing the concentration of Ca2+ ion 
in the presence of ions had a positive So42- effect on enhanced 
oil recovery [47-49].

Figure 5: Effect of Ca2+ ion concentration on oil recovery [50]

By increasing the concentration of Ca2+ ion near the rock sur-
face due to the co-adsorption of this ion in the presence of So42- 
ion, the necessary ground is prepared for reaction with carboxyl-
ic substances. As a result, the separation of carboxylic materials 
from the surface is facilitated by the reaction of these materi-
als with Ca2+ ions and the formation of complexes with these 
ions. Due to the change in wettability caused by the separation 
of carboxylic groups, self-imbibition of water and oil extraction 
increases [49].
Effect of So42- ion concentration
Figure 6 shows the effect of So42- ion concentration on oil re-
covery. The results of the experiments confirm that the presence 
of So42- ion is very effective in increasing oil recovery. As ob-
served in Fig. 6, the highest oil extraction in the experiments 
(75% OOIP) was obtained by PG3So42- solution (containing the 
highest amount of So42-) and the lowest recovery (16%OOIP) 
has been obtained by PG0So42- solution (without So42- ion).

Figure 6: Effect of So4
2- ion concentration on oil recovery, [50]

Researchers' studies on chalk carbonate rocks also indicate the 
importance of the presence of So42- ions in changing wettabil-
ity and improving self-imbibition status, [47-49]. By absorbing 
negatively charged So4

2- ions on carbonate surfaces, the positive 
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charge on the surface is reduced and this issue facilitates the 
separation of carboxylic (negatively charged) groups from the 
surface, as a result of wettability of the mentioned surfaces and 
subsequent self-imbibition of water in the rock increase [49].

Effect of Mg2+ ion concentration
According to experiments performed with solutions of PG0 
Mg2+, PG2 Mg2+, PG3 Mg2+ and PG, Mg2+ ions show a relatively 
similar behavior to Ca2+ ions. At 40, 60 and 80 °C, with increas-
ing concentration of Mg2+ in the imbibition solution, no change 
was observed in oil recovery. But at 90 °C with increasing con-
centration of Mg2+ ion, the oil extraction rate also increased. 
While contrary to expectations, the amount of oil extracted by 
PG0Mg2+ (without Mg2+ ion) and PG (containing 0.073 mol/L 
Mg2+ ion) solutions was almost equal. Studies by Zhang et al. 
on chalk carbonate rocks show that the activity of Mg2+ ions is 
effective only at temperatures above 100 °C and, increasing the 
concentration of this ion at lower temperatures will not affect the 
oil recovery rate, [48]. However, it was predicted that due to the 
absence of twin water, in the initial state of saturation of 100% 
of the reservoir rock from oil, at temperatures below 100 °C, the 
effect of the presence of Mg2+ ions in the change of wettability is 
significant. Previous researchers believed that at high tempera-
tures, Mg2+ would be able to separate the complex formed be-
tween Ca2+ ions and carboxylic groups, (Figure 7).

Figure 7: Effect of Mg2+ ion concentration on oil recovery, [50]

Effect of NaCl salt concentration
With decreasing the total salinity from 41.38 to 14.10 g/L due to 
the removal of NaCl salt concentration (TDS = 3.1 TDS (PG)), 
oil extraction increases by 30% at 90 °C. However, due to the 
addition of NaCl and increasing the total salinity to 123.23 g/L, 
the oil extraction rate has decreased by 2% at 90 °C. Similar 
results have been reported in experiments on chalk carbonate 
rocks by other researchers [51].

Figure 8 shows the effect of TDS in imbibition solution on oil 
recovery.

Figure 8: Effect of TDS in imbibition solution on oil recovery, 
[51]

Effect of temperature
Temperature is a critical parameter in most water-based en-
hanced oil recovery studies in chalk carbonate reservoirs. Zhang 
et al. investigated the adsorption of Ca2+ and Mg2+ ions with 
equal concentrations on the surface of carbonate chalk rock at 
20 °C and 130 °C by adsorption chromatography. At 20 °C, the 
attraction of Ca2+ ion to chalk rock was higher than Mg2+ ion. 
While at 130 °C, the concentration of Ca2+ in the output solution 
was higher than its value and the concentration of Mg2+ ion was 
lower than its value in the injected fluid. The results of Fig. 9 
show that the Mg2+ ion in the injected fluid is able to replace the 
Ca2+ ion with a 1: 1 reaction, [52].

Figure 9: Effect of temperature on the competitive adsorption of ions Ca2+ and Mg2+ in sandstones, [52]
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Strand et al. investigated the effect of temperature on the com-
petitive adsorption of Ca2+ and Mg2+ on the surface of limestone. 
At temperatures below 100 ° C, the adsorption of Ca2+ and Mg2+ 
towards the carbonate surface was quite similar. But with in-
creasing temperature from 100 °C to 130 °C, the adsorption of 
Mg2+ is more than Ca2+ ion. In Fig. 10, the Ca2+ and Mg2+ curves 
at temperatures below 100 °C are almost identical. However, 
with increasing temperature, the Mg2+ curve falls below the Ca2+ 
curve, which indicates that Mg2+ is more adsorbed on the lime-
stone. At high temperatures, Mg2+ can replace Ca2+. Fathi et al., 
also observed large differences in oil recovery rates between im-
bibition fluids (seawater, formation water, NaCl-free seawater 
and seawater with the concentration of 4 times NaCl concentra-
tion) at high temperatures [53].

Effect of ion concentrations in seawater on oil ex-
traction efficiency
Puntervold et al. in 2015 investigated the effect of ion concen-
trations in seawater on oil extraction efficiency during self-imbi-
bition on the chalk rock. Their results showed that with decreas-
ing the amount of ion, the extraction efficiency increased. Fig. 
10 indicates the oil extraction efficiency in self-imbibition from 
oil-saturated chalk rock for smart water at various concentra-
tions of Na ions at 90 °C and initial water saturation of 10% and 
acid number of 0.5 mg of KOH per gram.

Figure 10: Oil extraction efficiency in self-imbibition from 
oil-saturated chalk rock for smart water at various concentra-
tions of Na ions, [54]

According to the experimental results obtained, in order to reach 
higher oil extraction efficiency relative to seawater (about 8% 
of higher extraction efficiency), the removal of more than 90 
percent of the ions in the seawater is needed [54].

Figure 11 shows the increased oil extraction efficiency by up to 
10% in self-imbibition of oil-saturated chalk rock for Na ion-

free smart water at varying concentrations of So4
2- ions (from 0 

to 4 times the concentration in seawater) at 90 °C and the initial 
temperature and water saturation of respectively 10% and the 
acid number of 0.5 mg of KOH per gram.

Figure 11: Increased oil extraction efficiency by up to 10% in 
self-imbibition of oil-saturated chalk rock for Na ion-free smart 
water at varying concentrations of So4

2- ions, [54]

Figure 12 shows the highest oil extraction efficiency using sea-
water modified at different concentrations of NaCl at 90 °C and 
an initial water saturation of 10% and an acid number of 0.5 mg 
KOH per gram.

Figure 12: Highest oil extraction efficiency using seawater 
modified at different concentrations of NaCl, [54]

Figure 13: shows the oil extraction efficiency after 24 days of 
imbibition for smart water without Na ion at different concen-
trations of So4

2- ions (from 0 to 4 times the concentration of 
seawater) at 90° C and initial water saturation of 10% and acid 
number of 0.5 mg of KOH per gram.
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Figure 13: Oil extraction efficiency after 24 days of imbibition 
for smart water without Na ion at different concentrations of 
So4

2- ions, [54]

Interfacial tension
Examining the results of interfacial tension of water-oil systems 
published in previous studies, it can be seen that different num-
bers, trends and mechanisms have been reported, [55-57]. Com-
pared to pure materials, the interfacial tension of crude oil is a 
very complex function of many parameters such as temperature, 
pressure, salinity and water composition, pH, acid number and 
type of polar materials in crude oil, [58]. As observed in pre-
vious sections of this study, the presence of water along with 
crude oil dissolves some polar components into the water and 
thus changes the properties of the water. In this section, it has 
been tried to investigate the effect of this phenomenon on the 
interfacial properties and in particular the water-oil interfacial 
tension through the designed experiments mentioned earlier.

First, the effect of water composition and type of ions in water 
on the interfacial tension of water-oil dynamics is investigated. 
This study can provide knowledge about the type of ion function 
in adsorption of polar components to the interface of two phases. 
Fig. 14 presents the interfacial tension of smart water designed 
with crude oil used. This experiment was performed using fresh 
oil and fresh water before the aging process.

Figure 14: Interfacial tension of smart water designed with 
crude oil used, [59]

According to Figure 14, with increasing sulfate ions in water, the 
amount of equilibrium interfacial tension decreases. The lower 
number of equilibrium interfacial tensions indicates that more 
polar compounds have accumulated at the two-phase contact 
surface. Accordingly, the smart water with only divalent ions 
(DV) has also been able to rapidly pull polar oil components to 
the water-oil contact surface and reduce the interfacial tension. 
Figure 14 also shows that the presence of sulfate ions along with 
a cation is necessary to adsorb polar components to an interface. 
Due to the absence of sulfate ions in Ca-0S-4Mg water, the in-
terfacial tension is higher than other compounds. Cations need 
more water molecules due to high waterproofing in the soluble 
mass. As a result, more molecules of water come to the mass 
from the surface and the asymmetric gravitational force to the 
mass increases and, therefore the result of interfacial tension 
increases. But when an anion is added to an aqueous solution, 
fewer water molecules are needed to waterproof the cations due 
to the presence of negatively charged anions. In other words, the 
interfacial tension will be less than that of pure cation.

Now, aware of the effect of ion type on interfacial tension, its 
effect on the dissolution of polar components of oil is investigat-
ed. Accordingly, the interfacial tension of aged smart water and 
fresh crude oil has been measured at different times of aging. 
Fig. 15 shows the measured interfacial tensile values of aged 
smart water and fresh crude oil in which the polar components 
are not dissolved in water. 

Figure 15: Measured interfacial tensile values of aged smart wa-
ter and fresh crude oil, [59] 

Figure 15 shows that as time passes and the dissolution of the 
polar components of the oil into the water increases, which de-
creases the pH of the water, the interfacial tension measured in 
all waters will decrease. Of course, the changes in interfacial 
tension in different waters is different. The presence of polar 
components and acidification of aged water has facilitated the 
conditions for reducing interfacial tension [59]. For more de-
tailed investigation, Fig. 16 shows the relative variation of inter-
facial tension for different waters.
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Figure 16: Relative variation of interfacial tension for different 
waters [59]

Figure 16 shows that the greatest change in interfacial tension 
occurred in DV water. If we refer to the results of pH experi-
ments, it is clear that this water had the highest dissolution rate 
of polar components and the effect of this dissolution on changes 
in interfacial tension is also evident. Also, according to the re-
sults of dynamic interfacial tension, it was observed that the rate 
of adsorption of polar components on the water-oil interface by 
this water combination was higher than other waters. However, 
it seems that there is a difference between the solubility of polar 
components and the polarity of the surface in the adsorption of 
polar components to the interface of the two phases. Because 
DV water, which shows the highest dissolution of polar compo-
nents, does not have the lowest interfacial tension compared to 
Ca-2S-4Mg and Ca-4S-2Mg. It can be concluded that the pres-
ence of divalent cations provides the conditions for the disso-
lution of polar components of oil in water and the presence of 
these components in the mass of water. 

However, the presence of monovalent ions is essential for the ac-
cumulation of these materials on the interface of the two phases. 
In other words, it can be concluded that the lower concentration 
of polar components in the composition of Ca-2S-4Mg and Ca-
4S-2Mg waters compared to DV water, therefore, is not the re-
sult of lower dissolution of polar materials. Rather, it is the result 
of the reabsorption of polar components dissolved in water on 
the interface of the two phases. To better understand the results 
presented, interfacial tensile tests on fresh smart water samples 
that have not been in contact with oil and there is no naphthenic 
acid and no polar component in it, and it was done using aged 
oil, the results of which have been presented in Figure 17.

Figure 17: interfacial tension for fresh smart water samples and 
aged oil, [59]

According to Figure 17, the reduction in interfacial tension at 
different aging times shows different trends for different water 
compositions. Slightly increasing trend is observed for SW wa-
ter, almost constant for Ca-0S-4Mg water and slight decreasing 
trend for the rest of the water composition. Since the aged oil 
has lost some of its surface activators in contact with water in 
this group of experiments, a reduction in interfacial tension has 
also been observed with a lower slope. However, waters with 
active divalent ions have also been able to reduce the residual 
amount of surface activators in the oil to the two-phase interface 
and reduce interfacial tension. As expected, a decreasing trend 
was observed in this group of experiments for interfacial tension 
over time and an increase in aging. However, the point is lower 
variation rate than the aged water- fresh oil tests. In this group 
of experiments, aged water has a lower pH and more polar com-
ponents, but on the other hand, the amount of surface activators 
in aged oil is less than fresh oil. The result of these two events 
is that the interfacial tension in this case is more than the inter-
facial tension of the aged water-fresh oil system and less than 
the interfacial tension of the fresh water-aged oil. However, it 
should be noted that in all three cases where interfacial tension 
was measured, Ca-2S-4Mg water showed the lowest interfacial 
tension compared to other compounds.

Effect of dissolution on the yield of smart water injec-
tion in carbonate reservoirs
Khaksar et al. dissolved the salts at optimal concentrations with 
water and again measured the interfacial tension of the oil and 
carbonated water. The results showed that the addition of water 
caused a significant decrease in interfacial tension. For exam-
ple, at the temperature of 75 °C and pressure of 1000 Psi, the 
interfacial tension has been reduced by 31% compared to the 
oil without salt. At the pressure of 150 Psi, 48% reduction was 
observed in tensile strength between water and oil. In this ex-
periment, there is also the lowest interfacial tension between the 
water and oil and there will be more extraction efficiency com-
pared to other salts. It was also observed that with increasing 
pressure at a certain interfacial tension temperature between the 
water and oil decreased which was due to the increase in solu-
bility in water [60].

Khaksar et al. in 2017 to study the effect of water-soluble ions 
on the change in carbonate rock wettability by measuring the 
angle of contact with water in order to investigate the effect of 
smart water injection on carbonate rocks. They performed this 
experiment on several different salts. Then, the effect of chang-
ing the wettability of the rock was investigated under optimal 
conditions. In the first stage of their experiments, they examined 
the compatibility of materials with the formation water and mea-
sured the precipitation and deposition of salts in contact with the 
formation water to identify water-compatible salts.

Formation was observed for solutions with three salts precipitat-
ed and precipitated in water. Therefore, these salts were incom-
patible with formation water and were not suitable for enhanced 
oil extraction operations. According to their results, the use of 
intelligent carbonate water for injection will have a higher and 
more extraction efficiency than oil and changing the wettabili-
ty of the rock from oil-wet to water-wet will be more effective 
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and the capacity to increase production related to both methods 
will be effective in the combined state and simultaneously and it 
causes the acidification of water and dissolving of rock and in-
creases the porosity and permeability of rock, and thus increases 
the production of oil [61].

The results of the experiments showed that the increase in the 
concentration of sulfate ions had a significant effect on the oil re-
covery from carbonate reservoirs by the method of smart water 
in the self-imbibition experiment. As the ion concentration in-
creases to three times the initial value, the oil recovery increases 
to about 58%. Increasing the concentration of Na+ ion slightly 
reduces the oil recovery rate. In other words, it reduces the ac-
tivity of effective ions in smart water. However, a decrease in 
the content value of Na+ ion leads to a significant increase in 
the oil recovery. In other words, by decreasing these ions, the 
availability of active ions to the adsorbed fatty acid on the sur-
face increases.

At the temperature of 51 °C, when the smart water fluids were 
used alone, the oil recovery from the cores was low and increas-
ing the concentration of ions did not have much effect on in-
creasing the yield of oil. But as the temperature rises, the oil 
recovery increases relative to the lower temperatures and the 
activity of ions in smart water solution is also increased and in-
creasing or decreasing the concentration of ions affects the final 
oil recovery rate [61].

Wettability in carbonate reservoirs and its challenges
Wettability can be considered as one of the most important pa-
rameters in the oil recovery process and this is due to its very 
strong effect on the distribution, placement and flow of water 
and oil in the reservoir during production, [40]. Fluid distribu-
tion in a porous medium is not only affected by capillary, vis-
cous, and gravitational forces, but also by forces in the solid/liq-
uid interface. Wettability is a term used to describe the relative 
affinity of a surface for a fluid in the presence of other immisci-
ble fluids. This parameter is the main factor in the microscopic 
distribution of the fluid in the porous medium and greatly affects 
the oil saturation as well as the ability of one phase to flow. This 
relative tendency of cavity walls to a hydrocarbon in the pres-
ence of water in the oil industry is often described by the terms 
water-wet and oil-wet. The strong water-wet, strong oil-wet for-
mations with moderate wettability include Spraberry in western 
Texas, Bradford Black in Pennsylvania, and Fair bank sand in 
southern Texas, respectively. It is believed that most carbonate 
reservoirs have combined and oil-wet inclined wettability. It 
has also been shown that oil recovery for sand rock reservoirs 
is higher than for carbonates. The main challenge in carbonate 
reservoirs is the change of wettability. Wettability change is the 
main challenge to increase oil recovery from carbonate reser-
voirs. For any change in wettability, the activation energy re-
quired for chemical reactions is essential. In general, the bond 
energy between the polar components of oil and carbonates is 
higher than that found in sand rocks. Carbonate rock is neutral to 
oil-wet due to the adsorption of carboxylic components in crude 
oil on the carbonate surface. Sulfate ions alone can act as a wet-
tability modifier without the presence of other additives such as 
surface activators.

The calcite surface initially adsorbs the opposite (acidic) polar 
components with a better acid-alkali reaction. The acidic com-
ponents adsorbed on the carbonate surface include naphthalene 
acid and a number of carboxylic acids (RCOOHs) including ca-
prylic (octanoic, palmitic, hexadecenoic), stearic (octadecanoic) 
and oleic acids. This acid-alkali interaction between oil and solid 
is a strong polar interaction.

New mechanism to increase oil extraction efficiency 
from carbonate rocks in smart water injection
Tetteh et al. in 2017 investigated the mechanisms of increasing 
the oil extraction from carbonate rocks in the case of applying 
smart water and low-salinity water. In previous work, only the 
main mechanism in increasing the production of carbonate rocks 
was the change in the wettability of the rock in contact with wa-
ter. However, their results showed that in addition to this mecha-
nism, the formation of a water-in-oil emulsion in the form of mi-
crons also did not increase the extraction efficiency. They used 
the core injection test. Their results showed that after injecting 
seawater into the core with the extraction efficiency of 40%, by 
injecting water with low salinity, this efficiency increases by ap-
proximately 10% to about 50%. The main mechanism in this in-
crease in the extraction efficiency was a change in the wettability 
of carbonate rock [62].

However, the main point was that they did not use aged-non-car-
bonate rock to reduce the effect of the wettability mechanism 
on the oil extraction efficiency and, showed that in the case of 
decrease in the effect of wettability on the oil extraction efficien-
cy, the production rate from the carbonate core increases with 
decreasing salinity of the injected water. Therefore, another ef-
fective mechanism, other than the change in wettability, plays a 
role in this increase in oil extraction efficiency, which is the same 
as the creation of water-in-oil microemulsions of oil.

Figure 19 shows the efficiency of oil extraction from non-aged 
carbonate core in the case of the injection of water formation 
after seawater and then injection of water with low salinity at 40 
°C at a pressure of 1000Psi.

Figure 19: Efficiency of oil extraction from non-aged carbonate 
core, [62]

Formation of water emulsion in oil is a new mechanism to in-
crease oil production in the case of the injection of low salinity 
water into oil reservoirs. Therefore, in the case of injecting water 
with low salinity in carbonate rocks, in addition to the mecha-
nism of change of wettability, the mechanism of formation of 
micro-emulsions increases the oil extraction efficiency.

They used seawater and water formation and low-salinity water, 
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and several other tests were performed to prove the existence of 
this mechanism in the case of the injection of water with low sa-
linity. They heated the water and oil solution by TG (thermal cal-
orimetry) test at 600 °C. Weight loss of soluble oil was measured 
and evaluated with 3 water samples. According to the results, all 
samples had two different slopes in the graph.

Water vaporization in oil has been performed from the tempera-
ture of 80 to 350 °C and, oil components were evaporated at the 
temperature of more than 350 °C. Comparing the weight loss of 
dissolved oil with water at the temperature range of 80 to 350 °C 
for each of the three samples, it was found that the oil with more 
saline water was more stable. Because in this temperature range, 
the most weight loss of oil has taken place and its profile has 
decreased with a higher steep slope in this range [62].

Figure 20 shows the results of the TGA test for an oil and water 
solution at different salinities in the form of a graph of oil weight 
loss in terms of temperature, with a heating time of up to 2 hours.

Figure 20: Results of the TGA test for an oil and water solution 
at different salinities [62]

They then used ESEM electron microscopes to accurately ob-
serve the oil and water solution at different salinities. According 
to the results of the microscope output, the microemulsions of 
the water scattered in the oil were clearly observed. The size of 
these microemulsions was about 50 microns.

Figure 21 shows the output image of the ESEM electron micro-
scope. The shapes inside the red circles indicate the presence of 
microemulsions of water in the oil (for water with low salinity) 
with a size of 50 microns.

Figure 21: Output image of the ESEM electron microscope [62].

Conclusion
According to all the studies performed to investigate the stability 
and formation of emulsions while injecting smart water in frac-
tured carbonate reservoirs, it can be found that:
1. With increasing ion concentration in the injected sensible 

water increases, the oil extraction efficiency increases. In 
the case of high temperature in the reservoir, this increase in 
extraction is more severe.

2. In case of injecting smart water as a compound, the ex-
traction efficiency increases.

3. Smart water injection into the carbonate reservoir causes 
the wettability to change from oil-wet to water-wet, which 
causes the improved extraction efficiency.

4. In addition to the change in the wettability of the rock in 
contact with smart water, the formation of water emulsion 
in oil in microns also causes an increase in oil production. 
With the formation of these water-in-oil microemulsions, 
the oil contained in the formation will be swept in the case 
of smart water injection with a higher efficiency and we will 
have less residual oil in the rock after the water injection 
operation is completed.

5. The lower salinity of the injected water, the possibility of 
the formation of microemulsions of water in the oil increas-
es, and the oil extraction efficiency will increase.
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