
Vol.:(0123456789)1 3

Journal of Petroleum Exploration and Production Technology (2020) 10:893–901 
https://doi.org/10.1007/s13202-019-0741-7

ORIGINAL PAPER - PRODUCTION ENGINEERING

An experimental investigation into enhancing oil recovery using 
combination of new green surfactant with smart water in oil‑wet 
carbonate reservoir

Omid Mosalman Haghighi1 · Ali Mohsenatabar Firozjaii1

Received: 10 May 2019 / Accepted: 16 July 2019 / Published online: 23 July 2019 
© The Author(s) 2019

Abstract
Enhancing oil recovery from oil-wet carbonate oil reservoir is an important challenge in the world, especially in Middle 
East oil field. Surfactant and smart water can change the interfacial tension and wettability condition of this type of rock to 
water wet from oil wet. The present study follows the experimental work of the combination of new green surfactant with 
smart water to enhance oil recovery from a carbonate oil-wet rock. Wettability alternation and IFT reduction by surfactant, 
smart water and combination of surfactant with smart water were investigated experimentally. The results show that mak-
ing surfactant solution using smart water can reduce oil saturation by reducing IFT and alter wettability conditions. The oil 
recovery factor at the end of water, surfactant and surfactant–smart water flooding was 36, 52 and 66%, respectively. It shows 
that combination of surfactant with smart water can help surfactant to be powerful.
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Introduction

The industrial developing increase the world energy demand 
to follow their growing industries running. To meet the 
world energy demand, it is essential to grow the hydrocarbon 
reserves and production. It is possible to increase oil pro-
duction by developing mature reservoirs or discovering new 
reservoirs. In most cases, it is economical to develop mature 
reservoirs (Mohsenatabar Firozjaii et al. 2019). Increasing 
oil production from mature reservoir is an interesting work 
for petroleum industry researchers. There are some methods 
to enhance oil recovery from mature reservoir after primary 
and secondary oil production stages (Onyekonwu and Ogolo 
2010). These methods are called enhancing oil recovery or 
EOR process. The EOR process is classified into four main 
groups, which include thermal, chemical, miscible gas and 
microbial (Sheng 2010). Although these methods are expen-
sive and not always operative, researchers are particularly 
attentive to increase oil production by this techniques, but 

tertiary recovery can still be money-making if market fees 
for oil are high sufficiently (Hirasaki and Zhang 2004). The 
studies concerned with EOR showed 11% of the EOR pro-
ject in worldwide forced on chemical enhancing oil recovery 
(Rellegadla et al. 2017). The chemical enhanced oil recovery 
methods or CEOR are beneficial for light oil reservoir (Alva-
rado and Manrique 2010). Generally, CEOR are applied in 
the formation with two main goals: reducing the interfacial 
tension (IFT) between the reservoir oil and the injected fluid 
and improving the sweep efficiency of the injected fluid by 
decreasing mobility of injected fluid (Shah 2012). The IFT 
reduction and wettability alteration are occurred by adding 
some surface agent material (Xie et al. 2005). Optimizing 
oil recovery is strongly depending on oil reservoir formation 
wettability and IFT between oil and water on rock surface. 
When an enhancing oil recovery method, particularly related 
to water flooding, is considered to apply on reservoir, the 
surface wetting condition of the formation influences the 
performance of process and determines the final recovery 
and cost during oil recovery (Hirasaki and Zhang 2004). 
When two immiscible fluids are presented on a solid sur-
face, one of them would like to spread on the surface com-
pared to another. When a solid–oil–water system is created 
in porous media, there is a balance of two-liquid phase with 
solid surface (Mittal 2009). As shown in Fig. 1, the below 
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equation (known as Young’s equation) shows the balance of 
solid–oil–water system:

where σsw is the IFT between the water and solid, σso is the 
IFT between the oil and solid, and σwo is surface tension 
between the oil and water. θ is the contact angle measured 
through the water phase. 

In the reservoir where oil and water exist together, there 
will be water-wet and oil-wet systems. Oil phase is spread 
on the grain surfaces while the water phase is located in 
the pore bodies (Mittal 2009). A reservoir may have mix-
wet condition when smaller pores are filled with oil and are 
water wet, whereas larger pores are filled with oil and are 
oil wet (Kathel and Mohanty 2013). As shown in Fig. 2, 
the wettability condition on solid–liquid system is often 
distinguished using the contact angle of the liquid phase on 
solid surface (Sun et al. 2017). Wettability has a significant 
effect on the production of oil and gas. By changing wetta-
bility condition from oil to water wet or by reducing IFT, the 
residual oil saturation decreases. Adding some surface agent 
material such as surfactant or changing the surface condition 
of rock provides more oil recovery (Sun et al. 2017). When 
surfactant is solved in water and then is injected to reservoir, 
interfacial tension (IFT) is decreased. As shown in below 
equation, IFT reduction can increase capillary number. As 

(1)�
SO

− �
SW

= �
SO

cos (�)

shown in Fig. 3, residual oil saturation has strong depend-
ence on capillary number (Nc), in which by raising Nc, the 
oil saturation is decreased (Firozjaii et al. 2018). The most 
efficient IFT reduction will happen at the critical micelle 
concentration (CMC). At CMC point, the surfactant mono-
mers existing in the emulsion have the highest possible con-
centration, thus reducing the IFT most (Puerto 2001).

where � is IFT, � is fluid viscosity, and u is fluid velocity. 
Surfactant flooding is a popular chemical enhancing oil 

recovery methods that some researchers focused on it at oil-
wet rock (Strand 2003; Seethepalli et al. 2004; SayedAkram 
and Mamora 2011; Firozjaii et al. 2018). Nowadays natural 
surfactants have become a substitute for industrial surfactant 
because of environmental friendly and low cost of produc-
tion (Ghahfarokhi et al. 2015; Mehdi et al. 2015). Recently, 
some researcher focused on using nanoparticle combination 
with surfactant to improve oil recovery and surfactant flood-
ing efficiency (Bagrezaie and Pourafshary 2015; Emadi et al. 
2017). Using surfactant is not limited to CEOR process. It is 
interesting that mentioned surfactant can be used in hydrau-
lic fracturing or completion fluid due to wettability alteration 
and IFT reduction (Zhang et al. 2018).

Recently, more attention has been exposed in advanced 
water floods for oil-recovery enhancement in the reservoir 
engineering. Brine water (brine) flooding can produce oil 
from porous media (Ligthelm et al. 2009). Adding some 
ions can help the efficiency of water flooding (Tang and 
Morrow 1999). Injection water salinity can change the rock 
surface wettability as surfactant (RezaeiDoust et al. 2009). 
Low salinity and smart water flooding were presented more 
than two decades ago. In this case, presence of dual ions 
 (Ca2+,  Mg2+, and So4

2−) changes the wettability of rock from 

(2)N
c
=

u × �

�

Fig. 1  The IFT for solid–oil–water system at balance (Mittal 2009)

Fig. 2  A schematic diagram of rock wettability conditions (Sun et al. 
2017)

Fig. 3  The relationship between capillary number and residual oil 
saturation (Firozjaii et al. 2018)
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oil wet to water wet in a carbonate rock (Fathi et al. 2010). 
Based on some experimental results, wettability alteration 
was proposed to be a key reason for the improvement of 
the oil recovery (Strand et al. 2008; Yousef et al. 2011; 
Fathi et al. 2012; Puntervold et al. 2015). Figure 4 shows 
the chemical mechanism for wettability modification during 
sea water injection. Therefore, choosing the best concentra-
tion of ions in water can control the wettability alteration or 
contact angle (Yousef et al. 2011). Smart water is actually a 
seawater in which its composition is optimized in terms of 
ionic composition and the amount of salinity (Awolayo et al. 
2014). Some research has been about modified sea water as 
smart water for EOR (RezaeiDoust et al. 2009; SayedAkram 
and Mamora 2011; Seethepalli et al. 2004; Shah 2012). 
For example, Webb et al. (2005) investigated a compara-
tive experiment on the oil recovery from a carbonate core 
with seawater which holds  SO42− at reservoir conditions 
and simulated  SO42− free brine. It was determined that the 
wettability alteration of the carbonate rock with  SO42− ion 
is responsible for the saturation changes (Webb et al. 2005). 
Widespread laboratory research has been applied in order 
to recognize EOR from chalk using surfactant solutions and 
later on using modified sea water. This ion must act together 
with  Ca2+ and  Mg2+ because sulfate alone is not capable to 
increase spontaneous imbibition. The results showed wet-
tability alteration toward more water-wetting conditions to 
be the only reason for EOR with these seawater ions (Fathi 
et al. 2010). 

In the present study, wettability alteration and IFT reduc-
tion are considered in oil-wet carbonate rock by using com-
bination of smart water and a new green surfactant. The 
contact angle measurement method is used for detecting wet-
tability alteration. The pendant drop method is employed to 
measure IFT change. Then, the core flooding is applied rock 
plug at optimum concentration of surfactant and smart water.

Materials

The crude oil used in this study was provided from Ahwaz 
oilfield from Iran. This oil is classified as light crude 
oil with approximately an API gravity of 32.6. Table 1 
shows the properties of this crude oil. The synthetic 
brines were composed of a mixture of salt (NaCl) and 
de-ionized water at 100,000 ppm. The new type of non-
ionic surfactant called dodecanoylglucosamine that also 
has medical applications is considered for wettability 
alteration and IFT reduction. This surfactant was synthe-
sized by Mosalman Haghighi et al. (2018) at Petroleum 
University of Technology (Abadan, Iran) by mixture of 
glucosamine, methanol and dodecanoyl chloride (Omid 
et al. 2018). Figure 5 shows the structure of this green 
surfactant. For preparing the smart water, the salts were 
provided by the German Merck Company which include 
NaCl,  MgCl2·6H2O,  NaHCO3,  CaCl2·2H2O and  Na2SO4 
with a purity higher than 99%. The rock plug sample was 
obtained from Asmari formation. Although most of car-
bonate rocks have low permeability, sample used in this 
project is porous and permeable. The properties of the 
plug are summarized in Table 2.

Experimental

Surfactant solution preparing

Various solutions of the surfactant samples in distilled water 
were prepared in the range of 100 to 10,000 ppm. The pH and 
conductivity of solution were measured using pH and conduc-
tivity meters. These measurements were applied to determine 
the CMC of surfactant solution. The interfacial tension meas-
urement tests were performed to obtain the tension between 
two liquid phases at ambient temperature and pressure. All IFT 
tests were performed in an ambient temperature of 25 °C and 

Fig. 4  Schematic model of the wettability alteration induced by sea 
water. a Proposed mechanism when  Ca2+ and  SO4

2− are active. b 
Proposed mechanism when  Mg2+ and  SO4

2− are active (Zhang et al. 
2007)

Table 1  The crude oil 
properties Density @ 25C 

and 14.7 Psi
0.878 gr/cc

Viscosity @ 25C 
and 14.7 Psi

13.23 cP

API 32.6

Fig. 5  The structure of dodecanoylglucosamine (Omid et al. 2018)
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atmospheric pressure condition. Because of apparatus limita-
tion, kerosene was used as the oil phase in all tests. Meanwhile, 
the acid group was added to the kerosene to reach the reservoir 
condition. The pendant drop method is considered for detect-
ing IFT using VIT-6000. In this way, video images of the pen-
dant drops are used to determine the interface characteristics, 
and then IFT measurements are digitized through the solution 
of the Young–Laplace equation. For measuring the wettability 
alteration, some pellet was made from carbonate rock sample. 
The pellets were put in oil at 85 °C to be aged with oil for 
2 weeks. Then, the wettability of pellet was measured by con-
tact angle measurement using VIT 6000. Then the pellets were 
put in different concentration of the surfactant solutions for 
10 days. The wettability alteration on rock pellets by surfactant 
solution was measured using contact angle measurement.

Smart water preparing

The synthetic brine solutions were prepared by spiking the dif-
ferent amounts of  MgCl2·6H2O, NaCl,  NaHCO3,  CaCl2·2H2O 
and  Na2SO4 to the deionized water and were mixed in calcu-
lated proportion based on stoichiometry. First the synthetic 
sea water (SW) was prepared with total dissolve solid (TDS) 
43,091 ppm. Table 3 shows the ions concentration in sea water. 
Then, the concentration of each ion includes sulfate, magne-
sium and calcium modified from 0, 2, 4 and 6 times. The con-
tact angle of some oil aged pellets was measured at different 
concentrations of ions of modified SW.

Surfactant solution with smart water

After detecting the CMC of surfactant, the new solution 
of surfactant was prepared by using modifying SW at the 

concentration of each ion which includes sulfate, magnesium 
and calcium modified from 0, 2, 4 and 6 times. The contact 
angle and IFT solutions were measured to detect the effect of 
ions on surfactant solution behavior.

Core flooding

The core flooding experiment was performed to evaluate the 
effectiveness of surfactant, smart water and combination of 
smart water and surfactant in altering wettability of carbonate 
reservoirs and oil recovery. First, the prepared and clean rock 
plug was kept by core holder. The overburden pressure 2500 
psi was set by handing pump. The brine water was injected 
to core with different injection rates to determine the abso-
lute permeability. Then, the crude oil was injected in core by 
various rates to reach connate water saturation. The results of 
connate water and initial oil saturation in rock plug are pre-
sented in Table 2. Three scenarios of flooding were considered 
to apply on core. First water flooding using brine water was 
employed to recover oil as secondary oil recovery. Then, the 
core was removed from core holder and clean and washed. The 
core flooding condition was prepared again to flood surfactant 
as tertiary oil recovery. Then, the core was prepared again 
to flood. Finally, combination of surfactant with smart water 
was applied on core. All flooding was applied at constant rate 
0.2 cc/min.

Results and discussion

Surfactant behavior

The CMC of surfactant solution was obtained based on pH 
and conductivity. As shown in Fig. 6, the pH of surfactant 
solution was decreased by increasing surfactant concentra-
tion. This reduction shows acetic behavior of the surfactant. 
On the other hand, the conductivity of solution was raised by 
increasing surfactant concentration (Fig. 7). This behavior is 
depended on chemical structure of dodecanoylglucosamine. 
The CMC was 800 ppm from pH and conductivity.  

As shown in Fig. 8, the IFT of surfactant solutions was 
reduced by increasing dodecanoylglucosamine concentra-
tion. The results show this surfactant can reduce the IFT 
lower than 15mN/m by increasing concentration more than 
6000 ppm. But, the high concentration of surfactant is 
not applicable in field condition due to high adsorption 
on rock surface and high price. Therefore, the optimum 
concentration of this surfactant is considered 800 ppm 
from pH and conductivity that reduced IFT to 19 mN/m. 

Table 3  The ions concentration 
in synthetic sea water

Ions Cl− So4
2− HCO3

− Mg2+ Ca2+ Na+

Con. 23,000 3255 165 1455 325 14,000

Table 2  The properties of rock sample

Length (cm) 7.74
Diameter (cm) 3.69
Dry weight (gr) 188.6
Wet weight (gr) 202.1
Pore volume (cc) 12.63
Bulk volume (cc) 85.6
Porosity (%) 14.7
Permeability (mD) 8.16
Original oil in place (OOIP, cc) 9.35
Connate water saturation (%) 26
Initial oil saturation (%) 74
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Moreover, the effect of surfactant concentration on wetta-
bility condition was detected by measuring contact angle. 
As shown in Fig. 9, the aged pellet was oil wet at first. As 
shown in Fig. 10 by increasing surfactant concentration, 
the contact angle was decreased and the wettability condi-
tion was alternated from oil wet to water wet. Therefore, 
the results show dodecanoylglucosamine can reduce IFT 
and change wettability.

Smart water behavior

The contact angle changes were measured by modifying the 
ions concentration of sea water. As shown in Fig. 11, con-
tact angle was reduced by increasing concentration of  Mg2+ 

Fig. 6  PH versus surfactant concentration

Fig. 7  Conductivity versus surfactant concentration

Fig. 8  IFT versus surfactant concentration

Fig. 9  The contact angle is between a drop of water and a pellet satu-
rated in distilled water

Fig. 10  Contact angle versus surfactant concentration for carbonate 
pellets

Fig. 11  Contact angle change by modifying the ions concentration in 
sea water
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from 0 to 4 times in SW, but increased when it reached 6 
times. On the other hand, by increasing the concentration 
of sulfate ion (So4

2−) the contact angle was decreased con-
tinuously. Moreover, modifying concentration of  Ca2+ has 
different behaviors on contact angle compared to other ions. 
As shown in Fig. 12, the lowest contact angle was occurred 
at concentration of 6 So4

2−,  4Ca2+ and 4 Mg2+. Moreover, 
the results show that So4

2− has strong effect on contact angle. 
This phenomenon can be described in Fig. 4. Therefore, the 
smart water that obtained by modifying ions from sea water 
includes 6 So4

2−,  4Ca2+ and 4 Mg2+.

Surfactant combination with smart water

The surfactant solution at concentration of 800 ppm was 
combined with modified sea water. The contact angle 
and IFT of some solutions were measured to detect the 
influence of ions which include So4

2−,  Ca2+ and  Mg2+ on 
contact angle when combined with surfactant. As shown 
in Fig. 13, the IFT of surfactant solutions was decreased 
by increasing ions concentration. When the surfactant 
solution was used for IFT reduction, the value of IFT 
was 19mN/m at 800  ppm of dodecanoylglucosamine. 
But, combination of this surfactant with 6 So4

2− reduced 
the IFT to 11mN/m. Moreover, the contact angle was 
decreased by increasing ions concentration. As shown in 
Fig. 14, the lowest contact angle was occurred at 6 So4

2−, 
6  Ca2+ and 6 Mg2+ concentration of ions. By compar-
ing this results with pervious results from smart water 
in last section, it seems the optimum concentration of 
ions when are combined with surfactant is different from 
smart water. Because in this condition surfactant and ions 
change the rock surface wettability condition together. As 
shown in Fig. 15, the lowest IFT and contact angle were 

Fig. 12  Contact angle changes 
based on each ion concentration

Fig. 13  IFT reduction in combination of surfactant and modified sea 
water

Fig. 14  Contact angle changes by modifying ions concentration in 
combination of surfactant with modified sea water
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occurred at 6 So4
2−, 6  Ca2+ and 6 Mg2+ concentration by 

combining with surfactant. Moreover, Fig. 16 shows the 
contact angle of water drop on rock pellet at this concen-
tration. It is important to note that when the surfactant 
was used individually for wettability alteration, the con-
tact angle at 800 ppm was 128. When this surfactant was 
combined with modified sea water and the concentra-
tion of So4

2− was modified to 6 times, the contact angle 
reached to 48.52. Therefore, it can be concluded that syn-
ergic of dodecanoylglucosamine as surfactant with smart 
water containing 6 So4

2− concentration can be best choice 
for enhancing oil recovery due to more IFT reduction and 
wettability alternation.    

Fig. 15  Contact angle (up) and 
IFT (down) changes by chang-
ing ions concentration with 
combination by surfactant
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Fig. 16  Contact angle of water drop on rock pellet that was aged in surfactant solution by combination with 6So4
2−(left), 6  Ca2+ (middle) and 

6 Mg2+(right)

Fig. 17  Oil recovery factor versus pore volume injected during water, 
surfactant and surfactant–smart water flooding
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Core flooding

The core flooding was employed to illustrate the effect of 
surfactant, smart water and mixture of them on wettability 
alteration and IFT reduction. As shown in Fig. 17, water 
flooding has lowest oil recovery and high residual oil satura-
tion. In oil-wet carbonate, rock water flooding has low recov-
ery because water leaves the porous media and oil remains 
in porous. Some surface agent material such as dodecanoyl-
glucosamine reduces the IFT and changes the wettability 
condition to water wet from oil wet. Therefore, the residual 
oil saturation was decreased by increasing capillary num-
ber and increased oil recovery compared to water flooding. 
On the other hand, surfactant flooding using smart water 
flooding with concentration of 6 So4

2− increased oil recovery 
compared to water and surfactant flooding, because syner-
gic of surfactant and So4

2− changed the rock surface condi-
tion to more water wet. As shown in Fig. 17, oil recovery 
after 3 pore volume of injected was 36, 52 and 66% at the 
end of water, surfactant and surfactant–smart water flood-
ing, respectively. Therefore, it can be concluded that dode-
canoylglucosamine improved oil recover 16% more than 
water flooding. On the other hand, combination of dode-
canoylglucosamine with smart water enhanced oil recovery 
30% more than water and 14% more than surfactant flooding. 
Moreover, the pressure drop during water, surfactant and 
surfactant–smart water flooding is presented in Fig. 18. It is 
illustrated that break through was occurred close to 0.5 pore 
volume injected.

Conclusion

Enhancing oil recovery in mature oil reservoir is a new chal-
lenge in petroleum industry. Chemical enhanced oil recovery 
method such as surfactant and smart water flooding can be 
applicable to employ EOR in mature reservoir.

In the present study, feasibility of the dodecanoylglucosa-
mine as new surfactant and combination with smart water 
was discussed. The main conclusion of this study can be 
summarized as below:

1. The CMC of dodecanoylglucosamine based on pH and 
conductivity was 800 ppm. The results show that dode-
canoylglucosamine can be a good choice for surfactant 
flooding due to IFT reduction from 30.36 to 19 mN/m at 
concentration of 0 to 800 ppm. Moreover, it can change 
the wettability by modifying contact angle from 148.93 
to 128.87 at concentration of 0 to 800 ppm.

2. The results show that modifying ions concentration 
of sea water can be effective and it can reduce contact 
angle. Therefore, the smart water was obtained by modi-
fying ions from sea water by concentration of 6 So4

2−, 
 4Ca2+ and 4 Mg2+. The result shows So4

2− has large 
effect on contact angle compared to other ions.

3. Making surfactant solution using smart water can be 
more effective compared to surfactant solution using 
brine. The results show adding ions in surfactant solu-
tion can improve IFT reduction and wettability altera-
tion. The results show making surface solution with 
6So4

2− can reduce contact angle from 148.9 to 36.7. 
Also, it can reduce IFT from 30.36 to 11 mN/m. There-
fore, it can be concluded that combination of surfactant 
with smart water can help surfactant to be powerful. It 
was obtained from core flooding test. The core flooding 
results show combination of surfactant with smart water 
has more oil recovery compared to surfactant and water 
flooding.
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