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Abstract: Compatible surfactant-polymer (SP) hybrid systems at high temperature are in great demand
due to the necessity of chemical flooding in high-temperature oil reservoirs. The rheological properties
of novel SP systems were studied. The SP system used in this study consists of a commercial polymer
and four in-house synthesized polyoxyethylene cationic gemini surfactants with various spacers (mono
phenyl and biphenyl ring) and different counterions (bromide and chloride). The impact of surfactant
concentration, spacer nature, counterions, and temperature on the rheological features of SP solutions
was examined using oscillation and shear measurements. The results were compared with a pure
commercial polymer. All surfactants exhibited good thermal stability in seawater with no precipitation.
Shear viscosity and storage modulus were measured as a function of shear rate and angular frequency,
respectively. The experimental results revealed that the novel SP solution with a mono phenyl and
chloride counterions produces a better performance in comparison with the SP solution, which contains
mono phenyl and bromide counterions. Moreover, the effect is enhanced when the mono phenyl ring is
replaced with a biphenyl ring. Shear viscosity and storage modulus decrease by increasing surfactant
concentration at the same temperature, due to the charge screening effect. Storage modulus and complex
viscosity reduce by increasing the temperature at a constant angular frequency of 10 rad/s. Among all
studied SP systems, a surfactant containing a biphenyl ring in the spacer with chloride as a counterion
has the least effect on the shear viscosity of the polymer. This study improves the understanding of
tuning the surfactant composition in making SP solutions with better rheological properties.

Keywords: rheological properties; enhanced oil recovery; gemini surfactants; polymers;
surfactant-polymer system

1. Introduction

Primary, secondary, and tertiary recovery methods are the three broad categories of oil recovery
mechanisms. Waterflooding is a widely applied secondary oil recovery technique that recovers
approximately one-third (1/3) of the original oil in place [1]. Globally, approximately 2 trillion barrels
of conventional oil and 5 trillion barrels of unconventional heavy oil is left inside the reservoirs
after employing traditional methods to recover oil [2,3]. Enhanced oil recovery (EOR) techniques
lie in the tertiary domain, used to unlock the remaining significant amount of oil. Numerous EOR
techniques have been developed to recover more oil, such as gas injection, chemical methods, and
thermal methods [4–10]. Miscible gas injection is an effective method for high-pressure reservoirs
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such as CO2 flooding [11]. Low-salinity waterflooding/smart waterflooding has shown improvement
in the oil recovery from carbonate rocks at high temperatures because of wettability alteration [12].
Chemical Enhanced Oil Recovery (cEOR) methods such as a surfactant, polymer, alkali flooding, and
a blend of these chemicals are found to be successful techniques to unlock more oil from carbonate
reservoirs [13]. Surfactants decrease the interfacial tension (IFT) between oil and water phases, while
polymers enhance the displacement efficiency by increasing the viscosity of the injected fluid, hence
improving the mobility [13–18]. Recently, it has been proved that polymers having higher elasticity
(storage modulus) improves the sweep efficiency. Thus, polymers also enhance microscopic sweep
efficiency because of elasticity, in addition to macroscopic displacement efficiency [19–25]. The use of
alkali increases the pH, which produces surfactants by reacting with the organic acid available in the
crude oil and helps in minimizing the adsorption of surfactant [4,26]. On the other hand, there are some
complications with the use of alkali, such as scale formation. Surfactant polymer (SP) flooding without
the use of alkali can prevent complications associated with alkali usage and thus lowers the operating
expenses for EOR projects [26]. The exploitation of nanotechnology in improving the efficiency of
EOR techniques has been studied in recent years, consisting of numerous theoretical and experimental
developments [27–29]. Several chemical EOR projects have been implemented across the globe, such
as in China, the USA, and Canada. The largest field application of chemical EOR is found in China
with a 300,000 bbl/day of oil increment [30].

Understanding the structure and nature of the SP system is very important when designing a
successful cEOR formulation. Mainly, three kinds of interactions exist between surfactant and polymer:
(1) attractive forces among molecules of surfactant are very low in comparison with repulsive forces
between surfactant and polymer, (2) attractive forces between surfactant and polymer are lower than
attractive forces among molecules of surfactant, (3) attractive forces between surfactant and polymer are
greater than forces among surfactant molecules [31]. Gemini surfactants are a unique class of surfactants
with more water-soluble hydrophilic head and oil-soluble hydrophobic tail units [32–35]. Both groups
are connected by a spacer at or near to the head groups. Polymers are added into the surfactants to
increase the sweep efficiency of the SP flooding process, as discussed earlier. Several studies were
conducted to understand the behavior of the SP system, such as IFT, contact angle, adsorption, phase
behavior, rheology, foaming, zeta-potential, and core flooding experiments [4,13,36–43].

The study of rheological parameters plays a significant role in screening and understanding
various SP hybrid systems for cEOR operation. Several investigations have been carried out on the
rheological behavior of polymers, surfactants, and the synergy of both. For instance; the study of
rheological properties of scleroglucan and N-vinylpyrrolidone polymers [44], sodium surfactin [45],
SP systems comprised of a copolymer of acrylamide and acrylamido tertiary butyl sulfonate and
sodium dodecyl sulfate surfactant [46], and erucyl dimethyl amidobetaine viscoelastic surfactant and
its hybridization with partially hydrolyzed polyacrylamide polymer [47].

This paper presents an extensive study of rheological properties of novel SP solutions considering
the effect of surfactant concentration, temperature, spacer nature, and counterions. Four cationic
gemini surfactants (Gem-A to Gem-D) were synthesized in the laboratory, each with similar head
and tail groups, differing by the spacer group and counterions (Figure 1). For example, Gem-A
contains a mono phenyl ring in the spacer with chloride counterions, and Gem-B possesses a mono
phenyl ring in the spacer with bromide counterions. Similarly, Gem-C comprises of a biphenyl ring
in the spacer with chloride counterions, and Gem-D contains a biphenyl ring in the spacer with
bromide counterions. Likewise, four polyacrylamide based cationic polymers with different molecular
weights were utilized (Table 1). Firstly, the rheological properties of four cationic polyacrylamides
were presented. Secondly, the rheological properties of the proposed SP systems were discussed.
This includes the effect of surfactant concentration, spacer nature, counterions, and temperature on
rheological properties in detail.
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Figure 1. Structures of cationic gemini surfactants (Gem-A to Gem-D) used in this study. 

Table 1. Molecular weights of cationic polyacrylamide. 

Polymer Name Molecular Weight (million g/mol) 
FO 4290 SSH 8.3–10.8 
FO 4440 SSH 6.8–9.1 
FO 4290 SH 5.7–8.3 
FO 4800 SH 4.7–6.7 

2. Materials and Methods 

2.1. Materials 

Four different polymers and surfactants were used in this work. All polymers were supplied by 
SNF Floerger (Andrézieux, France). The concentration of the polymers was fixed at 2500 ppm. The 
cationic polyacrylamide (FO 4290 SSH) was used with different concentrations of newly synthesized 
cationic gemini surfactants for rheological measurements. The seawater used in this study was 
synthesized in the laboratory using sodium, calcium, magnesium, sulfate, chloride, and bicarbonate 
ions with total dissolved solids (TDS) of 57,670 ppm (mg/L). The composition of the laboratory-made 
seawater is shown in Table 2.  

Figure 1. Structures of cationic gemini surfactants (Gem-A to Gem-D) used in this study.

Table 1. Molecular weights of cationic polyacrylamide.

Polymer Name Molecular Weight (million g/mol)

FO 4290 SSH 8.3–10.8
FO 4440 SSH 6.8–9.1
FO 4290 SH 5.7–8.3
FO 4800 SH 4.7–6.7

2. Materials and Methods

2.1. Materials

Four different polymers and surfactants were used in this work. All polymers were supplied by SNF
Floerger (Andrézieux, France). The concentration of the polymers was fixed at 2500 ppm. The cationic
polyacrylamide (FO 4290 SSH) was used with different concentrations of newly synthesized cationic
gemini surfactants for rheological measurements. The seawater used in this study was synthesized in
the laboratory using sodium, calcium, magnesium, sulfate, chloride, and bicarbonate ions with total
dissolved solids (TDS) of 57,670 ppm (mg/L). The composition of the laboratory-made seawater is
shown in Table 2.
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Table 2. Chemical composition of laboratory-made seawater.

Ions Seawater (ppm)

Sodium 18,300
Calcium 650

Magnesium 2110
Chloride 32,200

Bicarbonate 120
Sulfate 4290

TDS 57,560

2.2. Preparation of Polymer Solutions

A 0.25 weight% polymer was added into the beaker containing 100 mL deionized water. Two hours
of magnetic stirring and twenty hours of retention time at room temperature were deemed sufficient to
make uniform polymer solutions and ensure complete hydration. During magnetic stirring, a polymer
was gradually added into the beaker containing deionized water, on the shoulder of its vortex to
prevent lumping. The concentration of polymer was kept constant for all solutions in this study.

2.3. Rheological Measurements

The rheological properties of novel SP solutions were determined using a Discovery Hybrid
Rheometer (DHR-3) from TA Instruments (New Castle, DE, USA). The geometric configuration set for
this work was a concentric cylinder. Rheological experiments were conducted in a temperature range
from 20 ◦C to 80 ◦C, whereas, the shear rate for steady shear viscosity measurements ranged from 0.001
to 1000 s−1. Frequency sweep experiments were performed in the region of linear viscoelasticity. Shear
viscosity (η) depicts the measure of resistance to flow, while storage modulus (G’) shows the amount
of energy stored in the elastic material (i.e., material elasticity). Viscosity and storage modulus were
measured as a function of shear rate (
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) and angular frequency (ω) respectively, at different surfactant
concentrations, ranging from 0 to 0.5 mM, where 0 mM shows pure polymer. The effect of temperature
was investigated at an angular frequency of 10 rad/s.

3. Results and Discussion

The discussion is split into two major parts. Rheological properties of cationic polyacrylamide are
discussed in the first part. The second part discussed the rheological properties of the novel surfactant
polymer (SP) systems.

3.1. Rheological Properties of Cationic Polyacrylamide

A rheological study of four commercial cationic polyacrylamides was carried out. The molecular
weight of each polymer is shown in Table 1. Figure 2 depicts the steady shear viscosity of the
polymer solutions in deionized water at 80 ◦C. The behavior in Figure 2 shows that shear viscosity
is dependent on the molecular weight of the polymer. At a lower shear rate (<10 s−1), the high
molecular weight polymer has a higher shear viscosity. However, at a higher shear rate, the difference
in shear viscosity of the polymer solutions is reduced due to shear dependent viscosities of the
polymers. From 0.001 to 0.1 s−1 shear rate, the shear viscosity is constant for each polymer solution,
while the shear viscosity is linearly dependent on the shear rate after 0.1 s−1. Figure 3 shows the
effect of storage modulus for different polymers at different angular frequencies. At lower angular
frequency (<10 rad/s), the storage modulus is higher for the high molecular weight polymer solutions,
as presented in Figure 3. Nevertheless, the difference in the storage modulus of polymer solutions is
not significant at higher angular frequencies. FO 4290 SSH polymer was selected based on rheological
study (highest shear viscosity and storage modulus among four polymer solutions) to combine with
several newly synthesized cationic gemini surfactants to produce and analyze novel SP systems for the
cEOR processes.
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3.2. Rheological Properties of the SP System

The interaction of surfactants with polymers has a huge impact on the rheological behavior of SP
systems, which is discussed in the following section.
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3.2.1. Effect of Surfactant Concentration

The rheological behavior of the SP solutions having cationic gemini surfactants was evaluated at
three different surfactant concentrations (0.1 mM, 0.3 mM, and 0.5 mM) at 80 ◦C. Four synthesized
cationic gemini surfactants with different spacer nature and counterions are used. All surfactants
exhibited good thermal stability in seawater with no precipitation. Figure 4 shows the shear viscosity
of Gem-C at different concentrations in seawater. The results in Figure 4 show that the shear
viscosity of Gem-C did not significantly change by increasing the surfactant concentrations in seawater.
The precipitation of surfactants in the seawater was not seen.
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Figure 4. Shear viscosity of Gem-C at different concentrations in seawater.

The commercial polymer FO 4290 SSH showed the highest viscosity among all evaluated SP
systems. Thus, it was selected to investigate the surfactant-polymer interactions with newly synthesized
surfactants. Figure 5 presents the impact of Gem-A surfactant concentration (0.1, 0.3, and 0.5 mM) on
the shear viscosity of the SP system at 80 ◦C. By increasing the surfactant concentration, the polymer
viscosity decreases. Both polymers and surfactants used in this research were cationic. The red curve in
Figure 5 shows the polymer shear viscosity profile, which is highest among all curves. The higher shear
viscosity of the pure polymer is due to the fact that it has no interaction with the surfactant. However,
the addition of the surfactant decreases the viscosity of the polymer. The higher the concentration of
the surfactant, the greater the reduction in polymer viscosity. A possible explanation for this behavior
is that the interactions between anionic counterions of cationic surfactants and cationic polymers result
in charge screening, which leads to lower polymer viscosity. Figure 5 shows the behavior of Gem-A,
in which chloride is used as an anionic counterion. This reduction in viscosity is only significant at
lower shear rates, while all solutions exhibit the same trend at higher shear rates. This is because of
the impact of the high shear rate surpassing the charge screening effect. Similar behavior is observed
for Gem-C at 0.1, 0.3, and 0.5 mM concentrations, as shown in Figure 6. Gem-B and Gem-D show
different behaviors in the higher shear rate region at 0.1, 0.3, and 0.5 mM concentrations, as shown
in Figures 7 and 8, respectively. In the higher shear rate region, the SP system viscosity for Gem-B
and Gem-D also decreases with increasing surfactant concentrations, unlike Gem-A and Gem-C.
The percentage decrease of SP system viscosity is higher for Gem-B and Gem-D compared to Gem-A
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and Gem-C, as shown in Figures 5–8. This means that the charge screening effect is higher in Gem-B
and Gem-D.Polymers 2020, 12, x FOR PEER REVIEW 7 of 15 
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Figure 8. Shear viscosity of 4290 SSH polymer with Gem-D surfactant at different concentrations.

Storage modulus shows material elasticity, which is an important property in the flooding
processes. The impact of Gem-A concentration in SP solution on storage modulus is shown in Figure 9.
The storage modulus of the polymer is decreased by adding the surfactant. The higher the surfactant
concentration in the SP system, the lower the storage modulus. A possible explanation for this behavior
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is charge screening between cationic surfactant-containing anionic counterions and cationic polymers.
This effect is significant at lower angular frequencies, while higher angular frequency dominates over
the charge screening effect.
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3.2.2. Effect of Spacer Nature and Counterions

Figure 10 presents the effect of spacer nature and counterions on shear viscosity at constant
surfactants’ concentration of 0.1 mM, while Figures 11 and 12 show the impact of spacer nature and
counterions on storage modulus at 0.3 and 0.1 mM surfactants, respectively. The intensity of viscosity
reduction is higher for surfactants with bromide counterions as compared to the surfactant with
chloride counterions (Figure 10). Gem-B and Gem-D contain similar counterions (bromide), but shear
viscosity profile for Gem-D is above that of Gem-B, which reveals that viscosity reduction decreases by
the addition of another phenyl ring in the spacer. A similar trend was also observed between Gem-A
and Gem-C, but the difference was insignificant. Gem-B gives the lowest viscosity of the SP solution at
0.1 mM and 80 ◦C.

Figure 11 shows the effect of the phenyl ring in the spacer of the cationic gemini surfactant with
bromide counterions on storage modulus at 0.3 mM concentration and 80 ◦C. The results show that
the inclusion of another phenyl ring in the spacer can help in improving the elasticity of the material.
Gem-D shows a higher storage modulus as compared to Gem-B at all angular frequencies. Figure 12
depicts the impact of counterions on storage modulus for cationic gemini surfactants containing
biphenyl rings in the spacer at 0.1 mM concentration. Gem-C with chloride counterions shows a higher
storage modulus as compared to Gem-D with bromide counterions at all angular frequencies, which
means that the use of chloride counterions can help in enhancing the elasticity of the SP system.
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3.2.3. Effect of Temperature

Figures 13 and 14 show the effect of temperature at various concentrations of Gem-A in the SP
system on storage modulus and complex viscosity, respectively. The angular frequency for these
experiments was kept constant at 10 rad/s, and the temperature was varied from 20 ◦C to 90 ◦C.
Increasing temperature results in a reduction in both storage modulus and complex viscosity, as
shown in Figures 13 and 14, respectively. Increasing temperature reduces the intermolecular forces of
the material, and hence reduces the elasticity and complex viscosity. This effect enhances at higher
surfactant concentrations.
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4. Summary and Conclusions

An extensive rheological study was conducted on newly synthesized cationic gemini surfactants
along with the cationic polymer. The study includes the effect of surfactant concentration, spacer
nature, counterions, and temperature on shear viscosity and storage modulus using oscillation and
shear measurements. This work further improves the understanding of tuning the surfactant structure
in making SP solutions of required rheological properties. The following conclusions can be drawn
from this study.

• An increase in surfactant concentrations decreases the viscosity and elasticity of the SP system
because of the charge screening effect.

• The inclusion of the phenyl ring in the spacer can help in improving the viscosity and elasticity of
the SP system.

• The use of chloride counterions can give better rheological behavior as compared to bromide counterions.
• Finally, it was observed that counterions also influence the rheological properties significantly.

The results reveal that the novel SP solution with a phenyl ring with chloride counterions performs
better in comparison to a phenyl ring with bromide counterions. Moreover, the performance of the
SP solution system can be further enhanced by the addition of another phenyl ring in the spacer.

Author Contributions: Conceptualization, M.S.K. and S.M.S.H.; Methodology, S.K. and M.S.K.; Formal analysis,
S.K. and S.P.; Investigation, S.K. and M.S.K.; Data curation, S.K. and S.M.S.H.; Writing—Original draft preparation,
S.K. and M.S.K.; Writing—Review and editing, M.S.K. and S.M.S.H.; Supervision, M.S.K. and S.P.; Project
administration, M.S.K. and S.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the College of Petroleum Engineering & Geoscience, grant number
CPG-17-0124, through a joint collaborative project with UT Austin.

Acknowledgments: The research was supported by the College of Petroleum Engineering & Geoscience (CPG) at
the King Fahd University of Petroleum and Minerals (KFUPM), through a collaborative project with the University
of Texas at Austin.



Polymers 2020, 12, 1027 13 of 15

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yasari, E.; Pishvaie, M.R.; Khorasheh, F.; Salahshoor, K.; Kharrat, R. Application of multi-criterion robust
optimization in water-flooding of oil reservoir. J. Pet. Sci. Eng. 2013, 109, 1–11. [CrossRef]

2. Thomas, S. Enhanced oil recovery-an overview molecular structures of heavy oils and coal liquefaction
products structure moléculaire des huiles lourdes et produits de liquéfaction du charbon. Oil Gas Sci. Technol.
L’IFP 2008, 63, 9–19. [CrossRef]

3. Wu, Y.; Mahmoudkhani, A.; Watson, P.; Fenderson, T.; Nair, M. Development of new polymers with better
performance under conditions of high temperature and high salinity. In Proceedings of the Society of
Petroleum Engineers-SPE EOR Conference at Oil and Gas West Asia 2012, Muscat, Oman, 16–18 April 2012;
Volume 2, pp. 902–912.

4. Kamal, M.S.; Sultan, A.S.; Al-Mubaiyedh, U.A.; Hussien, I.A.; Pabon, M. Evaluation of rheological and thermal
properties of a new fluorocarbon surfactant-polymer system for EOR applications in high-temperature and
high-salinity oil reservoirs. J. Surfactants Deterg. 2014, 17, 985–993. [CrossRef]

5. Saboorian-Jooybari, H.; Dejam, M.; Chen, Z. Half-century of heavy oil polymer flooding from laboratory core
floods to pilot tests and field applications. In Proceedings of the Society of Petroleum Engineers-SPE Canada
Heavy Oil Technical Conference 2015 (CHOC 2015), Calgary, AB, Canada, 9–11 June 2015; pp. 453–478.

6. Olayiwola, S.O.; Dejam, M. A comprehensive review on interaction of nanoparticles with low salinity water
and surfactant for enhanced oil recovery in sandstone and carbonate reservoirs. Fuel 2019, 241, 1045–1057.
[CrossRef]

7. Amirian, E.; Dejam, M.; Chen, Z. Performance forecasting for polymer flooding in heavy oil reservoirs. Fuel
2018, 216, 83–100. [CrossRef]

8. Mashayekhizadeh, V.; Kord, S.; Dejam, M. EOR potential within Iran. Spec. Top. Rev. Porous Media 2014, 5,
325–354. [CrossRef]

9. Sagir, M.; Talebian, S.H. Screening of CO2-philic surfactants morphology for high temperature-pressure
sandstone reservoir conditions. J. Pet. Sci. Eng. 2020, 186, 106789. [CrossRef]

10. Azam, M.R.; Tan, I.M.; Ismail, L.; Mushtaq, M.; Nadeem, M.; Sagir, M. Static adsorption of anionic surfactant
onto crushed Berea sandstone. J. Pet. Explor. Prod. Technol. 2013, 3, 195–201. [CrossRef]

11. McGuire, P.L.; Stalkup, F.I. Performance Analysis and Optimization of the Prudhoe Bay Miscible Gas Project; Society
of Petroleum Engineers: Richardson, TX, USA, 1995.

12. Yousef, A.A.; Al-Saleh, S.H.; Al-Kaabi, A.; Al-Jawfi, M.S. Laboratory investigation of the impact of
injection-water salinity and ionic content on oil recovery from carbonate reservoirs. SPE Reserv. Eval.
Eng. 2011, 14, 578–593. [CrossRef]

13. Ghosh, P.; Sharma, H.; Mohanty, K.K. Development of surfactant-polymer sp processes for high temperature
and high salinity carbonate reservoirs. In Proceedings of the SPE Annual Technical Conference and Exhibition,
Dallas, TX, USA, 24–26 September 2018.

14. Saboorian-Jooybari, H.; Dejam, M.; Chen, Z. Heavy oil polymer flooding from laboratory core floods to pilot
tests and field applications: Half-century studies. J. Pet. Sci. Eng. 2016, 142, 85–100. [CrossRef]

15. Xu, C.; Wang, H.; Wang, D.; Zhu, X.; Zhu, Y.; Bai, X.; Yang, Q. Improvement of foaming ability of surfactant
solutions by water-soluble polymers: Experiment and molecular dynamics simulation. Polymers 2020, 12, 571.
[CrossRef] [PubMed]

16. Quan, H.; Xie, L.; Su, X.; Feng, Y. The thermoviscosifying behavior of water-soluble polymer based on graft
polymerization of pluronic F127 with acrylamide and 2-acrylamido-2-methylpropane sulfonic acid sodium
salt. Polymers 2019, 11, 1702. [CrossRef] [PubMed]

17. Novriansyah, A.; Bae, W.; Park, C.; Permadi, A.K.; Sri Riswati, S. Optimal design of alkaline-surfactant-
polymer flooding under low salinity environment. Polymers 2020, 12, 626. [CrossRef]

18. Deng, X.; Kamal, M.S.; Patil, S.; Hussain, S.M.S.; Zhou, X. A review on wettability alteration in carbonate
rocks: Wettability modifiers. Energy Fuels 2020, 34, 31–54. [CrossRef]

19. Urbissinova, T.; Trivedi, J.J.; Kuru, E. Effect of elasticity during viscoelastic polymer flooding-a possible
mechanism of increasing the sweep efficiency. In Proceedings of the SPE Western Regional Meeting, Anaheim,
CA, USA, 27–29 May 2010.

http://dx.doi.org/10.1016/j.petrol.2013.07.008
http://dx.doi.org/10.2516/ogst:2007060
http://dx.doi.org/10.1007/s11743-014-1600-7
http://dx.doi.org/10.1016/j.fuel.2018.12.122
http://dx.doi.org/10.1016/j.fuel.2017.11.110
http://dx.doi.org/10.1615/SpecialTopicsRevPorousMedia.v5.i4.50
http://dx.doi.org/10.1016/j.petrol.2019.106789
http://dx.doi.org/10.1007/s13202-013-0057-y
http://dx.doi.org/10.2118/137634-PA
http://dx.doi.org/10.1016/j.petrol.2016.01.023
http://dx.doi.org/10.3390/polym12030571
http://www.ncbi.nlm.nih.gov/pubmed/32143492
http://dx.doi.org/10.3390/polym11101702
http://www.ncbi.nlm.nih.gov/pubmed/31623270
http://dx.doi.org/10.3390/polym12030626
http://dx.doi.org/10.1021/acs.energyfuels.9b03409


Polymers 2020, 12, 1027 14 of 15

20. Wang, D.; Cheng, J.; Xia, H.; Li, Q.; Shi, J. Viscous-elastic fluids can mobilize oil remaining after water-flood
by force parallel to the oil-water interface. In Proceedings of the Society of Petroleum Engineers-SPE Asia
Pacific Improved Oil Recovery Conference (APIORC 2001), Kuala Lumpur, Malaysia, 6–9 October 2001.

21. Xia, H.; Ju, Y.; Kong, F.; Wu, J. Effect of elastic behavior of HPAM solutions on displacement efficiency
under mixed wettability conditions. In Proceedings of the SPE Annual Technical Conference and Exhibition,
Houston, TX, USA, 26–29 September 2004.

22. Xia, H.; Wang, D.; Wu, W.; Jiang, H. Effect of the visco-elasticity of displacing fluids on the relationship of
capillary number and displacement efficiency in weak oil-wet cores. In Proceedings of the Asia Pacific Oil
and Gas Conference and Exhibition, Jakarta, Indonesia, 30 October–1 November 2007.

23. Xia, H.; Wang, D.; Wu, J.; Kong, F. Elasticity of HPAM solutions increases displacement efficiency under
mixed wettability conditions. In Proceedings of the SPE Asia Pacific Oil and Gas Conference and Exhibition,
Perth, Australia, 18–20 October 2004.

24. Wang, D.; Xia, H.; Liu, Z.; Yang, Q. Study of the mechanism of polymer solution with visco-elastic behavior
increasing microscopic oil displacement efficiency and the forming of steady “Oil thread” flow channels.
In Proceedings of the SPE Asia Pacific Oil and Gas Conference and Exhibition, Jakarta, Indonesia, 17–19
April 2001.

25. Urbissinova, T.S.; Trivedi, J.; Kuru, E. Effect of elasticity during viscoelastic polymer flooding: A possible
mechanism of increasing the sweep efficiency. J. Can. Pet. Technol. 2010, 49, 49–56. [CrossRef]

26. Liu, S.; University, R.; Leslie Zhang, D.; Westport, I.; Yan, W.; Puerto, M.; Hirasaki, G.J.; Miller, C.A. Favorable
attributes of alkaline-surfactant-polymer flooding. SPE J. 2008, 13, 5–16. [CrossRef]

27. Olayiwola, S.O.; Dejam, M. Mathematical modelling of surface tension of nanoparticles in electrolyte
solutions. Chem. Eng. Sci. 2019, 197, 345–356. [CrossRef]

28. Yekeen, N.; Manan, M.A.; Idris, A.K.; Padmanabhan, E.; Junin, R.; Samin, A.M.; Gbadamosi, A.O.; Oguamah, I.
A comprehensive review of experimental studies of nanoparticles-stabilized foam for enhanced oil recovery.
J. Pet. Sci. Eng. 2018, 164, 43–74. [CrossRef]

29. Gbadamosi, A.O.; Junin, R.; Manan, M.A.; Yekeen, N.; Agi, A.; Oseh, J.O. Recent advances and prospects in
polymeric nanofluids application for enhanced oil recovery. J. Ind. Eng. Chem. 2018, 66, 1–19. [CrossRef]

30. Gbadamosi, A.O.; Junin, R.; Manan, M.A.; Agi, A.; Yusuff, A.S. An overview of chemical enhanced oil
recovery: Recent advances and prospects. Int. Nano Lett. 2019, 9, 171–202. [CrossRef]

31. Methemitis, C.; Morcellet, M.; Sabbadin, J.; Francois, J. Interactions between partially hydrolyzed
polyacrylamide and ionic surfactants. Eur. Polym. J. 1986, 22, 619–627.

32. Hussain, S.S.M.; Kamal, M.S. Effect of large spacer on surface activity, thermal, and rheological properties of
novel amido-amine cationic gemini surfactants. J. Mol. Liq. 2017, 242, 1131–1137. [CrossRef]

33. Hussain, S.S.M.; Kamal, M.S.; Sultan, A.S. Amido-amine-based cationic gemini surfactants: Thermal and
interfacial properties and interactions with cationic polyacrylamide. J. Surfactants Deterg. 2017, 20, 47–55.
[CrossRef]

34. Hussain, S.M.S.; Mahboob, A.; Kamal, M.S. Poly (oxyethylene)-amidoamine based gemini cationic surfactants
for oilfield applications: Effect of hydrophilicity of spacer group. Materials 2020, 13, 1046. [CrossRef]

35. Hussain, S.S.M.; Kamal, M.S.; Murtaza, M. Synthesis of novel ethoxylated quaternary ammonium gemini
surfactants for enhanced oil recovery application. Energies 2019, 12, 1731. [CrossRef]

36. Belhaj, A.F.; Elraies, K.A.; Mahmood, S.M.; Zulkifli, N.N.; Akbari, S.; Hussien, O.S.E. The effect of surfactant
concentration, salinity, temperature, and pH on surfactant adsorption for chemical enhanced oil recovery:
A review. J. Pet. Explor. Prod. Technol. 2019, 10, 1–13. [CrossRef]

37. Kalam, S.; Kamal, M.S.; Patil, S.; Hussain, S.M.S. Role of counterions and nature of spacer on foaming
properties of novel polyoxyethylene cationic gemini surfactants. Processes 2019, 7, 502. [CrossRef]

38. Kamal, M.S.; Shakil Hussain, S.M.; Fogang, L.T. A zwitterionic surfactant bearing unsaturated tail for
enhanced oil recovery in high-temperature high-salinity reservoirs. J. Surfactants Deterg. 2018, 21, 165–174.
[CrossRef]

39. Kamal, M.S.; Mahmoud, M.; Hanfi, M. Effects of rheological behavior of viscoelastic surfactants on formation
damage in carbonate rocks. J. Surfactants Deterg. 2018, 21, 677–685. [CrossRef]

http://dx.doi.org/10.2118/133471-PA
http://dx.doi.org/10.2118/99744-PA
http://dx.doi.org/10.1016/j.ces.2018.11.047
http://dx.doi.org/10.1016/j.petrol.2018.01.035
http://dx.doi.org/10.1016/j.jiec.2018.05.020
http://dx.doi.org/10.1007/s40089-019-0272-8
http://dx.doi.org/10.1016/j.molliq.2017.07.128
http://dx.doi.org/10.1007/s11743-016-1896-6
http://dx.doi.org/10.3390/ma13051046
http://dx.doi.org/10.3390/en12091731
http://dx.doi.org/10.1007/s13202-019-0685-y
http://dx.doi.org/10.3390/pr7080502
http://dx.doi.org/10.1002/jsde.12024
http://dx.doi.org/10.1002/jsde.12185


Polymers 2020, 12, 1027 15 of 15

40. Nasir Janjua, A.; Sultan, A.S.; Shahzad Kamal, M. Ultra-low interfacial tension, thermal stability and static
adsorption of novel viscoelastic surfactant with heavy reservoir oil. In Proceedings of the Society of Petroleum
Engineers-SPE Kingdom of Saudi Arabia Annual Technical Symposium and Exhibition 2018 (SATS 2018),
Dammam, Saudi Arabia, 23–26 April 2018.

41. Kamal, M.S.; Hussein, I.A.; Sultan, A.S. Review on surfactant flooding: Phase behavior, retention, IFT, and
field applications. Energy Fuels 2017, 31, 7701–7720. [CrossRef]

42. Kamal, M.S.; Shakil Hussain, S.M.; Fogang, L.T.; Sultan, A.S. Impact of spacer and hydrophobic tail on
interfacial and rheological properties of cationic amido-amine gemini surfactants for EOR application. Tenside
Surfact. Deterg. 2018, 55, 491–497. [CrossRef]

43. Riswati, S.S.; Bae, W.; Park, C.; Permadi, A.K.; Efriza, I.; Min, B. Experimental analysis to design optimum
phase type and salinity gradient of alkaline surfactant polymer flooding at low saline reservoir. J. Pet. Sci.
Eng. 2019, 173, 1005–1019. [CrossRef]

44. Kulawardana, E.U.; Koh, H.; Kim, D.H.; Liyanage, P.J.; Upamali, K.; Huh, C.; Weerasooriya, U.; Pope, G.A.
Rheology and transport of improved eor polymers under harsh reservoir conditions. In Proceedings of the
SPE Improved Oil Recovery Symposium, Tulsa, OK, USA, 14–18 April 2012; pp. 1–14.

45. Salihu, S.M.; Abubakar, A.J.; Meisam, B.; Emmanuel, U.A.; Hassan, K.Y.; Aminu, A.Y. Effect of Temperature
and salt concentration on rheological behaviour of surfactin. In Proceedings of the SPE Nigeria Annual
International Conference and Exhibition, Lagos, Nigeria, 5–7 August 2019.

46. Kamal, S.M.; Hussien, A.I.; Sultan, S.A.; Han, M. Rheological study on ATBS-AM copolymer-surfactant
system in high-temperature and high-salinity environment. J. Chem. 2013, 2013, 9. [CrossRef]

47. Zhu, D.; Zhang, J.; Han, Y.; Wang, H.; Feng, Y. Laboratory study on the potential EOR use of HPAM/VES
hybrid in high-temperature and high-salinity oil reservoirs. J. Chem. 2013, 2013, 8. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.energyfuels.7b00353
http://dx.doi.org/10.3139/113.110591
http://dx.doi.org/10.1016/j.petrol.2018.09.087
http://dx.doi.org/10.1155/2013/801570
http://dx.doi.org/10.1155/2013/927519
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Polymer Solutions 
	Rheological Measurements 

	Results and Discussion 
	Rheological Properties of Cationic Polyacrylamide 
	Rheological Properties of the SP System 
	Effect of Surfactant Concentration 
	Effect of Spacer Nature and Counterions 
	Effect of Temperature 


	Summary and Conclusions 
	References

