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Abstract Experimental studies were conducted to evaluate

the thermal stability and rheological properties of novel

surfactant–polymer (SP) systems for enhanced oil recovery

applications. One in-house synthesized amphoteric amido-

sulfobetaine surfactant 3-(N-pentadecanamidopropyl-N,N-

dimethylammonium)propanesulfonate and three different

polymers were evaluated. Polymer A was a terpolymer of

acrylamide, acrylamido tert-butyl sulfonate, and acrylic

acid, whereas polymers B and C were terpolymers of

acrylamide, N-vinylpyrrolidone, and acrylamido tert-butyl

sulfonate with different anionicity. Long-term thermal sta-

bility of the surfactant was assessed using FTIR, 1H NMR,

and 13C NMR. The surfactant was compatible with seawater

at 90 �C and no precipitation was observed. Structural

analysis showed good thermal stability and no structural

changes were observed after aging at 90 �C. The effects of

surfactant concentration, shear rate, salinity, and polymer

concentration on rheological properties of the SP systems

were determined. Polymer A showed highest viscosity

among the investigated polymers in deionized and seawater.

The interactions between the surfactant and polymer A were

assessed using rheological measurements. In the presence of

salts, the viscosity of all three polymers reduced signifi-

cantly as a result of charge screening. At low shear rates, the

added surfactant slightly decreased the viscosity and storage

modulus of polymer A. At high shear rates, the effect of the

surfactant on the viscosity and storage modulus of polymer

A was insignificant.

Keywords Surfactant � Enhanced oil recovery � Polymer �
Amidosulfobetaine � Rheology

Introduction

The demand for energy has increased over the last few

decades and it is expected that consumption will quadruple

by 2100 [1]. Hydrocarbons are a major source of energy and

at the end of last century their share of the total energy

consumption was 60 %. To meet the growing demand for oil,

it is important to recover maximum oil from existing reser-

voirs. Only one-third of the oil present in a reservoir can be

recovered using conventional oil recovery methods. To

recover the remaining oil, enhanced oil recovery (EOR)

methods are used. Chemical, thermal, and gas injections are

the most commonly used EOR methods in industry. In

chemical EOR, surfactants, polymers, and alkalis are injected

to increase the displacement and sweep efficiencies [2–9].

Polymers are used in chemical EOR to improve the

water/oil mobility ratio by increasing the viscosity of the

displacing fluid (water). A large number of polymers have

been evaluated for chemical EOR applications [5, 10–13].

Partially hydrolyzed polyacrylamide (HPAM) is still the

most widely used polymer in chemical EOR owing to its

good water solubility, low cost, high viscosity, and avail-

ability. HPAM is the best candidate for low-temperature and

low-salinity reservoir recovery. However, the viscosity of

HPAM can be severely degraded at high temperature and in

the presence of salts. Increasing the molecular weight results

in higher viscosity retention in hostile environments, but

increasing the molecular weight of HPAM makes it more
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sensitive to shear degradation. The performance of HPAM

can be improved by introducing some more salt-tolerant and

thermally stable monomers. Acrylamido tert-butyl sulfonate

(ATBS) and N-vinylpyrrolidone (NVP) are examples of

monomers that have been used to improve the performance

of HPAM [14–17].

Surfactants are used in chemical EOR to lower the

interfacial tension between water and oil [3, 18–20]. Oil

recovery is directly related to a dimensionless capillary

number that is the ratio of viscous forces to inertial forces.

A capillary number high enough to displace the trapped oil

can be obtained by lowering the interfacial tension (IFT)

between water and oil to ultra-low values (10-3 m Nm-1).

As a result of high temperature and high salinity, surfac-

tants can precipitate by interacting with reservoir brine.

Adsorption of surfactants on reservoir rock surfaces is

another challenge related to surfactant EOR. A higher

adsorption can reduce the efficiency of a surfactant in

lowering the IFT and has a negative impact on the eco-

nomics of the process.

Surfactants can be classified as cationic, anionic, non-

ionic, and zwitterionic on the basis of their dissociation in

water. Alkyl aromatic sulfonate, alcohol sulfate, internal

olefin sulfonate, and branched alpha olefin sulfonate have

been extensively evaluated for chemical EOR applications

under different conditions [21–23]. Among the different

classes of surfactants, anionic surfactants are the most

widely used for EOR applications because most of the

EOR research is conducted in sandstone reservoirs. Anio-

nic surfactants are attractive for sandstone reservoirs owing

to low-temperature and low-salinity conditions. In addi-

tion, anionic surfactants have lower adsorption on the

sandstone rock surfaces as a result of the presence of

negative charge. However, anionic surfactants are not

suitable in carbonate reservoirs because of high adsorption

on the carbonate rocks. In addition, most of the carbonate

reservoirs involve high-temperature, high-salinity, and

heterogeneous conditions which are harsh and pose addi-

tional challenges to surfactant EOR.

Amphoteric surfactants have shown good tolerance to

high temperature and high salinity and are potential can-

didates for surfactant flooding in harsh reservoir conditions

[24]. Recently hydrocarbon and fluorinated carboxybe-

taine-based amphoteric surfactants have shown good ther-

mal and IFT properties under harsh conditions [24–27].

However, amidosulfobetaine surfactants have not been

investigated in detail for EOR applications.

In this work, the thermal stability of our in-house syn-

thesized amidosulfobetaine surfactant was determined

using a novel approach based on structural analysis. FTIR

and NMR were used to determine the structural changes in

the surfactant after exposing it to 90 �C. The amidosulfo-

betaine surfactant was thermally stable at 90 �C. HPAM,

ATBS, and NVP-based polymers were evaluated using

rheological measurements. These polymers were selected

owing to their good thermal stability [28]. Surfactant–

polymer interactions were also assessed using rheological

measurements. Surfactant concentration, polymer concen-

tration, temperature, and salinity are the main parameters

covered in this work.

Experimental

Materials

The amidosulfobetaine surfactant 3-(N-pentadecanamido-

propyl-N,N-dimethylammonium)propanesulfonate was

synthesized as described in our previous publication [29].

Three different commercially available polymers from

SNF Floerger were evaluated. Flopaam 5220 SH (polymer

A) is a terpolymer of acrylamide, ATBS, and acrylic acid

and has a molecular weight of around 12 million daltons.

Superpusher SAV522 (polymer B) and superpusher

SAV550 (polymer C) are terpolymers of ATBS, acry-

lamide, and NVP that have similar molecular weight (5

million daltons) but different anionicity. Structures of the

surfactant and polymers are shown in Fig. 1. The synthetic

seawater (SW) of 57,643 ppm was prepared using labora-

tory-grade chemicals and its composition is given in

Table 1.

Characterization

Thermal stability was assessed by aging the surfactant

solutions in sealed tubes at 90 �C for 10 days. NMR and

FTIR were used to determine the structural changes after

aging at 90 �C. FTIR analysis was carried out using a

Perkin-Elmer 16F model spectrometer. A JEOL 500 MHz

spectrometer was used to acquire 1H and 13C NMR spec-

troscopic data. Tetramethylsilane was used as the reference

and deuterated chloroform was used as the solvent. Rheo-

logical measurements were carried out using a Discovery

hybrid rheomter (DHR-3, TA Instruments). A concentric

cylinder geometry with a vapor trap was used for both

steady shear and dynamic rheological testing. A shear rate

ranging from 0.01 to 1000 s-1 was used in steady shear

experiments. All the reported data points are within the

torque limits of the machine.

Results and Discussion

Discussion of the results is divided into three parts. The

first part describes the thermal stability of the synthesized

amidosulfobetaine surfactant, the second part deals with
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rheological characterization of three polymers, and the

third part explains the surfactant–polymer interactions

using rheological measurements.

Thermal Stability

Compatibility of the surfactant with reservoir brine, poly-

mers, and other injected chemicals is a primary

requirement. A good surfactant should be compatible and

thermally stable under reservoir conditions as it may

remain inside the reservoir for several days. The harsh

conditions of a reservoir can cause structural changes in the

surfactant that ultimately reduce its ability to lower inter-

facial tension. Therefore, long-term thermal stability of the

synthesized surfactant was assessed by aging the surfactant

at 90 �C for 10 days in sealed vials. Short-term thermal

stability of the surfactant was evaluated in our previous

work [30]. Spectroscopic techniques such as NMR and

FTIR were used at different periods to evaluate structural

changes after aging. Only NMR and FTIR spectra of the

aged sample with maximum time (10 days) are presented.

NMR and FTIR Analysis

According to 1H NMR spectra (Fig. 2) of the aged samples,

the methyl [–(CH2)n–CH3)] and methylene [–(CH2)n–

CH3)] protons that belong to the surfactant tail are still
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Fig. 1 Structures of the

surfactant and polymers A–C

Table 1 Composition of synthetic seawater

Ions SW (mg/L)

Sodium 18,300

Calcium 650

Magnesium 2083

Sulfate 4290

Chloride 32,200

Bicarbonate 120

Total dissolved solids 57,643

J Surfact Deterg (2016) 19:989–997 991

123



present, and methyl protons directly attached to the qua-

ternary nitrogen [–CH2–N?(CH3)2–CH2–] also appeared.

The 13C NMR spectra (Fig. 3) of the aged sample showed

the presence of a terminal methyl carbon [–CH3] and the

methyl carbons directly attached to the quaternary nitrogen

[–CH2–N?(CH3)2–CH2–]. The two methylene carbons

directly attached to the quaternary nitrogen [–CH2–

N?(CH3)2–CH2–] and amide carbonyl group [–CH2–C=O–

NH] were also revealed. In general, the NMR spectra

obtained before and after aging exhibited similar peaks that

clearly indicates that no significant structural changes

occurred after aging in the presence and absence of salt.

According to FTIR spectra (Fig. 4) obtained before and

after aging, two stretching bands (at 2900–3000 cm-1)

were seen that correspond to the methyl (–CH3) and

methylene (–CH2–) groups in the tail of the surfactant. The

amide carbonyl stretching [–CH2–C=O–NH] and C–N

stretching bands were observed in the spectra of the aged

sample of surfactant which further confirmed the structure

and survival of the surfactant in the presence of harsh

conditions.

Rheological Evaluation of Polymers

Figures 5 and 6 show the comparison of three polymers at

70 �C and at fixed shear rate of 7.3 s-1 in deionized water

(DW) and SW, respectively. Polymer A showed the highest

viscosity compared to polymers B and C at all investigated

concentrations. The higher viscosity of polymer A is

associated with its higher molecular weight. In addition,

polymer A is a terpolymer of acrylamide, ATBS, and AA,

whereas polymers B and C are terpolymers of acrylamide,

ATBS, and NVP. NVP increases the thermal stability of

Fig. 2 1H NMR spectra of surfactant before and after aging

Fig. 3 13C NMR spectra of surfactant before and after aging

Fig. 4 FTIR spectra of the surfactant before and after aging
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acrylamide polymer but it is not a good viscosifier. At least

a 10-fold higher concentration of homopolymer of NVP is

required to achieve the equivalent viscosity to that of

HPAM [31]. Figures 5 and 6 demonstrate that all three

polymers exhibit similar trends in deionized water and

seawater. It is obvious that viscosity should be increased by

increasing polymer concentration in both seawater and

deionized water. However, as a result of charge screening,

the magnitude of the viscosity in seawater is much lower

compared to that in deionized water. In addition to lower

molecular weight, NVP in polymers B and C is responsible

for lower viscosity of the polymers. However, a significant

reduction in the viscosity of all three polymers was

observed in seawater. In deionized water, the higher vis-

cosity of polymer A is associated with negative charges

present on the backbone chain. Polymer chain remains

stretched because of the presence of repulsive forces

between negative charges which results in increasing the

hydraulic radius and viscosity of the polymer. Addition of

seawater brings cations into the solution and the polymer

chain coiled up as a result of the decrease in repulsive

forces. This decrease is associated with the interaction

between the anionic polymer chain and cations present in

the seawater. This charge screening decreases the hydraulic

radius of the polymer that causes coiling of the polymer

chain and as a result viscosity reduces.

Dynamic rheological measurements were performed to

determine the storage modulus of the polymers. Initially it

was believed that polymers can only improve sweep effi-

ciency and have no effect on reducing residual oil satura-

tion. However, recently many studies proved that the

viscoelastic nature of the polymer could reduce the residual

oil saturation by recovering the trapped oil [32–37].

Polymer A has the highest storage modulus compared to

polymers B and C (Fig. 7). The higher storage modulus of

polymer A compared to polymers B and C is associated

with structural difference among these polymers. Polymers

B and C contain N-vinylpyrrolidone whereas polymer A

contains acrylic acid. In addition, the molecular weight of

polymer A is also higher compared to polymers B and C.

On the basis of its higher viscosity and storage modulus,

polymer A was further evaluated and its interactions with

amidosulfobetaine surfactant were determined. Figure 8

shows the steady shear viscosity of polymer A at different

shear rates. At low shear rate, a Newtonian plateau was

observed followed by a shear thinning region. At all shear

rates, the viscosity of polymer A increased with increasing

polymer concentration. However, this increase in the vis-

cosity was more significant at low shear rates. For example,

at a shear rate of 0.01 s-1, increasing the polymer con-

centration from 0.4 to 0.5 % causes an 80 % increase in the

polymer viscosity. However, at high shear rate (10 s-1),

the increase in the viscosity was only 45 %. Shear stress

plots at different polymer concentrations are given in

Fig. 9. At all shear rates, increasing polymer concentration

Fig. 5 Comparison of steady shear viscosity of the polymers in

deionized water (T = 70 �C, shear rate = 7.3 s-1)

Fig. 6 Comparison of steady shear viscosity of polymers in seawater

(T = 70 �C, shear rate = 7.3 s-1)

Fig. 7 Comparison of storage modulus of polymers in deionized

water (T = 70 �C, frequency = 10 rad s-1)
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shifts the stress to a higher value. However, the increase in

stress is more significant at low shear rate. Zero shear

viscosity (go) and consistency index (k) of the Cross model

at different polymer concentrations are given in Table 2.

For all concentrations, the constant n was 0.79 which

shows that shear thinning is independent of the

concentrations.

Rheological Properties of Surfactant–Polymer

System

Ultra-low interfacial tension is required to displace the

trapped oil. The main role of surfactant addition is to lower

the interfacial tension between oil and water. However,

depending upon the structure it may interact with polymers

in different ways and can affect the rheological properties.

Therefore, the effect of surfactant on rheological properties

was investigated.

Figure 10 shows the effect of the amidosulfobetaine

surfactant on the viscosity of polymer A. The effect of the

surfactant was more prominent at low shear rates.

However, at high shear rate the addition of surfactant

showed no significant effect. At low shear rates, surfactant–

polymer interactions were more significant and viscosity

reduction was observed during addition of surfactant.

However, at high shear rates, the effect of shear becomes

more prominent. For example, at a shear rate of 0.01 s-1,

addition of 0.1 % surfactant resulted in about 25 %

reduction in the viscosity of the polymer; however, at a

shear rate of 10 s-1 and higher, this viscosity reduction was

not significant. For practical applications, at the typical

shear rate (7.3 s-1), the effect of shear is not significant and

rheological behavior approached to that of pure polymer.

There is no previous report describing the effect of the

amphoteric surfactant on the terpolymer of acrylamide,

ATBS, and acrylic acid. However, the interactions between

amphoteric surfactant and HPAM were reported previously

[38, 39]. Fluorinated amphoteric surfactant led to a small

decrease in the viscosity of HPAM at low shear rates. At

high shear rate, the added amphoteric surfactant has no

effect on the viscosity [39]. Similar behavior was also

reported for the effect of a hydrocarbon betaine-based

surfactant on the viscosity of HPAM [38]. The storage

Fig. 8 Steady shear viscosity of polymer A at various concentrations

(T = 70 �C)

Fig. 9 Shear stress of polymer A at various concentrations

(T = 70 �C)

Fig. 10 Effect of surfactant concentration on steady shear viscosity

of polymer A (T = 70 �C, polymer concentration = 0.25 %)

Table 2 Rheological parameters of Cross model at different polymer

concentrations

Concentration (%) go (Pa s) (mg/L) k (s)

0.1 4.35 49.17

0.2 13.03 23.33

0.25 16.83 16.26

0.3 24.93 22.63

0.4 28.16 18.55

0.5 51.22 23.78

0.6 74.43 31.04

0.7 90.48 27.83
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modulus of the surfactant at different surfactant concen-

tration is shown in Fig. 11. A decrease in the storage

modulus was observed by increasing the concentration of

the surfactant. The effect of the added surfactant was more

significant at the low frequency range. At 0.1 % surfactant

concentration, around 35 % decrease in G0 was observed at

a frequency of 0.1 rad/s. The dynamic viscoelasticity of

polymer A and the surfactant–polymer system is shown in

Fig. 12. The storage modulus shows elastic solid-like

behavior and the loss modulus is viscous response. When

the applied force is smaller than the intermolecular forces,

G0 is greater than G00 and material is able to return to its

original configuration. For both the polymer and polymer–

surfactant system, no crossover was observed and the

storage modulus exceeds the loss modulus over the entire

frequency range. The surfactant–polymer system contain-

ing 0.25 % polymer A and 0.05 % surfactant was evaluated

in DW and SW as shown in Fig. 13. At a shear rate of

7.3 s-1, the percentage viscosity reduction of the SP

system is similar to the viscosity reduction of the polymer.

The viscosity reduction of polymer A by addition of salts is

due to the charge screening effect as explained earlier. In

the presence of the surfactant, the added salts have similar

interactions with the polymer.

Conclusions

The synthesized amidosulfobetaine surfactant showed

excellent tolerance to salinity and temperature. The sur-

factant was compatible with the polymer and seawater at

90 �C. NMR and FTIR analyses showed that there were

no structural changes in the surfactant after aging at 90 �C
for 10 days. Thermal stability is an important issue in

surfactant screening as only thermally stable surfactants

can lower the interfacial tension for long time periods.

Thermal degradation alters the ability of a surfactant to

lower the interfacial tension with time. The rheological

properties can simulate the field performance of a poly-

mer. Salts present in the seawater cause a significant

reduction in the viscosity of the polymer and surfactant–

polymer system as a result of charge screening. The

amidosulfobetaine surfactant reduced the viscosity of the

terpolymer of acrylamide, ATBS, and acrylic acid at low

shear rates. However, at high shear rates the decrease in

the viscosity due to added surfactant was not significant.

Even at low shear rate, the reduction in the viscosity of

polymer due to surfactant is negligible when compared to

reduction in the viscosity of the polymer due to salts.

Overall, the amidosulfobetaine surfactant did not alter the

rheological properties of the polymer significantly.

Adsorption, IFT, and coreflooding experiments of the

amidosulfobetaine surfactant are currently underway in

our laboratory.

Fig. 11 Effect of surfactant concentration on storage modulus at

70 �C (polymer concentration = 0.25 %)

Fig. 12 Dynamic viscoelasticity of polymer A and polymer–surfac-

tant solutions at 70 �C (polymer concentration = 0.25 %, surfactant

concentration = 0.05 %)

Fig. 13 Effect of salinity on steady shear viscosity of SP solution at

70 �C (polymer concentration = 0.25 %, surfactant

concentration = 0.05 %)
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