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Abstract: Long-term thermal stability of surfactants under harsh reservoir conditions is one of the
main challenges for surfactant injection. Most of the commercially available surfactants thermally
degrade or precipitate when exposed to high-temperature and high-salinity conditions. In this work,
we designed and synthesized three novel betaine-based polyoxyethylene zwitterionic surfactants
containing different head groups (carboxybetaine, sulfobetaine, and hydroxysulfobetaine) and bearing
an unsaturated tail. The impact of the surfactant head group on the long-term thermal stability,
foam stability, and surfactant—polymer interactions were examined. The thermal stability of the
surfactants was assessed by monitoring the structural changes when exposed at high temperature
(90 °C) for three months using TH-NMR, ¥C-NMR, and FTIR analysis. All surfactants were
found thermally stable regardless of the headgroup and no structural changes were evidenced.
The surfactant—polymer interactions were dominant in deionized water. However, in seawater,
the surfactant addition had no effect on the rheological properties. Similarly, changing the headgroup
of polyoxyethylene zwitterionic surfactants had no major effect on the foamability and foam stability.
The findings of the present study reveal that the betaine-based polyoxyethylene zwitterionic surfactant
can be a good choice for enhanced oil recovery application and the nature of the headgroup has no
major impact on the thermal, rheological, and foaming properties of the surfactant in typical harsh
reservoir conditions (high salinity, high temperature).

Keywords: polyoxyethylene; rheology; foam; polymer; thermal stability

1. Introduction

Surfactants consist of head groups (hydrophilic) and tail groups (hydrophobic) and are mainly
used to change the surface properties at the gas-liquid (surface tension), liquid-liquid (interfacial
tension), and solid-liquid (wettability) interface. Surfactants are classified as nonionic, cationic, anionic,
and zwitterionic based on the nature of the headgroup. Zwitterionic surfactants contain both cationic
and anionic active groups and have serval advantages over other classes of surfactants, such as better
foam stability, low toxicity, salt tolerance, biodegradability, temperature stability, and improved water
solubility [1,2]. These types of surfactants have been used in coating, painting, textiles, pharmaceutical,
and oilfield applications [3-6].

In oilfield applications, surfactants have been used in well stimulation, acid diversion, drilling
fluids, and enhanced oil recovery (EOR) [7-13]. Enhanced oil recovery techniques are applied at tertiary
stages in a reservoir and 30% to 60% extra crude oil can be recovered using different EOR techniques [14].
EOR techniques mainly include gas injection, and thermal and chemical EOR [15]. In recent years,
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carbonated water (CO;-enriched) injection has also been proven as an alternative to conventional gas
flooding that needs only a small amount of CO; [16]. In chemical EOR, different chemicals, such as
polymers, surfactants, nanoparticles, and alkaline, are introduced to enhance oil recovery. Polymers
tend to enhance the viscosity of the introduced water and increase the mobility ratio [17-19]. Alkalis
are injected to reduce the surfactant adsorption and form surfactant inside the reservoir. Nanoparticles
and nanofluid injection are key in the chemical EOR process. Such nanoparticles and nanofluids can be
used individually or in combination with other chemicals, including surfactants [20]. Surfactants tend
to lower interfacial tension (IFT) in oil and aqueous, stabilize oil/water emulsions, alter the wettability
of rocks, and are used as a foaming agent in different gas flooding processes [21-26]. However, most
of the commercially available surfactants thermally degrade in high-salinity and high-temperature
environments. Thermal stability in reservoir conditions is a pre-requisite for surfactants” application in
EOR and other oilfield applications. Betaine-type surfactants have shown excellent thermal stability in
high-salinity and high-temperature environments [27,28]. We were further interested in evaluating
the impact of different ionic headgroups on the thermal stability of betaine-type polyoxyethylene
zwitterionic surfactants, which has not been reported in the literature.

Surfactant—polymer interactions are also important as surfactants are injected with polymers to
improve mobility and to achieve ultra-low interfacial tension, simultaneously. Rheological properties
of surfactant—polymer solution can identify the type of interactions between the surfactant and polymer.
For EOR applications, it is extremely important to know how the injected surfactant interacts with the
polymer. Partially hydrolyzed polyacrylamide (HPAM) is usually the extensively applied polymer for
chemical EOR applications because of the large hydrodynamic volume, low cost, and its availability
on the commercial scale. HPAM is a preferred choice for low salinity and low temperature conditions
and it is avoided in high salinity and high temperature conditions owing to its poor stability in
harsh environments [29]. Replacing some of the acrylate monomers with other monomers, including
2-acrylamido-2-methylpropane sulfonic acid (AMPS), can significantly improve the thermal stability.
Therefore, a copolymer of acrylamide (AM) and AMPS was selected to evaluate the interactions
between surfactant and polymers. The AM-AMPS copolymer has shown improvements in thermal
and electrolyte stability compared to HPAM [30].

The foaming properties of surfactants are also important for oilfield applications, such as in gas
injection-based EOR processes. Foam is mainly used to improve the macroscopic sweep by decreasing
the mobility of the injected gas and by diverting the gas to low permeability zones of the reservoir [31].
The channeling, which is a typical issue in heterogeneous reservoirs, can be minimized by foam as
it is more stable in high permeability zones. This stability in high permeability zones increases the
flow resistance and diverts the gas to low permeability zones. Because of the reduced mobility of the
displacing fluid, the effect of gravity is overridden and viscous fingering is also lessened. Foam mainly
consists of gas bubbles that are separated by liquid films and enhance the properties of liquids [32].
To ensure the maximum performance of a surfactant for foam flooding, it should generate a stable
foam under the given conditions.

In this work, the impact of different headgroups on the thermal stability, surfactant—polymer
interactions, and foaming properties of three newly synthesized betaine-based polyoxyethylene
surfactants, namely oleyl polyoxyethylene amidopropyl hydroxy sulfobetaine (OPAH), oleyl
polyoxyethylene amidopropyl sulfobetaine (OPAS), and oleyl polyoxyethylene amidopropyl
carboxybetaine (OPAC), were investigated. The synthesis and surface properties of these surfactants
were already reported in our previous publication [33].

2. Experimental

2.1. Materials

The material used for the preparation of OPAH, OPAS, and OPAC was depicted in our preceding
article [33]. The salinity of the synthetic seawater (SW) was 57,643 ppm and was prepared by the use
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of laboratory-grade chemicals, such as NaCl, Na;SOy4, MgCl,, CaCl,, and NaHCOj3. All chemicals for
synthetic seawater preparation were obtained from Sigma Aldrich (St. Louis, MO, USA). The detailed
composition of synthetic seawater is given in our previous article [34]. The copolymer of acrylamide
and 2-acrylamido-2-methylpropane sulfonic acid (AM-AMPS) was obtained from SNF Floerger,
Andrézieux, France. The polymer has a molar mass of 8 million Dalton along with 25% degree of
anionicity. The structures of surfactants and polymers are given in Figure 1.
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Figure 1. The structures of the surfactants and polymer used in this study.

2.2. Long-Term Thermal Stability

NMR analysis of before and after the thermal treatment of surfactants samples with SW and
deionized water (DW) was performed on a JEOL 1500 instrument (500 MHz) (JEOL, Tokyo, Japan)
using TMS (internal standard) and chloroform-d as a solvent. The data were received in ppm. FTIR
analysis of thermally treated surfactant samples was done on a Perkin-Elmer instrument (16F model,
Perkin-Elmer, Waltham, MA, USA). The data were acquired in cm~L.

2.3. Rheology

Rheology of the surfactant-polymer mixtures was measured with a rheometer (Discovery Hybrid
Rheometer 3, TA Instruments, New Castle, DE, USA) in a DIN concentric cylinder geometry (cup
diameter = 30.38 mm, bob diameter = 27.97 mm, bob length = 41.90 mm). The following rheological
tests were conducted: Steady shear rheology, dynamic shear rheology, and oscillation temperature
ramp. Both steady and dynamic shear rheology were performed at 80 °C, whereas the oscillation
temperature ramp was conducted from 20 to 90 °C. The heating rate of the temperature ramp test
was 2 °C/min. Dynamic rheology and oscillation temperature ramp were conducted within the linear
viscoelastic region of the samples. A shear rate range of 0.001 to 1000 1/s was used for steady shear
rheology, while the angular frequency range for dynamic rheology was 0.1 to 100 rad/s. The samples
were soaked at 80 °C for 2 min before these tests. The samples were covered with a solvent trap to
reduce the effect of evaporation on the experiments.

2.4. Foam Analysis

Foam characteristics of the surfactant solutions were measured with a dynamic foam analyzer
(DFA 100, Kriiss GmbH, Hamburg, Germany) at 22 °C. A sample volume of 50 mL was poured into a
glass measuring column firmly attached to a holder. At the base of the holder, a filter plate with a
pore size 16 to 40 um was attached through which air needed for foam generation could pass through.
Airflow was generated by the system at a rate of 0.2 L/min for 20 s. Foam height was measured using
two arrays placed in parallel and surrounding the glass measuring column. One of the arrays emitted
light whereas the other array detected the light that passed through the glass column. Each array was
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1 mm away from the glass column to get the best resolution of foam height. A camera captured the
foam structure generated by the air flow. A calibration was done with the dots printed at the top of the
measuring column. The camera was then set at a height of 85 cm from the base in order to be closer to
the foam-liquid interface. A medium field of view was set in order to have an optimum resolution for
the bubble structure. Kruss Advance software analyzed all the data captured by the camera and the
light sensor.

3. Results and Discussion

3.1. Long-Term Thermal Stability

The long-range heat stability was investigated in typical reservoir conditions on surfactant samples
(10 wt% in SW and DW) aged for a period sufficient to cause degradation. The surfactant samples were
aged for 90 days at 90 °C, taken out and dried, and then subjected to NMR and FTIR analysis. The
surfactants (OPAC, OPAS, and OPAH) revealed excellent stability under harsh conditions and NMR
and FI-IR data showed no change in the original structure of surfactants. We display the NMR and FTIR
analysis of the aged samples of OPAC here. The 'H-NMR data of the aged sample of OPAC (Figure 2,
Table 1) revealed the survival of the surfactant tail by exhibiting the signals of CH3 and (CH,),, moieties.
The presence of CH3 moieties connected to a quaternary ammonium headgroup [R-CH3-N-CH3-R] was
also observed. The existence of CH, groups of EO units [-CH,-CH»-O-CH,-CH,-O-] was revealed by
the overlapping peaks. The presence of an amide group [R-C=0-NH-] was confirmed by the broad peak
of one proton. The 13C-NMR data of OPAC (Figure 3, Table 1) display signals of the CHj and (CHj3),
moieties of the surfactant tail. Methyl [R-CH3-N-CHj3-R] and methylene [-CH,-CH3-N-CH3-CH,-]
carbons connected to a quaternary ammonium headgroup were also observed. The survival of the CH,
moieties of EO units was confirmed by the overlapping peaks. Carboxylate carbonyl [R-C=0-O] and
amide carbonyl [R-C=0O-NH] were also observed. The FTIR data of OPAC (Figure 4) exhibited amide
[R-C=0O-NH] stretching. The symmetric and asymmetric vibration of C-H moieties of the hydrophobic
tail was also observed. In addition, the stretching value of ether moieties [-CH;-CH,-O-CH,-CH,-O-]
was detected. Overall, the NMR and FTIR data of the aged sample of OPAC matched with the
proposed structure.

Before Aging

After Aging |

—rr 7T 1 r T r r 1 PPM |

8 6 + 2

Figure 2. 'H-NMR spectra of oleyl polyoxyethylene amidopropyl carboxybetaine (OPAC) before and
after aging.
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Table 1. NMR (13C, 1H) and FTIR data showing the description of different peaks for OPAC surfactant.

Before Aging Chemical Shift

After Aging in Formation Water

Structural Assignment (ppm) FTIR (cm™1) After Aging in SW (FW)
of OPAC
1H 13C FTIR 1H 13C FTIR 1H 13C FTIR
Terminal methyl (CH3) of
the hydrophobic tail 0.88 13.9 0.87 14.0 0.88 14.1
Methylene (CH;), groups . 2 2855 sym. . 2 2852 sym. 2 . 2853 sym.
of the hydrophobic tail 1.18-1.38  22.5-31.8 2922 asym. 1.15-1.35 22.5-31.7 2920 asym 1.17-1.37 22.6-31.8 2921 asym.
Unsaturated double bond 129.7 and 129.7 and 129.8 and
in the hydrophobic tail 5.34 129.8 5.34 129.8 5.34 129.9
Methyl (CHs) substitution 51.1 323 51.0 324 512
of quaternary ammonium
Methylene (CH, ) groups _ 62.2 and 9 62.2 and . 62.1 and
of quaternary ammonium 3.39-349 64.3 340-3.50 64.3 3.38-3.48 64.2
CH, groups of EO units ~ 3.54-3.74 69.9-71.4 1101 3.55-3.75 69.8-71.5 1105 3.56-3.76  69.9-71.5 1103
Amide group 8.08 167.5 1656 8.07 167.4 1655 8.05 167.4 1657
Before Aging
L. l“lllll]|
After Aging
L L
r T T T T T T T T — T T T T T T T T T Lm0 ]
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Figure 3. 13C-NMR spectra of OPAC before and after aging.
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Figure 4. FTIR spectra of OPAC before and after aging.
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3.2. Rheology

The surfactant-polymer rheological parameters are complex and depend on the type of interaction
between the surfactant and polymers. Figure 5 exhibits polymer viscosity at various OPAC
concentrations. When AM-AMPS copolymer is dissolved in deionized water, the molecular chains
repel each other and remain in an extended form. This increases the hydrodynamic volume and
polymer viscosity. Adding any electrolyte could affect the polymer viscosity. When the surfactant is
added, the cation of the surfactant neutralizes the intrinsic electrical charge on the polymer chain. This
charge shielding results in the chain coiling, which decreases the interactions between the polymer
chain. In addition, the hydration of the polymer chain also reduces, and the effective size of the
swollen polymer decreases. As a result, the polymer viscosity is decreased by increasing the amount of
surfactant. The shear rate is another factor that affects the viscosity of the polymer. At the low shear
region, a Newtonian plateau was detected followed by the shear thinning region at a high shear rate
for the solution of polymer in DW. The viscosity curve for surfactant-polymer solutions also showed a
Newtonian plateau and shear thinning region. At low shear rates, the addition of surfactant has more
impact on the polymer viscosity compared to the effect at high shear rates. In the Newtonian plateau,
the addition of surfactant minimizes the polymer viscosity because of charge shielding and the shear
has no effect on the viscosity. However, in the shear thinning region, viscosity reduction because of the
surfactant concentration is not substantial. Similar flow curves were obtained when OPAH and OPAS
surfactant were added to the AM-AMPS copolymer (Figures S1 and S2, Supplementary Materials).
The addition of 0.1% OPAS, OPAH, and OPAC decreased the zero-shear viscosity of polymer by 54%,
55%, and 58%, respectively. This shows that the change of the surfactant headgroup exhibited minor
influence on the AM-AMPS copolymer viscosity.

10 4
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Figure 5. The viscosity of the polymer at different OPAC concentrations in deionized water (T = 80 °C,
polymer concentration = 0.25%).

The rheological behavior of the polymer in the presence of surfactant using deionized water
was studied to isolate the effect of salts. In the absence of salts, the surfactant—polymer interaction
was the only factor that determined the rheological response. However, the addition of salts in
surfactant-polymer solutions could dramatically change various rheological parameters. Most oilfield
applications are carried out using seawater, owing to the large amount needed. The rheological
behavior of the polymer and surfactant-polymer (SP) solution was also evaluated when dissolved
in synthetic seawater. Figure 6 shows the rheological behavior of the polymer and SP solutions
when dissolved in seawater in the presence of OPAC surfactant. The seawater brings a huge amount
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of counterions that results in charge shielding and chain coiling as explained earlier. This charge
shielding and chain coiling results in a reduction in the viscosity. However, in the seawater, the
polymer viscosity was free from the concentration of surfactant. In deionized water, the only source
of counterions that results in charge shielding and chain coiling comes from the surfactant. When
polymers are dissolved in seawater, the counterions from the seawater coiled the chain and any added
counterions from surfactant will have no effect on the reduction of viscosity and chain coiling. Hence,
the viscosity is almost independent of the added surfactant. Similar results were reported for OPAH
and OPAS surfactants (Figures S3 and S4, Supplementary Materials). The nature of the headgroup also
become less important as far as the rheological properties of the SP solutions in high salinity brine are
concerned. This suggests that for oilfield applications (high temperature, high salinity, and high shear),
the concentration of the surfactant will not affect the rheological properties of the polymer. It is worth
mentioning here that the surfactant concentration is decided after a rigorous screening by considering
its interfacial properties, wettability alteration, and adsorption density on reservoir rock.

0.02
] -&- No Surfactant
-9-0.01%
-+-0.025%
-0- 0.05%
- -3-0.1%
g
:_’ ‘2%5‘555&55&55&5;;‘;;*;5*\
SE*E‘EEE‘-“
qg‘ﬁgﬁ
0.1 1 10 100 1000
Shear Rate (1/s)

Figure 6. The viscosity of the polymer at different OPAC concentrations in seawater (T = 80 °C, polymer
concentration = 0.25%).

Dynamic shear rheology is also important for understanding the interactions between surfactant
and polymers. In addition, it has been reported that the elasticity of the polymer helps in improving
oil recovery [35-37]. Therefore, the storage modulus (G’) was determined at different surfactant
concentrations and temperatures. Figure 7 shows the storage modulus of the polymer at different
frequencies and concentrations of OPAC. The storage modulus was reduced by increasing the surfactant
concentration. This is also associated with the charge shielding as explained earlier. The storage
modulus of the polymer was reduced by 65% on addition of 0.1% OPAC surfactant. The reduction
using the same concentration of OPAH and OPAS was 54% and 50%, respectively (Figures S5 and S6,
Supplementary Materials). The effect of temperature on the viscosity of the polymer and SP solutions at
varying OPAC concentrations is given in Figure 8. Polymer and SP solutions showed thermo-thinning
behavior within the investigated temperature range. The viscosity of the polymer was reduced by
increasing the concentration of the surfactant at all temperatures. A similar trend was observed using
OPAH and OPAS surfactants (Figures S7 and S8). The minimum viscosity drop was observed with
OPAS surfactant while the maximum viscosity drop was noted for OPAC. In summary, the rheological
properties of the surfactant—polymer solutions strongly depend on the concentration of surfactant in
the absence of salts. However, for practical field applications (high temperature, high salinity, and
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high shear rate), the effect of the surfactant concentration and type becomes less significant compared

to the effect of salinity.
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Figure 7. Storage modulus of the polymer at different OPAC concentrations in deionized water
(T =80 °C, polymer concentration = 0.25%).
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(frequency = 1 rad/s, polymer concentration = 0.25%).

3.3. Foam Analysis

The viscosity of the polymer at different OPAC concentration in deionized water

The foam stability and foamability analysis were performed at a fixed concentration (0.1%) of
each surfactant in deionized water and synthetic seawater. The foamability of the surfactants was
assessed by measuring the foam height when the air was injected for a fixed time (20 s) at 0.2 mL/min.
The foamability data off all surfactants in deionized water and the synthetic seawater is given in
Figures 9 and 10. The foamability of surfactants using deionized water was almost similar and there was
no significant difference in the volume of foam generated regardless of the headgroup of the surfactants.
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The same observation was noted for surfactants in synthetic seawater. However, the foam generated
using seawater was comparatively higher compared to the foam generated using deionized water.
Salinity increases surfactant adsorption at the air-water interface and reduces electrostatic double layer
repulsion between the surfactants. Increased adsorption enables more surfactant molecules to trap air,
thus increasing foamability [38,39]. The balance between these two forces determines the initial foam
height [40].
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Figure 9. The foamability comparison of surfactants in deionized water.
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Figure 10. The foamability comparison of surfactants in synthetic seawater.
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Foam stability was assessed using the foam volume stability (FVS) parameter. The parameter FVS
was calculated by the equations given below:

Vi (foam
FVS (t) = % x 100, )
oam

where V is the volume, and subscript t refers to the volume at a given time, and f refers to the final
condition (after foaming stopped or the end of the bubbling process).

Figure 11 shows the FVS of three surfactants in synthetic seawater as a function of time. After
two hours, the FVS was 68% for surfactants OPAC and OPAS, while for OPAH it was 71%. This
negligible difference in foam stability suggests that for a given surfactant tail, FVS is independent of
the headgroup. In addition, the FVS of each surfactant in synthetic seawater was higher compared to
the corresponding FVS in deionized water (Figure S9). The structure of the foam at different times and
conditions is given in Figure 12. It can be noted that the foam generated in the seawater solution is
slightly denser compared to the foam generated in the deionized water for all surfactants. The foam
structure also supports the foamability results as explained earlier. The foam structure pattern for all
surfactants is almost similar and changing the headgroup does not make much of a difference on the
foam structure.
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Figure 11. Foam volume stability of all surfactants in seawater.
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Figure 12. Structures of foam at different time intervals.
4. Conclusions

The selection of suitable surfactants for EOR application is a challenging task due to severe
reservoir conditions, different types of rock, and poor thermal stability of commercially available
surfactants. The synthesized betaine-based polyoxyethylene zwitterionic surfactants containing
different headgroups (carboxybetaine, sulfobetaine, and hydroxysulfobetaine) showed excellent
thermal stability as evidenced by TH-NMR, 13C NMR, and FTIR analysis. All peaks before and after
90 days of aging were similar and structural degradation was not observed. The thermal stability was
independent of the nature of headgroup for all betaine-based polyoxyethylene zwitterionic surfactants.
The rheological properties of surfactant—polymer solutions strongly depended on the interactions
between the surfactant and polymers. Surfactant concentration and salt concentration affected the
dynamic and steady shear rheological properties. However, at field conditions (high salinity, high
temperature, and high shear), the effect of surfactant addition had a negligible effect on the viscosity
and storage modulus of the polymer due to charge shielding by the added counterions. At high salinity
conditions, the role of headgroup also became less significant for such a class of surfactants and similar
rheological properties were obtained for polymer and surfactant-polymer solutions. The foamability
and foam stability of the surfactants was high in the synthetic seawater compared to the deionized
water. The maximum foam stability was achieved using OPAH, and OPAS showed minimum foam
stability. However, the difference among the foam volume stability after two hours for the three
surfactants was not significant. This works shows that thermal stability, surfactant—polymer rheological
properties, and foamability of betaine-based polyoxyethylene zwitterionic surfactant are not affected
by changing of the headgroup in typical reservoir conditions. Our current work focuses on optimizing



Processes 2019, 7, 908 12 of 14

the formulation to have the lowest interfacial tension and minimum retention that will be supported
with coreflooding experiments in our future communication.
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