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Abstract: High mineralization of water complicates the use of foam in reservoir conditions. Anionic–
nonionic surfactants are one of the best candidates for these conditions since they have both high
surface activity and salt tolerance. One of the ways to obtain anionic–nonionic surfactants is to
modify nonionic surfactants by an anionic group. The type of the group and its chemical structure
can strongly affect the properties of the surfactant. In this work, widely-produced nonionic surfactant
nonylphenol (12) ethoxylate (NP12EO) was modified by new types of carboxylic groups through the
implementation of maleic (NP12EO-MA) and succinic (NP12EO-SA) anhydrides with different satu-
ration levels. The main objectives of this work were to compare synthesized surfactants with nonionic
precursor and to reveal the influence of unsaturated bonds in the carboxyl group on the properties of
the foam. NaCl concentration up to 20 wt% was used to simulate high mineralization conditions, as
well as to assess the effect of unsaturated bonds on foam properties. Synthesized anionic–nonionic
surfactants retained surfactant solubility and long-term stability in high-salinity water, but have
better foaming ability, as well as higher apparent viscosity, in porous media. The presence of an
unsaturated bond in NP12EO-MA surfactant lowers foaming ability at high mineralization.

Keywords: foam; surfactant; carboxylated ethoxylated nonylphenol; chemical EOR; high-salinity water

1. Introduction

For the last decades, the foam was used for improved oil recovery (IOR) and enhanced
oil recovery (EOR) technologies, such as acid treatment [1,2], gas mobility control [3],
foam-assisted water altering gas injection [4], gas shut-off [5], etc. In all EOR technologies,
foam should create stable multiphase media with high apparent viscosity for gas confor-
mance control and gas phase permeability decreasing. Producing stable foam for oilfield
applications surfactants should be compatible with the formation water or brine to create
stable aqueous foam.

One of the challenges for foam EOR nowadays is the development or selection of
effective reagents for carbonate reservoirs, characterized by high water salinity [6,7]. The
most widely applied surfactants in carbonate reservoirs are related to the nonionic type
with high salt tolerance [8–12], which mainly belongs to ethoxylated and/or propoxylated
fatty alcohols, fatty amines, and alkylphenols with different quantities and ratios of alkoxy
groups. Depending on the hydrophilic–lipophilic balance and length of an ethoxylated
group [13], nonionic surfactants can have good solubility and stability in high-salinity
water. However, nonionic surfactants showed low foaming ability, compared to ionic type
surfactants [14–17]. Comparison made by Li et al. [18] of three types of surfactant: nonionic,
anionic and anionic–nonionic, showed that anionic–nonionic surfactant created foam with
higher stabilized pressure during filtration tests and higher foam elasticity than others.
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The absence of charge in nonionic surfactants molecules in the gas–water–gas adsorption
layers decreases disjoining pressure and foam elasticity.

Nonylphenol ethoxylate (NPEO) is one of the most produced nonionic surfactants,
which is used for decades as household cleaning products [19,20], for micellar extraction of
residues from water [21–23], and chemical EOR [24,25]. Several works showed improved
performance of NPEO surfactants modified by different ionic groups, including carboxyl,
sulfonate, sulfate groups [26–32]. An addition of ionic groups in nonionic surfactant
molecules increases surfactant surface activity and cloud point temperature. Interfacial
tension less than 10−2 mN/m was achieved [33] between crude oil from Shengli oilfield
and nonylphenol polyoxyethylene (6) ether carboxylate surfactant solution. Alkyl ether
carboxylate with an average polyethoxylated length of three showed high interfacial activity
in the presence of Na+, Ca2+ and Mg2+ counterions [34]. Spontaneous oil displacement
experiments of several ionic–nonionic type surfactants showed the high efficiency of
ethoxylated sulfonates [35]. However, known works focused mainly on the oil/water
interface activity of NPEO modified surfactants, and only a few works were devoted to
gas/water surface [36–38].

In this paper, performance of two novel anionic–nonionic surfactants based on
nonylphenol (12) ethoxylate (NP12EO) as foaming agents at NaCl up to 20 wt% con-
centrations were tested. Obtained nonylphenol ethoxylate maleate (NP12EO-MA) and
succinate (NP12EO-SA) surfactants were evaluated by foam rate, foam half-life time, sur-
face tension, and foam apparent viscosity in porous media. All chemicals for synthesis
are widely produced and relatively cheap, making novel surfactants great candidates for
application in high-salinity carbonate reservoirs.

2. Materials and Methods
2.1. Materials

A nonionic surfactant nonylphenol ethoxylate (NP12EO) with an average number of
ethoxy groups in a molecule equal to 12 was used as the precursor for synthesis. NP12EO
was provided by Nizhnekamskneftekhim (Russia) petrochemical company with a purity
of not less than 98%. Maleic anhydride (99%) and succinic anhydride (99%) were obtained
from Acros Organics BVBA and Merck KGaA. Triethylamine (99.7%) was provided by
Vecton company (Russia). NaCl (99.5%) was provided by JSC LenReactiv. Sodium dodecyl
sulfate (98%) as a reference surfactant was obtained from Spektr-Khim company (Russia).
All chemicals were used and received without any further purification.

2.2. General Procedure for Surfactant Synthesis and Characterization

Surfactants were synthesized by following the method outlined in Scheme 1. NP12EO
(10 gr, 13.37 mmol) and anhydrides (13.37 mmol) were charged in a 100 mL reaction flask.
This mixture was stirred for 5 h at 70 ◦C. The intermediate compounds 1a and 1b were
used without any further purification. In the next stage, products (14.20 mmol) were
neutralized with NaHCO3 (14.30 mmol) and the reaction mixture was stirred 5 h more at
70 ◦C. Pale-yellow viscous products were obtained. Synthesized compounds with maleic
2a (NP12EO-MA) and succinic 2b (NP12EO-SA) anhydrides were used further without
any purification.
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Scheme 1. Synthesis of NP12EO-MA and NP12EO-SA.

2.3. Solubility and Stability

To test the applicability in high salinity water, 20 mL solutions of surfactants with 0.5%
concentration at different NaCl concentrations were prepared. The solubility of surfactants
was tested after 30 min of mixing. After that, solutions were placed into the oven for
30 days at a temperature of 293 K for the stability test. Color of solutions, phase separation
and precipitation were inspected visually at both stages.

2.4. CMC Determination

It is well known that critical micelle concentration (CMC) is an important parameter
for understanding the effective concentration above which the properties of foam usually
do not change totally or do not change significantly. Several methods allow the determina-
tion of the CMC point, including conductometric, dynamic light scattering, viscometric,
refractometric, and surface tension methods [30,39]. Surface tension (SFT) of solutions at
different concentrations of surfactant were measured at 293 K by the pendant drop method
in a programmable drop shape analyzer (Krüss DSA-100HP40). Each point was measured
three times and an average value was used for analysis. The CMC point was determined
as the surfactant concentration at which the sharp change in the SFT rate (dSFT) decreases
by more than 10 times the initial rate. dSFT is the first derivative of the surface tension
(SFT) change function from the surfactant concentration.

2.5. Foam Rate and Half-Life Time

The foaming ability of synthesized surfactants was compared with initial nonionic
surfactant NP12EO and one of the most studied surfactants—sodium dodecyl sulfate
(SDS). The micellar solutions with a concentration of surfactant approximately 25 times
more than observed CMC were chosen for bulk foam tests according to the previous
experience [39,40]. NP12EO, NP12EO-MA, NP12EO-SA, and SDS surfactants solutions at
0.5 wt% concentration with a volume of 100 mL were prepared in distilled water and water
with different concentrations of NaCl to determine the foam rate and foam half-life time.
The foam was generated in an overhead stirrer at a rotation speed of 2000 rpm for 10 min.
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The foam rate was measured in a 1000 mL measuring cylinder to determine the foam rate,
which was defined as the ratio of the generated foam volume to the volume of the initial
surfactant solution. The foam half-life time was measured as the time from the end of foam
generation until the volume of the surfactant solution in the cylinder increased to 50 mL as
a result of the liquid drainage and foam destruction (50 vol% of the initial volume of the
surfactant solution). All the experiments were provided at room temperature.

2.6. Filtration Experiments

The efficiency of surfactants as foaming agents can also be estimated by the apparent
viscosity of foam, which was determined by filtration tests in a porous medium [41]. Values
of apparent viscosity also help to determine the optimal gas/liquid ratio. Artificial silicate-
type core samples based on consolidated quartz sand were used in the experiments as
homogeneous porous media. The dimensions of the artificial core samples were 5 cm
in length and 3 cm in diameter. The average absolute gas permeability was 1 Darcy,
and the average porosity was 13%. The most common gases used in gas and chemical
methods are carbon dioxide (CO2), nitrogen (N2) and hydrocarbon gases [42–45]. Due to
the high inertness of nitrogen, to compare the properties of foams in a porous medium,
the high-purity nitrogen (99.999%) was used as the gas phase for generating foam, as well
as a displacing agent. The filtration experiments were performed on the filtration setup
according to the scheme shown in Figure 1.
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Figure 1. Scheme of the filtration setup: V—valves, GP—gauge pressure sensors, PD—pressure
drop sensor, MHP–manual hydraulic pump, BPR—back pressure regulator, TS—temperature sensor,
CC—climate chamber.

The experiments were carried out under the following conditions: reservoir pressure
50 bar and temperature 20 ◦C. Overburden pressure was maintained 30 bar higher than
reservoir pressure to simulate lithostatic pressure and prevent liquid and gas crossflows.
The liquid was injected through a piston-cylinder using a plunger hydraulic pump with an
accuracy of 0.001 mL/min. The reservoir pressure was maintained by a piston-type back
pressure regulator with a needle valve. The inlet and outlet pressures of the core holder,
as well as the differential pressure, were measured using digital gauge pressure sensors
(measurement accuracy 0.01 bar). Pressure data were continuously recorded on a computer.
The nitrogen flow rate was controlled by a Bronkhorst EL-FlOW gas flow meter with an
accuracy of 0.05 mL/min.
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The core was saturated with 20% NaCl water under vacuum and placed in a coreholder.
Saline water was pumped through the core to determine the absolute permeability of water.
In the next stage, the solution of surfactant in an amount of at least three pore volumes (PV)
was pumped through the sample to saturate the core and minimize the effect of surfactant
adsorption on the core surface, and accelerate foam flow stabilization. After that, surfactant
solution and gas were co-injected in the core to generate foam. The total volumetric flow
rate in the experiments was 2 mL/min. The ratio of gas and surfactant solution in the total
injected flow rate was determined by the foam quality (fg) parameter. Foam quality equal
to the ratio of the gas volumetric flow rate to the total volumetric gas–liquid flow rate (1):

fg = qg/(qg + ql), (1)

where qg—the volumetric flow of nitrogen, and ql—volumetric flow rate of foaming solution.
To determine optimal foam quality, apparent viscosity(µF

app) [41,46] of foam was
measured at fg = 0.35, 0.5, 0.65, 0.8, and 0.95. Apparent viscosity of foam was determined
by Formula (2):

µF
app = (kabs × A × ∆P)/[(qg + ql) × L], (2)

where kabs—absolute permeability by 20% NaCl mineralization water, A—core cross-section
area, ∆P—stabilized pressure drops during foam injection, and L—core length.

3. Results and Discussion
3.1. Surfactants Synthesis and Characterization

Surfactant synthesis was provided according to Scheme 1. Initial reagents are cheap
and widely-produced compounds. All chemicals were used and received without any
further purification. Reactions occurred in soft conditions without solvent and separation
of 1a and 1b components.

The structure of NP12EO-MA and NP12EO-SA were confirmed by NMR and HRMS
methods. All necessary signals are present in the 1H NMR spectra of both surfactants. So,
in the area of 6 ppm, NP12EO-MA spectra contain proton signals at the double bond of the
maleic fragment. Additionally, in the NP12EO-SA spectra in the region of about 2.5 ppm,
there is a double signal of two methylene fragments of the succinic acid residue.

3.2. Solubility and Stability

Results of the tests showed that NP12EO-MA and NP12EO-SA surfactants, as well as
initial nonionic surfactant NP12EO, were dissolved in water with mineralization of up to
20 wt% NaCl, and solutions remained transparent for a long time (Figure 2). However, at
NaCl concentrations of 10 wt% and 20 wt%, precipitation of SDS occurred.
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3.3. Foam Rate and Half-Life Time

The foaming ability of all surfactants was evaluated according to foam rate and half-
life time of foam (Figures 3 and 4). To compare foaming ability, one of the most studied
surfactants sodium dodecyl sulfate (SDS) was used as a reference surfactant. Immediately
after the foam generation, the liquid starts to drain from lamellas as a result of gravitational
forces. At this time, gas/liquid ratio is low, lamellas thickness is too high, and capillary
forces do not have a significant effect. The liquid flows down the walls of the films until
the capillary forces become equal to disjoining pressure due to the repulsion forces of
ionic surfactants or the steric effect of nonionic surfactants. At this time, the liquid tends
from the lamellae towards the nodes. However, the “retention” of the liquid occurs with
different forces depending on the type of surfactant, because of different thicknesses of
the lamellae, as well as different values of the Van der Waals forces and the presence of a
charge in anionic surfactants. All these points directly affect the half-life time of the foam.

SDS showed a higher foam rate and foam half-life time at low NaCl concentrations,
but generated no foam at higher mineralization due to surfactant precipitation. Ethoxylate
surfactants showed a more stable foam rate which slowly decreased with increasing
NaCl concentration.

Compared with NP12EO, synthesized surfactants showed a higher foam rate at all
NaCl concentration ranges, but no significant difference in half-life time was observed. At
20 wt% concentration of NaCl, both anionic–nonionic surfactants can still generate foam
with a foam rate above 4.5, and the initial nonionic surfactant NP12EO can achieve only 3.5.
A slight increase in foam rate at 5 wt% NaCl can be described by increasing the adsorption
rate of anionic–nonionic surfactant molecules in the interfacial surface. At higher NaCl
concentration, the adsorption rate of surfactants reaches its maximum level and Na+ cations
only decrease repulsive forces [47]. Further increasing of NaCl concentration leads to a
decrease of foam rate of both synthesized surfactants. However, a significant difference
was not noticed between synthesized surfactants at all mineralization ranges. According to
the measurements (Figure 4), generally, the half-life time of both synthesized surfactants
increases with NaCl concentration. However, at 5% NaCl concentration, half-life time
of anionic–nonionic surfactants decreased or remained the same. The same effect was
observed in the work of [48], where authors considered liquid drainage in lamellas versus
NaCl concentration. The authors showed that in the NaCl concentration ranges from
0 wt% to 18 wt%, the maximum rate of drainage was obtained at 5 wt% NaCl. Further
increasing of foam half-life time at higher NaCl concentrations was also described by
bubbles coalescence time increasing due to decreasing of surface tension [49].
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Achieved foam rate and half-life time values of modified surfactants are comparable
with salt-tolerance surfactants, such as cocamido-propyl hydroxyl sulfobetaine, with a
foam rate value of about 6 and a half-life time of about 3 min [50].

3.4. CMC Determination

In Figure 5, the effect of surfactants addition in distilled water on the surface tension
(SFT) at 293 K and atmospheric pressure can be seen. In distilled water, the surface tension
of all surfactants decreases rapidly and reaches its stable SFT values at a concentration of
less than 0.025 wt%. According to dSFT values, NP12EO-SA, NP12EO-MA and NP12EO
reach CMC at 0.02 wt%, 0.015 wt% and 0.015 wt%, respectively.

Energies 2021, 14, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 5. The surface tension of NP12EO-SA, NP12EO-MA, and NP12EO surfactant solutions on 
distilled water. 

CMC of all surfactants was also measured at three NaCl concentrations (Table 1). 
Synthesized surfactants showed higher or the same CMC values than nonionic NP12EO 
due to the higher hydrophilicity of modified surfactants. The addition of NaCl led to a 
decrease in the surface tension, which was noticeable for all surfactants, and, in turn, re-
duced the CMC. The presence of Na+ cations decreases the ionic charge of the ionic part 
of the molecule that leads to an increase of hydrophobicity of surfactant and increases the 
interaction between hydrophobic groups (nonylphenol). Consequently, micelles start to 
form at lower surfactant concentrations. Besides, with increasing Na+ concentration, hy-
dration of ethoxy groups occurs, which leads to amplification of the hydrophobic interac-
tion (“salting-out effect”). All these effects were discussed in the works [51,52] at NaCl 
concentration ranges up to 5 wt%. 

The decrease in surface tension is directly related to the number of surfactant mole-
cules adsorbed at the water–gas interface. The addition of NaCl salt increases the number 
of molecules adsorbed due to repulsion reduction between the surfactant head groups, 
which results in closer packing. This was also described by some authors [53]. 

In addition, Zhang et al. described the effect of NaCl hydration in water on surface 
tension. When salt ions hydrate, they take water molecules, thus increasing the effective 
concentration of surfactant. In its turn, this leads to a decrease of surface tension and con-
sequently CMC [54]. 

The CMC values of synthesized surfactants lied in the relatively low ranges. The 
CMC of synthesized NP12EO-SA and NP12EO-MA (0.8621∙10−4 and 0.8641∙10−4 mol/L) in 
20 wt% NaCl are twice lower than ethoxylated betaines in formation water with a total 
mineralization of 214 g/L (1.65 × 10−4 and 2.20 × 10−4) [53]. 

  

Figure 5. The surface tension of NP12EO-SA, NP12EO-MA, and NP12EO surfactant solutions on
distilled water.



Energies 2021, 14, 8205 8 of 14

CMC of all surfactants was also measured at three NaCl concentrations (Table 1). Syn-
thesized surfactants showed higher or the same CMC values than nonionic NP12EO due to
the higher hydrophilicity of modified surfactants. The addition of NaCl led to a decrease in
the surface tension, which was noticeable for all surfactants, and, in turn, reduced the CMC.
The presence of Na+ cations decreases the ionic charge of the ionic part of the molecule
that leads to an increase of hydrophobicity of surfactant and increases the interaction
between hydrophobic groups (nonylphenol). Consequently, micelles start to form at lower
surfactant concentrations. Besides, with increasing Na+ concentration, hydration of ethoxy
groups occurs, which leads to amplification of the hydrophobic interaction (“salting-out
effect”). All these effects were discussed in the works [51,52] at NaCl concentration ranges
up to 5 wt%.

Table 1. CMC of surfactant NP12EO-SA, NP12EO-MA, and NP12EO at different NaCl concentrations.

NaCl, wt%
Critical Micelle Concentration, wt%

NP12EO-SA NP12EO-MA NP12EO

0 0.02 0.015 0.015
5 0.015 0.01 0.01
10 0.01 0.01 0.0075
20 0.0075 0.0075 0.0075

The decrease in surface tension is directly related to the number of surfactant molecules
adsorbed at the water–gas interface. The addition of NaCl salt increases the number of
molecules adsorbed due to repulsion reduction between the surfactant head groups, which
results in closer packing. This was also described by some authors [53].

In addition, Zhang et al. described the effect of NaCl hydration in water on surface
tension. When salt ions hydrate, they take water molecules, thus increasing the effective
concentration of surfactant. In its turn, this leads to a decrease of surface tension and
consequently CMC [54].

The CMC values of synthesized surfactants lied in the relatively low ranges. The
CMC of synthesized NP12EO-SA and NP12EO-MA (0.8621·10−4 and 0.8641·10−4 mol/L)
in 20 wt% NaCl are twice lower than ethoxylated betaines in formation water with a total
mineralization of 214 g/L (1.65 × 10−4 and 2.20 × 10−4) [53].

The effect of NaCl on the surface tension at the CMC point (γCMC) is shown in Figure 6.
In general, for all surfactants, a sharp decrease of SFT during NaCl concentration increasing
was observed. It is well known that the mineralization of solution strongly affects surface
tension values [45]. From the obtained results, the sodium chloride concentration affects
more on the surface tension of surfactants with the ionic group due to the increasing
concentration of adsorbed surfactants in the interfacial boundary; the higher number of
molecules of surfactants, the less SFT [55]. However, there is a slight difference in SFT
values between synthesized surfactants: at 0.015 wt% SFT of NP12EO-MA is 45 mN/m,
while the SFT of NP12EO-SA at 0.02 wt% is only 50 mN/m.
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3.5. Determination of Optimal Foam Quality and Apparent Viscosity of the Foam

The apparent viscosity of foams in porous media for each fg (Figure 7, Table 2) was
calculated Equation (1) for both synthesized and initial nonionic surfactant after the stabi-
lization of the pressure drop. The highest apparent viscosities of a synthesized surfactant
were obtained at fg = 0.5, for NP12EO at fg = 0.65. Depending on shear rate, foam can
exhibit shear-thinning and shear-thickening behavior [56] that mostly appear at a lower
or higher foam quality range. At foam quality range fg = 0.5–0.65, the apparent viscosity
of the foam has minimum dependence on shear rate [57] which was chosen as optimal
foam quality. At this range of apparent viscosity, foam can be used in a fairly wide range of
injection rates.

The subsequent increase in a gas amount at the high quality of foam leads to a decrease
of apparent viscosity till 4–27 cP due to foam draining [46]. At this regime, lamellas become
thinner and foam behavior depends mostly on the influence of surfactant molecules on
foam stability. At low foam qualities, the apparent viscosity of the foam decreased because
it starts to behave as a colloid system with continuous liquid phase and particles (gas
bubbles) without much interaction between them [58].

Synthesized surfactants reached more than 1.5 times higher apparent viscosities than
nonionic NP12EO (Table 2) at all ranges of foam quality (fg). These results showed improve-
ment in foam properties of anionic–nonionic surfactants. The lower apparent viscosity
of foam generated by NP12EO-MA surfactant represents the effect of the unsaturated
bond in the ionic part of synthesized surfactants. The presence of an unsaturated bond in
the NP12EO-MA increases surfactant adsorption surface area due to molecule geometry.
Thus, in the fragment of succinic acid of the NP12EO-SA molecule, free rotation around
a single C2-C3 bond is possible. This allows this molecule to adopt a conformation that
promotes the densest packing of NP12EO-SA molecules at the phase interface. At the
same time, in the NP12EO-MA molecule in the maleic acid fragment around the double
bond at C2-C3, rotation is difficult. This leads to the impossibility of dense packing of the
molecules of this surfactant at the phase interface due to the presence of the cis-geometry
of the hydrophilic fragment of maleic acid, which will occupy a larger area compared to
the similar hydrophilic fragment of succinic acid in the NP12EO-SA molecule. Decreasing
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the adsorption rate of surfactant molecules in the interfacial layer decreases foaming ability
and foam apparent viscosity. Moreover, the closer the foam quality to optimal (fg = 0.5–0.8),
the highest difference in the obtained apparent viscosities values. Filtration experiments
correlate with bulk test results (Figure 3), where synthesized anionic–nonionic surfactants
showed a higher foam rate than nonionic NP12EO.
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Table 2. Apparent viscosity (µF
app) and pressure drop (∆P) values of foams at different foam

quality (fg).

Surfactant Parameter
Foam Quality (fg)

0.35 0.5 0.65 0.8 0.95

NP12EO-MA
∆P, bar 0.64 0.65 0.52 0.45 0.25

µF
app, cP 65.33 66.96 53.56 45.72 25.22

NP12EO-SA
∆P, bar 0.77 0.85 0.76 0.69 0.26

µF
app, cP 79.23 87.39 77.91 70.31 26.97

NP12EO
∆P, bar 0.45 0.44 0.49 0.27 0.06

µF
app, cP 30.06 30.44 33.75 18.85 4.13

Apparent viscosities of foams were compared at the same fg = 0.5 to apparent viscosity
of nitrogen and water mixture (Figure 8). The gas–water system, due to multiphase flow,
creates filtration resistance; however, the addition of surfactant decreases the surface
tension and energy required to create more surface area between gas and water, which led
to increasing apparent viscosity of more than five times.
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4. Conclusions

In this work, new surfactants for foam EOR for high-salinity conditions were devel-
oped. Laboratory bulk tests and filtration experiments of two novel anionic–nonionic
carboxylate surfactants based on nonylphenol ethoxylate were provided:

1. The addition of the carboxyl group increases the repulsion force of the surfactants
which led to increasing foam rate, compared to the nonionic NP12EO. Bulk tests
showed that both anionic–nonionic surfactants retain 1.3 times higher foam rate at
20% NaCl concentration water than nonionic NP12EO. Moreover, due to nonionic
ethoxylate (12) part, modified surfactants retained good solubility and long-term
stability in water with NaCl concentration up to 20%;

2. According to surface tension measurements, synthesized surfactants have less than
0.025 CMC. Both CMC and surface tension at CMC point (γCMC) decrease with NaCl
concentration increasing;

3. Both synthesized surfactants showed higher apparent viscosities than the initial
nonionic NP12EO nonionic surfactant aqueous solution at all ranges of foam quality;

4. Although, bulk tests did not show a significant difference in foam rate and half-life
time between NP12EO-SA and NP12EO-MA surfactants, the lower apparent viscosity
of NP12EO-MA surfactant was achieved in the filtration experiments, which reveals
the negative effect of the unsaturated bond in the carboxylic group. Presumably, the
presence of an unsaturated bond in the carboxylic part of NP12EO-MA increases sur-
factant packing surface area due to molecule geometry. This decreases the adsorption
rate of surfactant molecules in the interfacial layer and foaming ability; and

5. Both surfactants can be produced using relatively cheap and widely used reagents in
a simple two-step synthesis, which makes them prospective candidates for chemical
EOR from the economic side of view.
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