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Abstract: Chelating agents’ application for EOR and well stimulation is fast growing nowadays.
However, reagents of this class have some drawbacks, with high values of interfacial tension (IFT)
being among them. IFT may be lowered with the addition of surfactants; however, the simultaneous
application of chelating agents and surfactants has not yet been widely studied. This paper focuses
on the experimental and theoretical investigation of the interaction between chelating agent (ethylene-
diaminetetraacetic acid, EDTA) and surfactants of anionic and cationic types (sodium dodecyl sulfate,
SDS, and dodecyl trimethynlammonium bromide, DTAB). IFT measurement was performed at ambi-
ent conditions, with normal octane being as the reference hydrocarbon to eliminate the temperature
and salinity effects and compare surfactant-containing systems. The experimental results show that
chelating agents’ addition to the solutions of surfactants leads to a decrease in IFT value. Moreover,
surfactants’ critical micelle concentration is lowered, whereas their effectiveness and efficiency are
increased, which points to the salting-out nature of chelating agents. Molecular dynamics reveal
that chelating agent addition causes closer packing of surfactant layer, the decrease in head groups’
hydration, and, at least in the case of SDS, specific surfactant–chelating agent attractive interaction.
These molecular-level insights, experimental dependencies, and the combined methodology may be
useful for the proper selection of fluids for real-field operations.

Keywords: chelating agents; EDTA; surfactant; IFT; molecular dynamics

1. Introduction

Chelating agents are widely used in different fields of industry. Their ability to
sequester metal ions and solubilize compounds that are normally insoluble in water make
them indispensable in the production of detergents, fertilizers, and drugs [1]. They can also
be used for soil remediation or waste treatment [2,3].

Chelating agents are also found in a huge variety of applications in oil industry. In
the upstream and midstream, chelating agents may be used for scale removal and mineral
fouling prevention in pipes and equipment [4,5]. However, the most widespread use of
chelating agents is the injection into wellbores and reservoirs to reach different aims, which
include, but are not limited to [6]:

• Scale removal;
• Scale formation inhibition;
• Iron control during acid treatments;
• Hydraulic fracturing fluid additives;
• Well stimulation;
• Enhanced oil recovery (EOR).
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The two latter operations are of particular interest for this work, because the eventual
effectiveness of chelating agents for these jobs greatly depends on the oil/aqueous fluid
interfacial tension (IFT).

Chelating agents’ application in well stimulation is based on their ability to dissolve
rock minerals with the formation of highly conductive channels in carbonate reservoirs [7,8]
or mitigating porous media damage in sandstone reservoirs [9]. The surface complexation
mechanism was found to be the reason for the rock dissolution [10]. It was shown that the
rock dissolution rate in chelating agents is order-of-magnitude lower than in acids such
as HCl or HCl+HF, which are ordinarily used for well stimulation [11,12]. This property
is especially important at high temperatures (>110 ◦C). In carbonates, this circumstance
would result in the formation of longer and less branched channels with less volume of
acid spent [7,13]. In sandstones, deeper acid penetration and cleaning capacity are ensured
with the decrease of well stimulation fluid reaction rate. Moreover, chelating agents are
usually compatible with crude oil [14], do not cause ferrous scale formation, and do not
possess high corrosiveness towards metal [15,16] (some of the chelating agents may even
act as corrosion inhibitors [17]). Chelating agents, such as ethylenediaminetetraacetic
acid (EDTA), hydroxyethyldiaminetriacetic acid (HEDTA), glutamic diacetic acid (GLDA)
and diethylenetrieminepentaacetic acid (DTPA), are studied in laboratories and used
on fields nowadays.

It is necessary that well stimulation fluid should have the lowest possible IFT with
reservoir oil, to ease its injection into the reservoir and its removal after the stimulation is
complete [18]. For this reason, surfactants are often added to the acidic or chelating fluids [19].

The application of chelating agents as EOR chemicals has not gone beyond laboratory
studies so far. However, a decrease of residual oil after chelates injection as tertiary recovery
agents in sandstones and carbonates was proved in different laboratory studies [20,21]. It
is believed that the reasons for enhanced oil displacement are IFT reduction and wettability
alteration. Wettability alteration occurs because of metal ions leaching from the rock
surface [22], which makes the surface more negative and decreases zeta potential. A
decrease in zeta potential, in turn, means that the water film on the rock surface expands,
which promotes oil desorption and recovery enhancement. Moreover, it is expected that the
chelating agent would not be retained by the rock surface, which is common for surfactants.

However, IFT reduction in the case of chelating agent application is not as significant,
as it is expected in surfactant flooding [23], although recent studies show that the effect of
IFT reduction may be more important for EOR (at least for some reservoirs) than wettability
alteration [24].

Therefore, the necessity to add surfactants to compositions of chelating agents is
evident. There are some papers, mainly from the medical field, dedicated to the interactions
between chelating agents and surfactants. Some medical papers describe the influence
of EDTA–surfactant solutions on the dissolution of bile salts [25] and root dentin [26,27].
Some works consider solutions of chelating agents and surfactants to be prospective for
soil remediation [28]. It was shown [29,30] that. at the presence of EDTA in concentrations
near 10−2 M, the surface tension of anionic surfactants may decrease.

There are some papers considering simultaneous surfactants–chelating agents’ ap-
plication in the oil industry. Janjua et al [31] studied the effect of 0.3% wt. viscoelastic
surfactant (VES) erucamidopropyl sulfobetaine and 0.3% wt. DTPA on the IFT between
aqueous solutions and crude oil, zeta potential alteration, and oil recovery. They found that
injection of DTPA and VES may lead to an additional oil recovery of 9.46%. However, a
difference in zeta potential alteration in cases of rock treatment with VES and VES-chelating
agent was negligible, as well as IFT reduction (although, in both cases, its values were at
the level of 10−1 mN/m).

The term “synergy between surfactants and chelating agents” was used in the paper by
Deng et al. [32]. They found that the addition of GLDA, EDTA, and DTPA in concentrations
0.3–3% wt. to the erucamidopropyl betaine (0.3% wt.) enhanced the wettability alteration of
the oil-wet Indiana limestone sample. For example, for the plain VES solution, the contact
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angle difference was near 20◦, but, when 3.0% wt. DTPA was added, the difference became
100◦. Some other works also dealt with the combined effect of surfactants–chelating agents’
wettability alteration of rocks [33,34].

Some kind of discrepancy is present in experimental results. In some cases, chelating
agents decreased IFT values; in other cases, these stayed at the same level, which means that
this question requires additional investigation. This can be problematic in itself, because
of an infinite number of experiments being faced. It is almost impossible to study all
the concentrations, types of chelating agents and surfactants, as well as all pH values,
temperatures, salinities, and pressures. Moreover, every oil sample is unique, meaning
every field requires its optimal composition.

IFT measurement results depend on the measurement conditions. The presence of
impurities, proper temperature and pressure conditions, and method type can give different
results, even for systems which seem to be the same. The technique of IFT measurement also
determines equilibrium result [35]. The most common methods for the IFT methods are spin-
ning drop and pendant drop, which are based on the measurement of oil drop geometrical
properties in the centrifugal and gravitational force field, relatively. However, establishing
temperature (especially higher than 100 ◦C) and pressure conditions is complicated. Finally,
equilibrium IFT is never reached under reservoir conditions because of adsorption, dilution
and other effects. Therefore, to select a surfactant for technological fluids, it is necessary to
consider dynamic IFT values and IFT dependence on concentration [36].

A possible solution to select proper combinations may be computational chemistry
methods. Molecular dynamics (MD) simulation is one of them. Ghasemi [37] reviewed its
main features and applications for surfactant flooding. This method allows quantitative
and qualitative assessment of surfactants’ behavior on the micro scale, and prediction of
experimental effects. This field is actively developing [38,39], which means that calcu-
lations will be much faster and more accurate, allowing better screening of reagents for
oil field chemistry.

There are a lack of studies which consider simultaneous application of chelating agents
and surfactants and investigate their combined effects on the rock–fluid and fluid–fluid
interfacial properties. However, these effects may be beneficial for the oil industry, as well
stimulation and EOR effectiveness relies on these properties. Therefore, in this paper, we
attempt to study interfacial boundary between the hydrocarbon phase and the chelating
agent–surfactant solution by the means of experiment and MD. First, experimental IFT
measurement was performed to understand the general behavior of IFT curves upon
chelating agent addition to the solutions of anionic and cationic surfactants with the
equal hydrocarbon chains. IFT curves displacement and CMC alteration upon chelating
agent addition, as well as effectiveness and efficiency changes, are to be assessed with
IFT experiments. To eliminate the influence of the temperature, pressure, water salinity
and the presence of surfactants in crude oil and study bare oil–water–surfactant interface,
IFT measurements were conducted at ambient conditions with normal octane. To explain
observed effects, the system was reconstructed with all-atomic MD. Microscopic properties,
i.e., density profiles, radial distribution functions and hydrogen bonding, are extracted to
understand the main tendencies of macroscopic behavior. The data are used to substantiate
experimental results. Workflow of the study is given in Figure S1. The combination of these
methods allowed us to substantiate the existence of synergism between chelating agents
and surfactants in terms of IFT reduction.

2. Materials and Methods
2.1. Materials

Disodium EDTA (99.2%), NaOH (99%), citric acid (99%), sodium dodecyl sulfate
(SDS, 95.5%), and normal octane (reference grade) were purchased at Rushim, Moscow,
Russia. Dodecyl ammonium bromide (DTAB) (98%) was purchased at Sigma-Aldrich
(St. Louis, MO, USA). All the solutions were prepared in bi-distilled water. The structures
of surfactants used in this work are shown in Figure 1.
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2.2. Methods
2.2.1. Solutions Preparation

In a series of experiments, the chelating agent composition consisted of 0.4 M EDTA-
Na2 and 0.05 M citric acid (CA). This composition has a pH value of 6.74. In our previous
study [40] it was found that this composition possessed the best dissolution capacity toward
carbonate rock. EDTA is a commonly accepted chelating agent in oil field chemistry [11],
whereas citric acid is used to increase dissolution capacity of the chelating agent-based
well stimulation fluid (the increase is about 10% at 120 ◦C and 2 MPa if compared with
plain EDTA). The effect is believed to be based on the combination of surface complexation
mechanism and proton attack, both of which are intrinsic for EDTA and citric acid. The
solution was prepared as follows: 0.4 M EDTA-Na2, 0.4 M NaOH, and 0.05 M citric acid
were loaded into a 1 L calibrated cylinder, and water was poured into it in such a way that
the water level did not reach the mark (about 800 mL). The cylinder was heated in a water
bath at 65 ◦C for 10 min and agitated manually until complete dissolution. A pre-calculated
amount of 1% surfactant aqueous solution was then added, and the rest of the water was
poured at the last stage. Solutions were left cooling overnight in closed flasks.

Plain solutions of surfactants were prepared by preparing 1% wt. surfactant water
solution and adding the necessary amount of water to it.

2.2.2. IFT Measurement

The aqueous phase was poured into a cuvette, which was placed on the DataPhysics
(Filderstadt, Germany) OCA 15Pro instrument for contact angle measurement and drop
shape analysis. The syringe with a U-shaped needle was then filled with octane, and air
bubbles were removed from the syringe and needle. The syringe was placed in a special
holder under the piston. Interfacial tension was measured using “pendant drop” method
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and calculations were carried out according to the Young–Laplace fitting method. At least
three parallel measurements were made. The temperature of the room was 25 ◦C.

Dynamic IFT value was expected to reach a plateau, considered to be an equilibrium
IFT value, which was used in this work. However, in cases where the concentration of
surfactant was 0.001%, stabilization required long periods. To eliminate IFT measurement
artifacts related to drop evaporation, the first 500 s of the measurement were approximated
with the Equation (1) using Origin 2021 [41].

γ = γe + (γ0 − γe)e−
t
τ (1)

where γ is the current IFT value, γ0 is the IFT at the zero point, γe is the equilibrium IFT, τ is
the parameter related to the relaxation time, t is the time from the start of the measurement.
Equilibrium IFT values (γe) were used in this work to compare equilibrium state in the
simulation and experiments, which is a limitation of the study.

2.2.3. Simulation Details

All simulations were performed using BIOVIA Materials Studio 2017 software, uti-
lizing Amorphous Cell and Forcite modules. MD simulation is based on the iterative
calculations of the potentials and forces between atoms and molecules, with the subsequent
calculation of particles’ positions. Calculations are performed with a set of constants and
equations, describing interactions between atoms, which is called forcefield. COMPASS
forcefield was used in this work as the method proved to be effective in works related to
interfacial properties in surfactant-containing systems [42,43].

Four different systems were under investigation:

1. Water/octane/SDS;
2. Water+chelate/octane/SDS;
3. Water/octane/DTAB;
4. Water+chelate/octane/DTAB.

The compositions and dimensions of these systems are shown in Table 1. As surfactants
dissociated to counter ion (Br− or Na+) and organic part (“Surfactant”), they are given in
Table 1 separately. An example of the initial system is shown in Figure 2. It should be noted
that the dimensions of systems containing SDS and DTAB differ from each other. As was
observed during the study, if the dimensions of DTAB systems are close to those of SDS
systems, the bulk density of the aqueous phase would not be reached. This fact points to
the insufficiency of simulations at these conditions.

Table 1. Systems’ compositions and dimensions.

System
Composition, Molecules Number Dimensions

Octane Water EDTA2− EDTA3− Na+ Br− CA Surfactant l × h × w, Å

1 118 × 2 1067 2 6 72 0 0 36 × 2 89 × 40 × 40
2 118 × 2 957 2 6 97 0 1 36 × 2 89 × 40 × 40
3 118 × 2 1593 3 9 0 72 0 36 × 2 111 × 40 × 40
4 118 × 2 1435 3 9 36 72 1 36 × 2 111 × 40 × 40

All studied systems included two normal octane layers, one aqueous layer, and two
layers of surfactant molecules. The octane layer included only n-octane molecules in all
cases. The density of the layer during its construction was 0.702 g/cm3. The aqueous
layer included water molecules and, if necessary, EDTA2− and EDTA3− in molar ratio 1:3
(according to EDTA species distribution at pH value 6.74), fully deprotonated CA, and
counter-ions of EDTA, CA, and surfactant to ensure electrical neutrality of the system. If
only water was used, then the density was 1.00 g/cm3; if chelate was added, then the
density was 1.07 g/cm3. Each of the surfactants’ layers consisted of 36 molecules. This
value was chosen because both SDS and DTAB occupy nearly 44–48 Å2 on the interphase
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in the monolayer [44,45]. We also studied reference systems, which included only aqueous
and hydrocarbon phases.
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Each layer was constructed separately. Geometrical optimization was performed for
each layer, and they were combined with the subsequent geometrical optimization.

Simulations were carried out as follows. The first step was 200 ps NVT equilibration;
the second step was 400 ps NPT equilibration. Then, main production run of 1 ns was
carried out. The last 500 ps were used for analysis. Temperature was maintained at 298 K;
a Nose–Hoover thermostat was used; Berendsen barostat for 1 atm was applied; the time
step was 1.0 fs.

3. Results
3.1. IFT Measurement

Figures 3 and 4 show the results of IFT measurements in the systems with and with-
out adding chelating composition. Studied concentrations were 0.001% wt., 0.01%wt.,
0.05% wt., 0.1% wt. and 0.3% wt., as these were the most widely used in well stimulation
jobs. IFT with reservoir oil under reservoir conditions is expected to be lower because of
IFT decrease with temperature and salinity [46], and the presence of native surfactants
(such as resins, asphaltenes, and naphtenic acids) in oil. The main tendencies of IFT curves
should stay the same, as the nature of contacting phases does not change.

It should be noted that water/octane IFT was 36.74 ± 0.57 mN/m, and chelate/octane
IFT was 25.64 ± 1.27 mN/m. It can be concluded that the chelating composition itself
is a weak surfactant, which decreases IFT value. This is consistent with data shown by
Eastoe [29] and Hassan [47]. Chelate/surfactant IFT is also lower than in the case of plain
surfactant solutions. It cannot be explained by the additive properties of surfactant and
EDTA, because IFT reduction is determined primarily by surfactant adsorption on the
hydrocarbon–aqueous fluid interphase. It seems that the state of adsorbed surfactant
changes when chelating agent is added. Therefore, to explain this effect, one should refer
to the surfactant and chelate interactions in the bulk and on the interfacial boundary.
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To study bulk interactions, the critical micelle concentrations (CMC) of surfactants in
water and chelating composition were measured. To do it, IFT was measured at additional
points. CMC was calculated based on the linear fitting of the IFT decrease region and
plateau and finding the intersection point. Obtained results are shown in Figures S2 and S3
and Table 2.

Table 2. CMC of surfactants in water and chelating agent.

Surfactant Solution Measured, % wt. Reference Value, % wt.

SDS
Water 0.145 0.230 [48]

Chelating agent 0.0014 -

DTAB
Water 0.533 0.547 [49]

Chelating agent 0.061 -

There is a good consistency with previously published results, especially for DTAB.
We also observe CMC decrease upon chelating agent addition. This fact points to the
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salting-out effect of EDTA, which means that it is a water structure promoter (according to
Hoffmeister lyotropic series). Salting-out EDTA ions concentrate water molecules around
themselves (“promote water structure”), which makes hydrocarbon chains’ presence in the
water phase energetically unfavorable. This effect makes surfactant chains stick to each
other, penetrate deeper into non-aqueous phase, and form micelles at a lower concentration
than in distilled water [50].

EDTA also increases both the efficiency (concentration needed to reach a particular
value of IFT) and effectiveness (IFT value at CMC) of the surfactants, which is also charac-
teristic of water structure promoters. There may be two reasons for this effect. The first
one is the high hydration degree of EDTA and (possibly) citric acid ions, which makes
hydrophobic chains’ contacts with water energetically unfavorable and leads to the en-
hanced adhesion of the surfactants chains to each other and micelles formation. The second
one is the screening of repulsion between head groups of surfactant molecules. There are
negatively charged (-COO—) and partially positively charged (tertiary N atom) groups in
EDTA. Therefore, an attraction between EDTA (which is a weak surfactant) and surfactant
molecules is expected, which mitigates repulsion between charged groups in the interfacial
layer. However, these assumptions need to be proved by MD.

3.2. MD Results

MD simulation was carried out to substantiate experimental findings and study
processes at the interfacial boundary. During this work, information about density pro-
files, hydrogen bonding, and radial distribution functions (RDFs) were used to study
interfacial processes.

3.2.1. Density Profiles

To study MD applicability for investigated systems and find spatial distribution of
molecules, density profiles along Z-axis were analyzed. Density profiles for the reference
systems without surfactants are shown in Figure 5.
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It can be seen that both water and octane reach their bulk density. The average density
of water is 1.00 g/cm3, the average density of octane is 0.706 g/cm3, and the average
density of chelating composition is 1.06 g/cm3. These are close to a true density of water
(0.99 g/cm3), octane (0.70 g/cm3), and chelating agent solution (1.07 g/cm3).

EDTA ions also concentrate near the interface (Figure 5, right). It means that EDTA
shows positive adsorption at the water-hydrocarbon interface, which proves experimental
results of EDTA’s surface activity properties. It is also proved by interfacial thickness values
(IT), calculated with the “10–90 rule”. For the plain system, IT is 4.01 Å (which shows
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good consistency with previous results [51]), and for the system with chelating agents, IT is
4.22 Å. Different works show that, in systems of the same nature, higher IT value leads to
lower IFT [52], which is true for studied systems too.

In the next stage, density profiles for systems with surfactant molecules were studied.
Results are shown in Figures 6 and 7.
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The system with larger dimensions was used for DTAB than for the SDS case because
MD in the system with smaller dimensions led to insufficient bulk density of water. It is
caused by deeper penetration of cationic surfactant into the aqueous phase. If dimensions of
DTAB-containing system are increased, at least one “water” point reached its bulk density
in our study.

As evident, both surfactants concentrate at the water–hydrocarbon interphase and
form an interfacial layer. In the case of SDS, sodium ions concentrate near surfactants’ head
groups, which is due to mutual electrostatic attraction. In the case of DTAB, counter ions
concentration is not evident. To elaborate on the role of chelating agents’ addition, IT was
calculated with the “90–90 rule”, i.e., the difference in positions in which octane and water
reach 90% of their bulk density. Results are shown in Table 3.
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Table 3. Interfacial thickness of systems under investigation.

Surfactant Solution Interfacial Thickness, Å

SDS
Water 18.18

Chelating agent 19.98

DTAB
Water 31.43

Chelating agent 32.59

IT values after surfactant addition are much higher than in the cases of plain systems,
indicating that IFT reduction is caused primarily by the adsorption of surfactants on the
interphase. IT values are also increased upon chelating agent addition, which is consistent
with lower IFT measurements. Therefore, the first reason behind IFT reduction is the
increase in IT. However, IT values of DTAB are higher than of SDS, although IFT values of
DTAB are higher, which points to some other mechanisms that determine IFT values for
surfactant-containing systems.

3.2.2. Hydrogen Bonding

Calculation of hydrogen bonds in different systems containing chelating agents and
surfactants may shed light on interactions between all the molecules present in the solution.

First, the number of hydrogen bonds was calculated only between water molecules in
reference systems. As investigated systems contain a different number of water molecules,
we calculated hydrogen bonds number per water molecule. In the plain water/octane
system, this number is 1.85 ± 0.02; in the water-chelate/octane system, this number is
1.74 ± 0.02. Therefore, chelating agent addition breaks water structure in terms of hydrogen
bonds. This behavior is typical [53] for true salting-out ions, such as Cl−, and thus salting-
out behavior can be expected for the chelating agent.

Then we calculated the number of hydrogen bonds per water or surfactant molecule
for systems which contain surfactants. The data are shown in Table 4.

Table 4. Hydrogen bonding parameters for systems under investigation.

Surfactant Solution Number of Hydrogen
Bonds per Water Molecule

Number of Hydrogen Bonds
per Surfactant Molecule

SDS
Water 1.69 ± 0.02 4.35 ± 0.18

Chelating agent 1.59 ± 0.02 3.89 ± 0.13

DTAB
Water 1.62 ± 0.01 0

Chelating agent 1.50 ± 0.014 0

The trend of decreasing hydrogen bonds number upon the addition of chelating
composition is preserved for both water and SDS molecules. There are no hydrogen bonds
between DTAB and water, which may be explained by the surfactant structure: three
methyl groups are present in the headgroup, which creates a steric hindrance for water
approaching nitrogen atom. Headgroups of SDS become less hydrated after chelating
agent addition. This may be explained by the high hydration of EDTA, which binds water
molecules, making them unavailable for the hydration of surfactant hydrophilic groups.

3.2.3. RDF

RDF is a useful tool to study interactions between molecules on the microscopic scale.
Mathematically, RDF is a function, showing the probability to find a certain atom at a
certain distance r from the other certain atom.

First, RDF was calculated between polar atoms in surfactant headgroups (OSDS and
NDTAB), and oxygen atoms in water (Ow). The results are presented in Figure 8.
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Figure 8. RDF between SDS (a) and DTAB (b) headgroups and water.

For SDS, the first sharp peak is located at 2.38 Å, which is close to the length of the
hydrogen bond between the headgroup and the first hydration shell [54]. However, the
height of the first peak is decreased upon the addition of a chelating agent, which is also
consistent with the postulated decrease of surfactant hydration from the hydrogen bonds
calculation. For DTAB, the first peak occurs at nearly 4.35–4.65 Å, which is also consistent
with previous studies [55]. Such a high distance between the nitrogen atom and water
molecule is also a reason for the absence of hydrogen bonds between surfactant and water.
However, in this case, we can see the decrease in RDF between surfactant and water upon
the addition of the chelating agent again.

A decrease in surfactant headgroups hydration would make them approach each
other, so closer packing in the monolayer would be expected. Therefore, more molecules
may adsorb at the interface, leading to a lower IFT value. This statement can be proved by
RDFs between sulfur in SDS (SSDS-SSDS) and nitrogen in DTAB (NDTAB-NDTAB) (Figure 9).
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RDFs plots show that adjacent surfactant atoms can be found at a lower distance if
a chelating agent is added, which proves the hypothesis of monolayer packing enhance-
ment. At the same time, the DTAB monolayer is generally looser than the SDS monolayer;
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therefore, the reason for higher IFT values of DTAB solutions may be poorer adsorption.
Nevertheless, the tendency towards closer packing upon the addition of chelating agent
stays the same.

At least for SDS, the reason for this phenomenon may be the electrostatic interaction
between surfactant and chelate. Charged or partially charged heteroatoms are present
in both surfactants, which is also true for EDTA. RDFs between SSDS-OEDTA for SDS and
NDTAB-OEDTA for DTAB were plotted to find the reason for this interaction (Figure 10).
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The plots are completely different. The existence of a high peak for SSDS-OEDTA RDF
proves that these compounds attract each other. Therefore, the IT of the system is increased,
repulsion between headgroups decreases additionally because of electrostatic screening,
and SDS molecules do not penetrate deeper into the hydrocarbon phase because EDTA
molecules keep them near the interface. However, that is not the case for DTAB, as the plot
looks even and the probability to find EDTA molecule is nearly equal at any distance higher
than 4 Å. Surfactant–chelate interaction does not exist in this case; however, salting-out
effects still take place and result in a decrease in IFT.

4. Conclusions

Experimental IFT measurements and MD simulations were employed to investigate
chelate–surfactant interactions in the bulk and at the interphase with hydrocarbon. The
chelating agent composition was composed of 0.4 M EDTA and 0.05 M citric acid (pH = 6.74)
and can be used as a well stimulation fluid. It was established that this composition itself
possessed weak surface-active properties. We found experimentally that the addition of
the chelating agent decreased IFT between SDS/DTAB and normal octane. Moreover, its
addition led to the decrease of surfactants’ CMC and enhanced its effectiveness.

The reasons for such behavior were elaborated with all-atomic MD simulations. Ac-
cording to density profiles, EDTA concentrated near the interphase, leading to higher inter-
facial thickness. Higher interfacial thickness was also observed for surfactant-containing
systems, when the chelating composition was added. EDTA also broke hydrogen bonding
between water molecules and between water and surfactant molecules. Therefore, this
chelating agent can be described as a salting-out compound. Decrease of surfactants hy-
dration and monolayer packing enhancement by electrostatic repulsion were proved by
RDF calculation. Additionally, we found that the chelating agent and SDS attracted to each
other which enhanced surfactant adsorption and led to a lower IFT value.

Chelating agents-based well stimulation fluids may be modified by the addition
of surfactants to lower IFT to promote better liquid flow into the reservoir and from it.
Although this work was concentrated on model surfactants and hydrocarbon fluids and
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all the experiments were performed at ambient conditions, even lower IFT values under
reservoir conditions are expected.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16041679/s1, Figure S1: Workflow of the study; Figure S2:
CMC calculation for SDS in water (a) and SDS in chelating agent (b); Figure S3: CMC calculation of
DTAB in water (a) and DTAB in chelating agent (b).
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1. Kołodyńska, D. Complexing Agents. In Kirk-Othmer Encyclopedia of Chemical Technology, 5th ed.; John Wiley and Sons: Hoboken,

NJ, USA, 2019; pp. 1–26.
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