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Abstract: In the recent years, many efforts have been carried out trying to comprehend
how surfactants and salts interact among each other at the oil/brine interface to reduce the
interfacial tension (IFT). To that end, the interfacial properties of several combinations
of surfactants, salts and oils have been measured experimentally confirming the existence
of a synergistic effect. Unfortunately, many of the proposed mechanisms for that effect
arise from experimental observations, so this work, based on molecular dynamics
simulations, intends to reproduce and explain this kind of phenomenon from a molecular
point of view. The correct understanding of these phenomena can have application in
many fields, especially in Enhanced Oil Recovery, where reducing IFT can potentially
increase oil production. In this article we evaluate the effect of adding three different salts
(i.e., NaCl, CaCl, and MgCl,) on the IFT of a water/oil system with different non-ionic
surfactants. We have evaluated the effect that the ions of salt produce to surfactants, as
well as the perturbation that surfactants produce on the ions. From our results, we can
assess that salts (especially NaCl) and surfactants are able to interact with each other,

being both active species in reducing the IFT of the system.
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1. Introduction

The use of surfactants in Enhanced Oil Recovery (EOR) is a common practice to reduce
the interfacial tension (IFT) between crude oil and formation water [1-3]. The IFT
reduction enhances the mobility of the crude oil within the reservoir, weakening the
capillary forces, and ultimately improving oil production. The application of these
compounds is usually expensive, so many studies have been focused on replacing them
with other cheaper compounds. A good example is the low-salinity waterflooding, which
permitted to enhance oil recovery by only controlling the salinity of the injection water
in certain reservoirs [4, 5]. However, the best performance is usually obtained with a
combination of surfactants and other additives (e.g, co-surfactants) to the
oil/water/surfactant mixture [6—8]. Both compounds can act cooperatively to reduce the
IFT to ultralow values and can improve the stability of oil/water microemulsions [9].
Also, similar synergistic interactions were observed experimentally when using salts as

additives [10-23].

Species with highly localized charge, such as ions of salts, are capable of interacting with
polar molecules and polar functional groups, changing their microscopical ordering and
affecting their physicochemical properties. For example, water molecules orient their
dipoles towards ions in solution forming highly order solvation shells due to strong
electrostatic interactions. This fact affects the water density, viscosity, surface tension,
melting point, boiling point and vapor pressure [24—26]. Similarly, the ions of salts can
modify the surfactant solubility in water, its Critical Micelle Concentration (CMC) [27—
29] or the IFT of liquid/liquid and vapor/liquid systems. In particular, the equilibrium IFT
(i.e., usually called static IFT) of several water/surfactant + salt mixtures was studied by
different authors, showing reductions of the IFT based on the so-called salt-surfactant
synergistic effect. Some examples are the works of Staszak et al. [22], who studied a
water/zwitterionic surfactant/NaCl system, Koelsch et al. [18], who analyzed different
water/cationic surfactant/potassium halide salt systems or Fainerman et al. [14], who
reported results for different water/anionic surfactant/NaCl+CaCl+MgCl, systems,
among others [11-13, 15, 16]. Finally, these synergistic effects were mainly seen at
surfactant concentrations below the CMC [18, 22, 23]. Notice that the static IFT value is

achieved after waiting for all species to diffuse to their equilibrium positions. During this
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process, which can take several minutes or hours, the IFT is not constant. The variation
of the IFT with time is called dynamic IFT and it converges smoothly to the static IFT.
However, this property is also affected by the salt-surfactant synergistic effect, changing
the dynamic IFT pattern to an abrupt decrease to an IFT minimum (i.e., sometimes even
drops to ultralow values) followed by a smooth increase until it converges with the static
IFT. This behavior was reported by authors such as Liu et al. [20,21], who studied the
dynamic IFT of different water/anionic + non-ionic surfactants/salt systems or
Witthayapanyanon et al. [23], who performed measurements in mixtures containing

water/anionic surfactant/NaCl.

The aforementioned experimental evidence served to propose different mechanisms to
explain both the static and the dynamic IFT reduction phenomena. Two mechanisms were
proposed to explain the static IFT reduction: (i) salinity reduces the solubility of
surfactants in water, which forces them to migrate to the interface [30]; (i1) the salt ions
can interact with the surfactant head groups and minimize the electrostatic interaction
among them, which induces a closer packing of surfactants at the interface to allow
additional surfactant molecules to fit at the interface [20, 21]. Alternatively, the dynamic
IFT reduction mechanism proposed assumes that surfactants are soluble in both the oil
and the water phase. Then, the solubility of surfactants in water is lessened upon addition
of salts, which promotes the diffusion of surfactants from the water to the oil phase
through the oil/water interface. The minimum in the dynamic IFT is assumed to occur
when the surfactant molecules that are diffusing to the oil phase, are close to the interface
[31]. Finally, the IFT is increased again when they are at equilibrium in the oil bulk. In
summary, all previous mechanisms were mainly deduced from experimental
measurements, who relate the IFT reduction with an increased number of surfactants at

the interface, based on the Gibbs adsorption isotherm [32]:

d)/=—zleli (1)

where y is the IFT of the system and y; and I; are the chemical potential and the interfacial
excess concentration of species i at the interface for a given temperature. The ideal
interface, represented by the Gibbs absorption isotherm, has an infinitesimal volume and
is placed at the Gibbs dividing surface (o). For convenience, one should place o at the

position that makes the I} of a reference component (e.g., water) equal to zero and refer
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other I} to that component (i.e., [} for water as reference). Finally, Eq. (1) can be

rearranged as:

1 ay
w _ _
"= =27 (a ln(ai)>Taj$i @)

Notice that for diluted concentrations the activity a; in Eq. (2) can be taken simply as the
concentration. The expression indicates that the interfacial excess of a species i can be
either negative or positive as a function of the interfacial behavior of this compound. If
this compound accumulates at the interface the value of I}" is positive and the IFT is
reduced upon addition of this compound to the solution. These types of species are known
as surface active compounds. On the other hand, if a compound depletes from the
interface the value of I} becomes negative and the IFT is increased upon addition of this

compound.

The need of better understanding the interactions between salts and surfactants, motivated
some simulation studies that combined ionic surfactants and salts [33—35]. From these
works, it was observed that anionic surfactants, which have negatively charged head
groups and usually Na* counterions, are capable of exchanging their Na* by divalent
cations of the salt. This exchange is favored because divalent cations have more charge
and interact more strongly with the charged head groups than Na*. Similarly, cationic
surfactants, which have positively charged head groups and are commonly accompanied
by CI" counterions, are capable of exchanging their Cl” by divalent anions of the salt. Their
main conclusion was that these ionic exchanges modify the electrostatic interactions at
the interface, which perturb the interfacial molecular distributions. However, none these
works characterized the IFT reduction phenomena due to salt-surfactant synergistic

effects via molecular simulations.

To expand the knowledge in salt-surfactant interfacial phenomena, Molecular Dynamics
(MD) simulations on oil/water/surfactant/salt systems are performed, using pure
dodecane as model oil, three different chlorine salts (i.e., NaCl, CaCl, or MgCl,) and two
non-ionic surfactants: the Triethyleneglycol 1-dodecyl ether (i.e.,
CH3(CH2)11(OCH2CH»);0H also known as Ci2E3), which is a linear surfactant with 12
CHi tail groups and a head with three polyoxyethylene units and an alcohol termination,
and triethyleneglycol 6-dodecyl ether (i.e., (CH3(CH2)s5)(CH3(CH2)4)CH(OCH2>CH>);OH

alternatively named (CsCs)CEz3). The latter is a version of the same surfactant but with a
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ramified tail. Thus (CsCs)CE3 and Ci2E3 share the same head group, and both tail groups
have the same molecular weight for the sake of evaluating the effect of the ramification
in the tail group. The purpose of these simulations is to explain the experimental trends
in the static IFT reduction and give an alternative perspective to this phenomenon from a
molecular point of view. Due to the MD simulations yielding equilibrium properties, only
salt-surfactant synergistic effects on the static IFT are evaluated, while the dynamic IFT

processes are not taken into account.

Although the correct characterization of the static salt-surfactant synergistic effect has a
significant impact in EOR (i.e., helping to lower the IFT and thus increasing production),
it is only one of the many phenomena involved in the complex process of oil recovery. In
fact, the presence of salts can also activate other mechanisms that hamper the oil
extraction. For example, it is well known that depending on the rock matrix, salt cations
can attach to the mineral surface and attract the negatively charged polar fraction of crude
oils to the rock, which ultimately reduce the wettability of the reservoir [36]. In that
situation, the effectivity of the recovery would be conditioned by the balance between all
the mechanisms activated in presence of salinity. This means that unless the static salt-
surfactant synergistic effect is capable defeating all other processes (i.e., by significantly
reducing the IFT) it might not be directly applicable to EOR. In any case, this effect is
present in any oil recovery process, so understanding it can help to unveil some of the

mechanisms occurring during oil recovery.
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2. Computational methods

MD simulations with classical force fields were performed by means of LAMMPS code
[37]. The initial simulation cell to calculate IFT consists on an orthorhombic box with
dimensions Ly = L, = 80 A and L. = 210 A. Half of the simulation cell was filled with
water molecules at p = 0.997 g/cm? and the other half was filled with dodecane at p =
0.745 g/cm?. Both values correspond to the experimental pure liquid densities at 7= 300
K and P =1 atm [38,39]. The three different salts (i.e., NaCl, CaCl> or MgCly) were
inserted only in the water phase at a 2.0 molal concentration. Notice that this
concentration is significantly higher than the average seawater salinity (i.e.,~0.6 M)
typically used in waterflooding, or the optimum salinities commonly employed in low-
salinity/surfactant EOR. In fact, low-salinity is favored during oil recovery because it
helps surfactants to achieve ultralow dynamic IFT, and the wettability of the rocks is
increased in absence of salinity. However, in the present work, equilibrium MD
simulations of the liquid/liquid interface were conducted, where neither the dynamic
effects or the interactions with the rock are taken into consideration. Regarding static IFT
reductions, some experimental works seemed to show stronger effects at higher salinity
concentrations up to 2.0 M [16, 20-22]. For this reason, three preliminary calculations
were carried out to find the salinity concentration that maximized the static IFT reduction
effect in the considered oil/water/surfactant systems: (i) no significant change on the
equilibrium IFT was observed at 0.5 molal of NaCl, (ii) a statistically meaningful
reduction effect was detected at 2.0 molal of NaCl and (ii1) the IFT was increased when
calculated at 6.0 molal of NaCl. Finally, the surfactants were added directly onto the
water/oil interface to accelerate the equilibration of the system at a concentration below
the CMC. The amount of surfactants simulated represents an interface with an interfacial
excess I[;* = 1.50 pmol/m? (i.e., 110 A*/molecule) and it has been chosen in consistency
with the aforementioned experiments performed (i.e., below the CMC) [11-13, 15, 16,
18, 22, 23]. The initial position and orientation of all molecules followed a uniform
random distribution with the only restriction that molecules can only be generated in the
respective regions detailed. Fig. 1 shows a typical simulation cell with a summary of all

species involved in our simulations.



21000 water molecules 1700 dodecane molecules

756 salt molecules 58 surfactants 58 surfactants
Fig 1. Summary of molecules used in the standard 80 A x 80 A x 210 A simulation cell with two interfaces.
Dodecane and water molecules are represented by grey bonds and blue dots, respectively. Ionic salts are
represented by spheres: the cation in orange and the anion in green. Finally, the surfactant molecules are displayed
in red bonds accumulated at the interface.

177

178  The simulations were performed in three steps: first, the random creation of particles
179  required an initial minimization of the system to avoid molecular overlaps. Second, the
180  system was thermalized in the NVT ensemble, using first a Langevin thermostat [40]
181  during 20 ps followed by 100 ps with a Nosé-Hoover thermostat [41], a combination of
182  thermostats that was very efficient for thermal equilibration. Third, a Berendsen barostat
183  [42] was used to equilibrate the pressure during 500 ps, while temperature was still
184  controlled by the Nosé-Hoover thermostat. The barostat only couples to the z-direction
185  of the simulation cell to keep interfacial area constant (i.e., NAPZT ensemble). Finally,
186  the Berendsen barostat was changed by a Nosé-Hoover barostat [43] to perform a time
187  evolution of 20 ns. The thermostat and barostat constants were 0.2 and 1.0 ps respectively

188  and the timestep for all simulation stages was 1 fs.

189  Block averages were extracted each 0.5 ns to monitor the evolution of the total energy
190  and interfacial tension of the system. In most simulations the equilibrium was reached
191  after 10 ns of evolution, and the range from 10 to 20 ns was used to calculate the
192 equilibrium IFT. For those calculations with longer equilibration times, 10 extra ns were
193 run to calculate the averages from this additional time. Also, to ensure that calculations
194  were fully converged, a single calculation was time evolved during 50 extra ns, obtaining
195  an equivalent value of IFT compared to the one calculated up to 20 ns. Finally, the

196  molecular distributions were calculated using the final 2 ns of the simulation. Notice that
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the large interfacial area (i.e., 80 A x 80 A) employed in the simulations improve the
statistical significance of the molecular distributions. This means that averaging 2 ns is

enough to yield smooth density profiles as shown in the results section.

Intermolecular and intramolecular interactions of organic molecules were represented
with the TraPPE-UA force field [44]. This force field considers that bonds are fixed at
their equilibrium bond lengths, so we followed the standard recommendation of TraPPE
developers and used the spring constants from AMBER force field [45] to allow
molecular vibrations. Water molecules were reproduced using the rigid TIP3P force field
[46], which were constrained to their equilibrium geometry through the SHAKE
algorithm [47]. A validation stage of TraPPE-UA and TIP3P force fields was carried out
to ensure that the models were correctly reproducing the properties of the surfactants and
water. The validation is compiled in the Supplementary Material, where it is seen that the
surfactants are well reproduced by TraPPE-UA. Similarly, the salt-surfactant synergistic
effects identified in this work can also be seen with more sophisticated water models such
as TIP4P/Ew [48]. However, the TIP4P model of water is computationally more
expensive than a standard three-point model such as TIP3P. So, after ensuring that the
latter is capable of capturing the salt-surfactant synergistic effect (see section S1 of the
Supplementary Material), it is selected due to computational efficiency. Finally, the ions
of salts (i.e., Na*, Ca?>", Mg?*, CI') are compounds hard to simulate by point charge
models, as can be seen by the large amount of force fields developed by many authors on
the last years. To evaluate the effect of the force field on the calculated properties,
simulations with salts were performed with three different non-polarizable sets of
parameters: (i) the force field from Smith and Dang [49], whose parameters are
implemented in CLAYFF; (ii) the force field from Aqvist [50], used in OPLS; and (iii)
the force field from Beglov and Roux [51], found in the CHARMM force field. Crossed
interactions between all species in this work are accounted through the standard Lorentz-
Bethelot mixing rules [52]. All pair interactions were calculated using a spherical cutoff
of 14 A as recommended by TraPPE. Truncated potentials may induce important
deviations to the calculated IFT values, as shown by several authors [53-57]. However,
these deviations are usually systematic, and the relative trends are maintained, specially
with similar systems. This study focuses on determining the qualitative effects of salt-
surfactant interactions (i.e., the IFT is increased or decreased), so the proper application

of the tail corrections would yield to the same qualitative conclusion. Nevertheless,
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analytic tail corrections were included to the Lennard-Jones potential as recommended
by TraPPE [58]. Finally, the long-range coulombic interactions were computed by means

of the Particle-Particle/Particle-Mesh (PPPM) method [59].

IFT was calculated using the pressure tensor method of Kirkwood et al. [60, 61], which
relates this property with the difference between the normal (P,,) and tangential (@)

components of the pressure tensor (Eq. (3)). In this equation, L. corresponds to the length
of the simulation cell and the factor 1/2 arises since the simulation cell exhibits two
interfaces. To calculate the statistical uncertainty of the results, three quasi-equivalent
replicas of the same dodecane/water/surfactant system were built, using the same number
of molecules, initial distribution, temperature and pressure. Then, all molecules are
randomly rotated to generate a different initial state of the same system. The standard
deviation of the three calculated IFT values are used as an estimate of the statistical
uncertainty. Notice that all oil/water interfaces modelled in this work have a similar IFT,
so the standard deviation of + 0.8 dyn/cm calculated through this procedure is
transferable to all simulations.

L Pey + P
r=3 (P -=5) ®

The distribution of molecules along the z-direction of the simulation cell (i.e., the number
density p;(z)), was used to determine the accumulation or depletion of each species at
the interface. To build them, the simulation cell was divided through the z-direction in
bins of 1 A width, and the different number of particles in each bin was averaged over
the last 2 ns of the simulation. From the z-distributions the interfacial excess was

calculated using Eq. (4) [32],

dz_ﬁiw-law—a|+ﬁi°-|b—awl

7 i (4)

b pi(2) — p?™*" (2) bpi(2)
L " dz = f

a
where the integration limits a and b are the center of the water and oil bulks respectively,
and ¢ is the position of the Gibbs dividing surface. The position of " was chosen to
make the interfacial excess of water equal to zero, which was selected as the reference

gibbs
component. P;

(2) corresponds to the density profile of component i in a system with
two bulk phases split with an infinitesimally thin interface. In this ideal system the density

profile in each bulk phase is constant and equal to its the average density within the phase
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(p;" for water and p,° for oil). The water/dodecane reciprocal solubilities as well as the
salt/dodecane solubilities are very low, so the term p,° can be neglected in our

simulations. Finally, this integral is normalized by the interface unit area 4.

To assess how the addition of salts and surfactants affects molecular interactions, Radial
Distribution Functions (RDFs) between different molecular groups were calculated
through VMD code [62]. Also, the orientation of surfactants at the interface was analyzed
from the angle that both, the head and the tail groups, arrange with respect to the

interfacial perpendicular axis (i.e., the z-axis).

10
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3. Results and discussion
3.1. IFT calculations and identification of the salt-surfactant synergistic effect

We first performed MD simulations on pure water/dodecane systems with and without
addition of salts at 300 K and 1 atm. These calculations were used as a benchmark to test
the accuracy of the methodology and the different force fields in comparison to the
experimental and simulation data available on simple systems. In the case of
water/dodecane system, an equilibrium IFT value of 50.0 dyn/cm was obtained, in good

agreement with reported experimental data (i.e., 51.2 — 52.3 dyn/cm [63, 64]).

Salts increase the equilibrium IFT because they stay at the bulk of the water phase
yielding negative surface excess concentrations, which increase IFT according to Eq. (1).
According to IFT results reported in the bibliography on water/oil systems with NaCl
[65-68], CaCl, and MgCl, [69], IFT increases almost linearly at concentrations up to 2
molal. From the experimental linear trends, we should expect that in the case of NaCl
AY = Ysait — Yno_saie Values are between 3.0 to-and 3.6 dyn/cm at 2 molal. On the other
hand, both divalent salts should increase IFT a similar amount between 6.0 te-and 6.5

dyn/cm at the same concentration.

Table 1 shows the equilibrium IFT results for the different water/salt/dodecane models
by using different force fields along with their respective Ay values. Ayyac 18 almost
equivalent with the three force fields studied. CLAYFF and CHARMM increase IFT 3.7
dyn/cm and 3.1 dyn/cm, respectively, which is in good agreement with the expected
values [65-69]. On the other hand, OPLS seems to slightly underestimate the NaCl effect
showing a Aynacr = 1.9 dyn/cm. Although, the difference is small enough to consider
these results comparable, other properties calculated in this work suggest that this
underestimation might be important to reproduce some cross interactions (e.g., like
surfactant-Na* interactions). These effects might be caused by a relatively low € and high
o values of Na® OPLS parameters compared to the other force fields, which makes Na*
to be more repulsive and to have less attractive crossed interactions. In the case of divalent
salts, both CLAYFF and OPLS force fields are very similar, but they both give a higher
Ay value for CaCl, than for MgCl (i.e., Aycacr, = 7.1 dyn/cm and Aypgcy, = 5.6 dyn/cm
for CLAYFF; and Ayc,ci, = 7.2 dyn/cm and Ayygcy, = 4.6 dyn/cm for OPLS). On the

other hand, with CHARMM force field the IFT increase is equivalent for the three salts

11
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studied (i.e., Aynac1 = 3.1 dyn/em, Aycacy, = 2.5 dyn/cm and Ayygey, = 2.5 dyn/cm).

From these results we can extract three premises: (i) NaCl is well reproduced with all
force fields but OPLS might be slightly underestimating the interactions between the Na*
cation and other species; (i1) the divalent salts reproduced with CHARMM parameters
give IFTs too low when compared to experimental results [69]; and (i11) CLAYFF force

field seems give the best general representation of the three salts.

Table 1.

Equilibrium IFT results (in dyn/cm) for the water/salt/dodecane systems studied at 300 K and 1 atm
using the three different force fields for salts. The values between parentheses correspond to the IFT
change (i.e., AY = Ysait — Yno_sait)- The estimated uncertainties in these simulations are & 0.8 dyn/cm.

Modelled system No salt NaCl CaCl» MgCl»

= Oil/water/salt 50.0 53.7(3.7) 57.1(7.1) 55.6 (5.6)
z + Ci2E3 39.0 38.7 (-0.3) 45.4 (6.4) 43.4 (4.4)
—
@) + (C6Cs)CEs 39.0 35.5(-3.5) 43.6 (4.6) 43.7 (4.7)

Oil/water/salt 50.0 51.9(1.9) 57.2(7.2) 54.6 (4.6)
n
o + Ci2E3 39.0 40.9 (1.9) 43.1 (4.1) 44.0 (5.0)
o

+ (C6Cs)CEs3 39.0 40.0 (1.0) 42.4 (3.4) 41.7 (2.7)
S Oil/water/salt 50.0 53.1(3.1) 52.5(2.5) 52.5(2.5)
é + Ci2E3 39.0 39.1 (0.1) 43.0 (4.0) 41.7 (2.7)
5 + (C6Cs)CEs 39.0 36.9 (-2.1) 41.4(2.4) 41.0 (2.0)

We would like to note that, even though force fields for salts do not usually use IFT as a
target function for fitting, the results obtained with the three force fields are reasonably
good. Also, the results obtained in our simulations do not state that CLAYFF is a better
force field than OPLS or CHARMM, but simply that in our system the least deviation
from the experimental results seems to be obtained by using CLAYFF parameters.
However, if other properties or systems were assessed, this could no longer be the case.
For the sake of simplicity, figures will show all the observed effects using only CLAYFF
parameters for salts, and the discussion among the different force fields will be reduced
to the minimum. All the information comparing the three force field calculations will be

available in the Supplementary Material.

After this preliminary evaluation, we assessed the effect of salt addition onto a

water/surfactant/dodecane system using low concentrations of a linear (Ci2E3) and a

12
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ramified ((C¢Cs)CE3) non-ionic surfactant. The pure water/dodecane IFT was reduced
from the previous value of 50.0 dyn/cm to 39.0 dyn/cm when adding either the linear or
the ramified surfactant. In these calculations all of the surfactant molecules stay at the
interface with their polar heads facing the water phase and their tail groups oriented

towards the dodecane phase.

The addition of salt upon these systems do not show the same trends that the pure
water/dodecane system. When using CLAYFF force field and the linear Ci2E3 surfactant
is present, the IFT is not increased by NaCl as before, denoting a cooperative effect
between the surfactant and NaCl, which produces a small IFT reduction (Ayyac = -0.3
dyn/cm). Additionally, if NaCl is into a system containing the ramified (C¢Cs)CEs
surfactant, this cooperative effect is enhanced, and shows a larger reduction in the IFT
value (Aynacr = -3.5 dyn/cm). On the other hand, the interactions of these surfactants
with divalent cations are weaker, and the calculated Ay does not achieve negative values.
Even though divalent cations do not reduce the IFT, the Ay obtained is lower in presence
of surfactants than in the pure dodecane/water system, which suggests that a weak
interaction is still present on these systems. As an example, CaCl; in absence of surfactant
gives a Aycacy, = 7.1 dyn/cm, whereas with the linear surfactant is Aycacr, = 6.4 dyn/cm
and with the ramified surfactant is Aycac), = 4.6 dyn/cm. The interaction is even weaker
with MgCl,, in which all Ay values are relatively similar. As a summary, the results
obtained suggests that salts can interact with surfactants following the order of NaCl >
CaCl, > MgCl> even when they do not explicitly show an absolute IFT reduction.
Additionally, regardless of the salt used, the values of Ay tend to be ordered from the
lowest to the highest as: Ayamified < AYlinear < AYno_surfact » Which suggest that the
ramified surfactant is the molecule that interacts more strongly with salt ions, followed

by the linear surfactant.

The same trends observed without surfactant, regarding IFT, are preserved in these
simulations: the IFT reduction with NaCl is achieved also with CHARMM force field but
not with OPLS, where the salt-surfactant interaction is the weakest. Similarly, divalent
salts modelled with OPLS follow similar trends than CLAYFF, but the salt-surfactant

interactions reproduced with CHARMM are almost inexistent.

The previous calculations suggest that the IFT in our system with surfactants is affected

mainly by the presence of NaCl and secondarily by CaCl,. The currently proposed

13



348
349
350
351
352
353
354

355

356

357
358
359
360
361
362
363

364

365
366
367
368
369
370
371
372
373

374

375
376
377
378

mechanisms (explained before) assume that IFT is reduced because, somehow, the
concentration of surfactant is increased at the interface. However, in our setup all
surfactant molecules are already accumulated at the interface before adding the salt, so
the effect must be explained from other molecular rearrangements, orientations, or
microscopical interactions. In this sense, in the following sections we will analyze
different factors that could be affecting the IFT and comparing the effects depending on
the salt used.

3.2. Interfacial excess concentrations and z-distributions:

According to Eq. (1), the y of a system depends on the interfacial excess of each added
species. This magnitude can be positive if the compound accumulates at the interface,
whereas it can be negative if it avoids the interface and stays at the bulk of its phase. We
calculated the interfacial excess of both salt and surfactants from the z-distributions at
equilibrium by means of Eq. (4), using as integration limits the center of each liquid
phase. As all surfactant molecules stay at the interface for the whole simulation time, their

density at the bulk is equal to 0, and the interfacial excess is the same for all calculations

(i.e., plfgibbs (z) =0and I} = 1.50 pmol/m?).

For the water/salt/dodecane systems (i.e., without surfactants), the interfacial excess of
salts is always negative, which justifies the increase of the IFT. According to our results,
the IFT change with the interfacial excess cannot be directly compared between different
species. For example, with CLAYFF force field (Table 2), both Ca’>* and CI" have a
interfacial excess of T}V = -0.45 umol/m? and T = -0.89 umol/m? respectively, whereas
Mg?" and CI- have 'V = -0.92 pmol/m? and ' = -1.83 pumol/m? respectively. If we only
considered the interfacial excess of CaCl, and MgCl, we would conclude that MgCl; is
farther from the interface than CaCl,, so the change in IFT when adding MgCl, should be

larger. However, with all the checked force fields Aycac, > Aymgc,, OF at least equal, as

it can be seen in Table 1.

The interfacial excess of salts is generally increased by the presence of surfactants
following the order Ty (no_surfact.) < Ty, (Ci2E3) <T&,,((CcCs)CE3). This
implies that the polar head groups of surfactants are interacting with the ions of salts,

attracting them to the interface. Also, the ramified surfactant is more effective than the
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linear surfactant as it can be seen with all studied force fields in Table 2. These trends
correlate with the respective values of Ay obtained in section 3.1, suggesting again that
(C6C5)CE3 > Ci2E3 and NaCl > CaCl, > MgCl, for the salt-surfactant synergistic effects
in the studied system. Notice from Table 2 that the addition of NaCl onto systems with
these non-ionic surfactants can even yield positive interfacial excesses. The calculations
with positive [}V are the same ones that gave negative or almost zero values of Ay. Finally,
similar trends regarding the other force fields are shown again, producing weaker effects

for the NaCl/OPLS and CaCl,/MgCl,/CHARMM force field combinations.

Table 2.

Gibbs interfacial excess concentrations in pmol/m? for the cation (I'YY) and the anion (I'") of all
studied systems at 300 K and 1 atm.

Modelled system Nacl Cach MeCh
rv rv rv v rv rv

= Oil/water/salt 083 -082 -045 -0.89 -092  -1.83
; +Ci2Es 020 023 -029 -057 -089 -1.75
o +(C6Cs)CE3 0.22 029 -0.19 -046 -0.76  -1.51

Oil/water/salt 038  -040 -0.85 -1.64 -099 -1.99
é +Ci2Es 051  -0.54 -0.17 -034 -061 -1.12
© +(C6Cs)CE3 031  -030 -0.14 -029 -045  -0.95
é Oil/water/salt -0.54  -0.51  -054  -1.12 -1.07  -2.11
% + C12E3 025 031 -058 -1.19 -1.19  -2.40
5 +(C6Cs)CE3 0.47 044  -066 -135 -093 -1.87

In Fig. 2 one can see the z-distributions of all studied systems. In absence of surfactant
(Fig. 2a-c) the concentration of the three salts in dodecane is zero and then, it starts
increasing in the water phase until the bulk concentration. In these systems each Na*
cation is paired with a single CI- anion in the whole simulation cell, whereas Ca*" and
Mg?* are paired with two CI- due to its divalent charge. However, if we add a non-ionic
surfactant onto a cell with NaCl (Fig. 2d and Fig. 2g), the salt z-distribution at the
oil/water interface changes significantly. Two very well-defined peaks (per interface)
appear in the distribution: the first is a Na" peak very close to the interface that suggest
that the polar head groups of the surfactant are attracting the cation, increasing the

interfacial excess and reducing the IFT. The second is the most intern Cl- peak,
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approximately 5 A away from the Na* peak, facing the water bulk. This group of ions do
not interact with the surfactants as strongly as Na*, so they have been dragged towards
the interface by the coulombic force of its counterions. These differences in interaction
strengths induce a different ionic distribution for Na® and for Cl- at the interface,
effectively producing an electric double layer, which makes the interface more polar and
probably also affects the IFT (i.e., see the magnifications of Fig. 2d and Fig. 2g). The
excess concentrations of divalent cations are also increased by the presence of surfactant
(Table 2), but their interaction is much weaker, and their distributions do not change
significantly (i.e., no differences can be appreciated in Fig. 2b-c Fig. 2e-f and Fig. 2h-g

due to weaker salt-surfactant interactions).
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Fig. 2. The z-distributions of water/salt/dodecane systems, with and without surfactant, at equilibrium. The top row
(i.e., (a), (b) and (c)) represents the system only with salt (i.e., NaCl, CaCl> and MgCl., respectively and without
surfactant); the mid row (i.e., (d), (¢) and (f)) shows the distributions of the systems with the linear Ci2E3 surfactant
and the three salts; and the bottom row (i.e., (g), (h) and (i)) contains the equilibrium configurations of systems
with the ramified (CsCs)CEs surfactant and the salts. Below each subplot there is a zoom to see more clearly the
salt distribution, in which surfactant and dodecane distributions were erased for clarity. In all plots blue lines
correspond to water, black lines to dodecane, red lines to the surfactant and orange/green lines to the cation/anion
of each salt, respectively. The results shown are calculated with CLAYFF force field for salts at 300 K and 1 atm.

The obtained results in this section show that cations can interact with the surfactant head

groups, which affect the distributions of salt ions at the interface. These interactions are
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stronger in salts that showed the strongest IFT reductions (e.g., the case of Na* in Fig. 2d
and Fig. 2g). In these situations, the interface even becomes polarized by an electric
double layer of Na" and CI" ions. To conclude, there is a correlation between the
reorganization of interfacial cations and the IFT reduction effect. However, this is not
enough to explain the salt-surfactant synergistic effect. Specifically, the IFT reduction
also depends on the surfactant used, as suggested by the results compiled in Table 1 and

Table 2.

This IFT reduction is relatively weak when compared to the required synergistic effects
needed for efficient EOR. However, the effect seen in this work is comparable to some
of the abovementioned studies that use different surfactants and brines and can shed some
light in explaining previously published experiments. Some examples are: Al-Sahhaf et
al. [11] found IFT reductions of 2-3 dyn/cm when adding salt to both a cationic and an
anionic surfactant, or Fainermann et al. [14], who showed that NaCl was capable of
reducing the IFT of an oil/water /surfactant system between 5 dyn/cm and 18 dyn/cm
depending on the surfactant concentration. The synergistic effect with non-ionic
surfactants + NaCl has also been experimentally described close to the CMC by Bera et

al. [12], even achieving resulting I[FTs lower than 0.1 dyn/cm.

3.3 Surfactant orientation at the interface

Normally, the IFT of a system is reduced when compounds accumulate at the interface,
but some works have proven that the orientation of some species can also be an important
aspect to consider. In fact, the orientation of liquid crystals dramatically changes the
interfacial tension (i.e., the reader is redirected to Refs. [70, 71] for a recent review of this
topic). To evaluate the effect that salt ions produce towards surfactant orientation the
angle between the head and the tail groups with respect to the perpendicular of the
interfacial plane (i.e., the z-axis in our simulation cell) was analyzed. Both non-ionic
surfactants have relatively long heads and tails, so the orientation of each group was
determined separately, as it can be seen in Fig. 3. The director vector of the head group
was calculated, from principal component analysis, considering the molecular axis that
goes in the direction from the first oxygen atom (i.e., the closest to the tail group) to the
terminal OH group. Similarly, the tail group vector was chosen as the molecular axis that

follows the direction from the first atom of the tail (i.e., the CHx bonded to the first
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oxygen) to the terminal CH3 group. For the case of the ramified surfactant, each tail was
considered separately. Moreover, to get information about the conformation of the
surfactants at the interface, we computed the angle formed between the different groups
within the same molecule (i.e., the head-tail angle for both surfactants, and the tail-tail

angle for the ramified surfactant).

»>

z-axis 4
On
head group
Water phase vector

Xy interfacial /

plane /
tail group Oil phase
vector 6

Fig. 3. Intramolecular reference framework used for angular distributions of the tail and the head groups
of surfactant molecules at the interface.

Fig. 4 shows the angular distribution of head and tail groups for both the linear surfactant
(Fig. 4a-c) and the ramified surfactant (Fig. 4d-f) in absence and presence of salt. It is
worth noting that in all simulations the head groups are facing the water phase, whereas
the tail groups are facing the oil phase. In absence of salt, the head groups of both
surfactants (Fig. 4a and Fig. 4d) have the highest probability to be oriented almost parallel
to the interfacial plane (i.e., between 70° and 90° with respect to the perpendicular axis).
On the other hand, the tail groups for the linear Ci2E3 (Fig. 4b) show a uniform random
distribution at angles between 40° and 90° with respect to the z-axis, whereas the tail
groups of the ramified (CsCs)CE3 (Fig. 4e) have a large probability to be oriented between
60° and 90°. The obtained results show that both surfactants are positioned relatively
planar with respect to the interface, specially the surfactant head groups and the tail
groups of the ramified surfactant. This means that the ramified surfactant should occupy
more interfacial area than the linear surfactant, because it spreads more through the

interface rather than pointing towards the dodecane bulk. This effect was also observed
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463  in the z-distributions of Fig. 2, where the ramified surfactant distribution peak is thinner
464  than the one for the linear surfactant. Finally, the angle between the head and the tail
465  groups for both Ci3Es (Fig. 4c) forms a very wide distribution with the maximum of
466  probability located at values from 80° to 130° approximately, which suggests that the
467  surfactant is significantly bent (i.e., 180° would be completely linear). On the other hand,
468  (CeCs)CE; presents an even flatter distribution with similar probabilities between 30° and
469  140°. Notice that all distributions shown here are relatively flat because surfactant
470  concentration is very low. This fact implies that surfactant molecules are relatively free
471  at the interface and their orientation is not restricted by the presence of other surface-

472  active molecules.
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Fig. 4. Probability angular distributions for different groups in the linear surfactant (Ci2Es) and in the ramified surfactant
((C6Cs)CEs). The distribution of head groups (8;,) is shown in (a) and (d), the distribution of tail groups (8;) is depicted
in (b) and (e) and the head/tail (8;,) and tail/tail (6,;) angles are compiled in (c) and (f). The results correspond to the
simulations performed with CLAYFF force field for salts at 300 K and 1 atm.

473

474  The addition of salt onto the system with surfactants does not affect the distribution of
475  any tail groups (i.e., no effects are seen in Fig. 4b and Fig 4¢). However, the peak between
476  70°and 90° of the head group distribution is increased in the order NaCl > CaCl, > MgClo,
477  asshown in Fig. 4a and Fig. 4d. Namely, this probability is increased around a 30% with
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both surfactants when adding NaCl. This implies again that cations are able to interact
with the surfactant head groups and, in average, make them become more planar towards
the interface. In general, there is a clear correlation between the amplitude of this effect
and the IFT reduction, which is more noticeable when adding NaCl. Additionally, as the
head group angle is changing, the angle between the head and the tail groups also changes.

In particular, the surfactants become more bent by effect of salts.

According to the results shown in this section, the orientations of surfactant head and tail
groups at low interfacial concentration are relatively planar. In fact, the highest
probability in their angular distribution with respect the z-axis for both groups is over 45°.
Also, the ramified surfactant tail occupies more interfacial area than its linear counterpart,
which implies that it should be more effective in covering the water/oil interface and in
reducing the IFT. On the other hand, the distribution of head groups in both surfactants
is affected similarly by salinity. The head groups became more planar with respect to the
interface after the addition of NaCl, but as the ramified surfactant tail occupies more
interfacial area it reduces the IFT more effectively. Finally, tail groups were not affected

by the presence of salt.

3.4 Radial distribution functions

We have seen in the previous sections that both, surfactants and salts are forcing each
other to rearrange at the interface. In fact, we have observed a correlation between the
amplitude of the IFT reduction effect in surfactant/NaCl mixtures (Table 1), the formation
of the electric double layer by interfacial Na* and CI" ions (Table 2 and Fig. 2) and the
bending of surfactant head groups (Fig. 4). To know more about the interactions that drive
these general patterns we have calculated the RDFs between different molecular groups
(i.e., the water, the salt ions, the dodecane and the surfactant head and tail groups) and

compared their interactions in absence and presence of salt.

First, we compared how the RDF between water and dodecane molecules close to the
interface was affected by salinity for systems with and without surfactants. We have
considered all atoms in dodecane and only O atoms for water when building the pair-wise
distributions. The system without surfactant (Fig. 5a) shows an exactly equivalent

distribution regardless of the salt used, which means that salinity does not affect
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water/dodecane interactions. However, the systems with both the linear (Fig. 5b) and the

ramified (Fig. 5c) surfactants with NaCl, show a slightly lower RDF. This fact implies

that dodecane and water are, in average, farther away from each other because surfactants

occupy more interfacial area. This relegates dodecane and water molecules to their

respective bulks reducing the RDF. Specifically, the dodecane/water RDFs when

including surfactants and NaCl are reduced approximately a 15% and a 30% for the linear

and ramified surfactants, respectively. Notice that Ca’" is also able to separate the

dodecane and water phases with the linear surfactant (Fig. 5b), as well as it was also able

to affect the orientation of the linear surfactant at the interface (Fig. 4a).

g(r)

g(r)

o

r/A r/A
400 1 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10
[ T — T T T T T T T LA IR B R BN B B R B RN L lao
H,0 / Cation 1
351 (a) (d) 2 1os
301 24
25 . 10 o
20 without e =
15} surfactant ]
L I P 12
10 - 18
5 4 / \ 14
0 n : T T T T : : + + : + 4: =TTt 0
161 (b) [ (e) Colored: Interfacial 132
14 Without salt - Black: Bulk 128
12 i NaCl - —— Nat -_24
CaCl 1 ]
10 i v C|2 Ca2+ 1 20 g
8 gtllz . 116 =
I With C12E; — Mg*
6 PRy 412
4 T A .
2 T \ .
0 N I| + :_ T T : T T T B 0
16 4132
14 © o8
3 bulk and interface
12} overlaped 24
10 120 Q
8 116 =
6 I s 112
4 18
2 14
0 ! L i T T ] 0
0o 1 3 4 5 6 7 8 9 10

r/A
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close to the interface in systems with and without surfactants. The black dashed lines in (d), (e) and (f)
refer to the RDF of species at bulk. To build the pair-wise distributions for molecular groups, we
considered the O atoms for water and the 12 CHx groups for dodecane. The results correspond to the
simulations performed with CLAYFF force field for salts at 300 K and 1 atm.
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Then, we analyzed how the coordination spheres of interfacial cations were perturbed
with respect the cations at the bulk. To that end, water/cation RDFs were built
differentiating two regions: (1) the water bulk and (i1) the interface. The interface cations
were selected by listing all Na*, Ca®>" or Mg?" located at less than 15 A from any dodecane
molecule, which means that are at 15 A from the oil phase. The rest are considered bulk
cations. In absence of surfactant (Fig. 5d), there is no difference between the coordination
spheres of interfacial or bulk cations. However, in presence of any surfactant (Fig. 5e and
Fig. 5f), the solvation spheres of interfacial Na* are reduced a 40 % with respect bulk
Na". This result suggests that Na* is losing part of its solvation sphere to interact closely
with the surfactant. Notice that this is a necessary process to induce salt-surfactant
synergistic effects because water layers screen the electrostatic charges of ions in
solution, weakening the interactions between salt ions and surfactants. On the other hand,
this effect is not seen with Ca>* and Mg?* because their interactions with water are too
strong to be broken. Concretely, Na" has a relatively weak hydration sphere with a
hydration enthalpy of -98 kcal/mol [72], whereas Ca*" or Mg?" have -377 and -459
kcal/mol, respectively [72]. These experimental information of hydration enthalpies
support the conclusion that the surfactant is capable of breaking part of the hydration
sphere of Na* but is not strong enough to separate the divalent cations from their hydration

sphere, as seen by water/cation RDFs.

Fig. 6 shows the more relevant changes due to salinity in RDFs of a system with each
surfactant. First, (Fig. 6a and Fig. 6b) show the distributions between water and the
surfactant head groups, where large peaks appear at 2.75 A, denoting the average
interacting distance between water and the head groups. MgCl> does not affect water-
surfactant interactions (i.e., the distribution is identical to the RDF without salt), which
implies that it interacts very weakly with the head groups, followed by CaCl (i.e., the
peak in the distribution is slightly lower than with MgCl»). However, this peak disappears
completely in presence of NaCl, which suggest that Na* is sequestering the surfactant
head groups to prevent water/surfactant interactions. Notice that the systems with IFT
reduction effects are also the ones where the cation and the surfactant lose their solvation

sphere to interact with each other.
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Fig. 6. RDF between surfactant head groups and water (a,b), head groups and the cations (c,d) or head
groups with other head groups (e,f). To build the pair-wise distribution for molecular groups, we
considered the O atoms for water and the O of the head groups for the surfactant heads. The results
correspond to the simulations performed with CLAYFF force field for salts at 300 K and 1 atm.

Then, if we evaluate the distributions between the head groups and the ions (Fig. 6¢ and
Fig. 6d) we confirm the previous affirmation. Na™ forms a very high and narrow peak at
2.25 A, which denotes the strong salt-surfactant interaction. CaCl, and MgCl, form peaks
in similar position but significantly lower in height, following the same trend than in Fig.
6a-b (i.e., Ca®>" has a stronger interaction with the surfactant head groups than Mg?>").
From these results, we can conclude that the surfactant head group is the responsible

moiety that interacts with Na* and force it to release from its hydration sphere.
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Finally, salinity also affects how surfactants are arranged among themselves. In Fig. 6e
and Fig. 6f one can see the head-head group distributions that, in absence of salt, form a
high peak at 2.65 A and a wider lower peak around 4.75 A. However, in the presence of
NaCl the first peak is displaced to 2.45 A and the 2" peak to less than 4 A, increasing
both peaks in height. This result suggests that NaCl not only sequestrates the head groups
from water, but also brings surfactants closer to each other (i.e., an enhanced interfacial

packing).

Notice that the enhanced packing here validated, was already proposed by
experimentalists to explain IFT reduction through a larger accumulation of surfactants at
the interface [20, 21]. However, in our MD simulations all surfactant molecules are
already at the interface and the IFT is still reduced, which suggests that the salt-surfactant
synergistic effect also includes all phenomena described throughout this work.
Additionally, the change of environment around the surfactant head groups (i.e., less
surfactant/water interactions) does not imply that the surfactant is losing its interfacial
activity, but it just interacts strongly with the cations that form the electric double layer

at the interface.

The results obtained in this final section suggest that Na* is releasing from its hydration
shell to strongly interact with the surfactant head groups, effectively sequestrating them
from water. The new arrangement between surfactants and salt forces the head groups to
be more planar with respect to the interfacial plane, occupying more area and slightly
expelling dodecane molecules from the interface, which increases the efficiency of the
surfactant. Similar effects are seen with Ca?" but in a much weaker extent, whereas Mg?*
is almost not modifying any salt-surfactant interfacial property, ranking the effects as Na*
> Ca*" > Mg?". The aforementioned interactions also induce a tighter packing of the
surfactant head groups. This packing could potentially allow additional surfactant
molecules to accumulate at the interface to further reduce the IFT, which is a mechanism
that was already deduced from experimental observations, and is here validated through

molecular dynamics simulations.
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4. Conclusion

With the aim of explaining the experimentally observed salt-surfactant synergistic effect
from a microscopic point of view we have performed MD simulations to study how
different salts (i.e., NaCl, CaCl, and MgCl,) affect the interfacial properties of three
different systems: (i) a pure water/dodecane system, (ii) the same system with additional
linear non-ionic surfactants (i.e., water/dodecane/Ci2E3) and (iii) the first system with
additional ramified non-ionic surfactants (i.e., water/dodecane/(CsCs)CE3). In this study
we have been able to confirm that salt ions are capable of interacting with the surfactants

changing their interfacial molecular distribution and thus affecting the IFT.

In summary, we have observed that cations can potentially release from its hydration
sphere to interact with the surfactant head groups preventing surfactant-water
interactions. These interactions affect the surfactant distributions at the interface,
reducing the distance between surfactant head groups. This mechanism was proposed
experimentally and is validated by the currently MD simulations but is not sufficient to
explain the salt-surfactant synergistic effect on its own. Other processes are involved in
lowering the IFT below the CMC, such as the more planar distribution of surfactants in
presence of salt. Altogether, below the CMC, salinity helps the surfactants to rearrange
and occupy more interfacial area, reducing the water/dodecane interactions and ultimately
decreasing the IFT. The strong attraction felt by cations towards the surfactant molecules
can lead to an increase of the interfacial excess of the salt, even achieving positive values
for the I'yy;; (i.e., instead of the common negative values). From these results one can
conclude that salt ions could (in certain conditions) accumulate at the interface and
contribute to the IFT reduction as any other surface-active compound. On the other hand,
anions feel less attraction from the surfactants than cations, which generates an electric
double layer that polarizes the interface, being a possible additional cause of IFT
reduction. The effects observed are not equivalent with all cations. Specifically, Na*
seems to be the strongest interaction moiety because it can release from its hydration
sphere more easily, whereas Ca?>" and Mg?" present significantly weaker salt-surfactant
interactions because their coulombic interactions become screened by their strongly
bonded solvation water molecules. This ranks the salt-surfactant synergistic effect in this
particular system to be Na™ > Ca?>" > Mg?*. Finally, the ramified surfactant is more
effective than the linear surfactant in occupying the interface, which makes the salt-

surfactant synergistic effect more noticeable.
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All of the previously described effects are capable of slightly reducing the IFT of the
system by a relatively small amount and are not capable of achieving ultralow IFT on
their own. For this reason, even though the salt-surfactant effect here described works in
favor of oil recovery, it could be easily overcome by other interactions that hamper oil

extraction in high salinity environments.
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