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ABSTRACT: Rhamnolipids (RLs) are biosurfactants produced by
Pseudomonas. The biodegradability and the variety of their functionality CEP)
make them suitable for environmental remediation and oil recovery. We (7

use dissipative particle dynamics simulations to investigate the aggregation
behaviors of ionic RL congeners with nonane in various operating
conditions. Under zero-salinity conditions, all RL congeners studied here
form small ellipsoidal clusters with detectable free surfactants. When salt
ions are present, the electrostatic repulsion between the ionized heads is
overcome, resulting in the formation of larger aggregates of unique
structures. RLs with Cl10-alkyl tails tend to form elongated wormlike
micelles, while RLs with C16-alkyl tails tend to form clusters in spherical
symmetry, including vesicles. Di-thamnolipids (dRLs) require stronger
solvation than monorhamnolipids (mRLs) to form clusters, and the
resulting size of micelles is decreased. The morphology of the mixed dRL/mRL/oil systems is controlled based on the type of the
congeners and the oil contents. In addition, the divalent calcium ions are found to be influential to the structure of the micelles
through different mechanisms. For 5 wt % salinity, the ionic RLs can form oil-swollen micelles up to a 1:1 surfactant-to-oil ratio,
suggesting that ionic RLs are superb to act as cleaning agents for petroleum hydrocarbons in the marine area. These key findings may
guide the design for RL-based washing techniques in enhanced oil recovery.

1. INTRODUCTION between oil and its attached substances, solubilization, which
Marine and soil pollution caused by petroleum hydrocarbons increases the solubility of oil by accommodating it in the
from the oil industry is a long-lasting issue to be resolved. The hydrophobic core of micelles, and emulsification, which packs
development of efficient and environmentally benign oil oil into small droplets suspended in the water solution. In many
recovery technology is crucial to control and eliminate the studies, RL has shown its potential in these aspects compared to
waste oil in the ecosystem. Among the remediation treatments synthetic surfactants. Lai et al. found that RL out-perform Triton

published by US EPA," one of the most feasible ways to remove
contaminations is surfactant washing, where the oil-containing
reservoirs are flooded by surfactant solutions. The association of
amphiphilic surfactants with hydrocarbons increases the
corresponding solubility in water, thus making oil desorbed

X-100 and Tween 80 in stimulating the mobilization of
hydrocarbons from highly contaminated soil (9000 mg
hydrocarbons/kg dry soil)."" Ramirez et al. studied the
performance of RL in recovering oil sludge compared with

from the attached materials and removed from the contaminated other commonly used surfactants such as Triton X-100 and X-
sites. 114, Tween 80, and SDS. According to their study, RL has the oil

For environmental sustainability, naturally derived biosurfac- recovery rate among the highest, which is around 40—70%. They
tants are more desirable than synthetic ones because of their have also found that the concentration of the surfactant used has
biodegradability and low tOXiCitY-z Rhamnolipid (RL) is the a minimal effect on the oil recovery performance.12 However,

most widely studied glycol-lipidic biosurfactant. A typical RL
comprises one or two rhamnose heads, with one to three fatty
acid chains being connected by ester bonds.”* The fatty acid is
composed of carboxyl acid and the alkyl chain with 8—16 carbon
atoms. The variety of RL-producing microorganisms leads to
diverse RL congeners whose molecular structures make them
applicable to hydrocarbon and heavy metal remediation.” ™"
The removal of hydrocarbons involves several mecha-
nisms,””'® mobilization, which decreases the attachment

the application ratio of surfactant-to-oil (S/O) does have a great
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impact on the surfactant’s performance in the presence of
hydrocarbon as a cosolvent.

Although naturally produced RLs are usually in the form of
mixtures of several congeners, specific congeners or tailored RLs
can be synthesized currently.'”~'> The type of congeners also
plays a role in hydrocarbon removal. Zhao et al. used three
bacterial strains to produce RL solutions with various
compositions of mono-RL (mRL) and di-RL (dRL). It is
found that the emulsifying activity for crude oil is positively
related to the portion of mRL, while the surface activity is
positively related to the portion of dRL. Understanding the
aggregation behaviors for each RL congener is therefore crucial
to the future development of RL-based washing solutions.

Molecular modeling is a versatile way to gain a fundamental
understanding of these mechanisms. The Schwartz group
contributes several important MD investigations on nonionic'®
and ionic'” forms of RL, including their applications in oil
recovery.'”'” There are also studies using atomistic’’ and
coarse-grained simulations.”’ At the air—water interface, the
conformation of the RL is found to be strongly dependent on the
type of congeners.”” The association between the polar carboxyl
group and the rhamnose head leads to the closed conformation
of the RL. This association is enhanced for ionic RL with the
charged carboxyl group. However, both nonionic and ionic RLs
prefer the open conformation for dRL congeners compared to
mRL, possibly due to the steric hindrance caused by the extra
sugar rings. If the lengths of the tails are different, asymmetric
affinity to the water phase would be observed for the RL tails.”’
Moreover, the tails of dRL are elongated differently due to the
second rhamnose head, in contrast to the tails of mRL." All of
these studies show that the structural characteristics, specifically
the number of the head and the tail length, have subtle influences
in controlling the conformation of the RL at the interface, which
is related to their ability to alter the interfacial properties. In
terms of interactions between the RL and oil molecules, Luft et
al. studied the mixtures of Rha-C10-C10 and decane, and the RL
can form stable oil-swollen micelles up to S/O of 2 based on
their simulations and free energy calculations.”

Current simulation studies of RL focus on micellization in
regular conditions with no salinity. However, in a current review,
it is suggested that the efficiency of the RL in oil recovery
depends on environmental factors.”> The pH value, the ionic
strength in the solution, and the concentration of RL in the
liquid phase significantly affect the morphology of RL aggregates
and consequentially impact the ability of RL aggregates in
hydrocarbon removal. Because many oil reservoirs are immersed
in the brine of different salinities, and the soil contains various
kinds of heavy metals and charged complexes, it is essential to
take a step toward the exploration of the aggregation behaviors
of RL with hydrocarbons subjected to the influence of the ion
valency and concentration. In such circumstances, the inclusion
of the long-range electrostatic interactions makes it computa-
tionally expensive to perform systematic atomistic simulations.
Since some of the unique micellar structures of RLs are difficult
to achieve within the realistic simulation time scale using
atomistic simulations,' it is more practical to employ a more
efficient method of qualitative studying such as dissipative
particle dynamics (DPD) simulation.

DPD has become a popular method in modeling amphiphilic
self-assembly”**® following the theoretical development®®’
and early simulations on surfactants.”* "> Adjustments for
interaction parameters and new parameterization schemes are
constantly devised to improve the prediction for micellar and
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interfacial properties of common surfactants.”~** By smearing
the point charge to a smooth distribution,*® it is also possible
to incorporate the calculation of electrostatic interactions using
DPD to model the cationic and anionic surfactants
correctly.”>***" In the study of oil recovery using DPD,
Bustamante-Rendén et al.*” have investigated the decrease in
the interfacial tension between water and oil with the addition of
three different nonionic surfactants and the cationic DTAB.
Simulations show that the ionic surfactant can reduce the surface
tension better than the nonionic ones at a lower surfactant
concentration. The phenomena are driven by the association of
charged surfactant heads and the dissociated counter ions. Lee”"
investigated the morphologies of four common RL congeners
and their aggregates with hydrocarbons. The morphologies of
the aggregates vary from spherical, wormlike, to vesicular shapes
depending on the chemical structure of congeners, the surfactant
concentration, and the S/O ratio. All RL congeners are very
efficient in associating with hydrocarbons, where the stable oil-
swollen micelles are formed with nonane and pentadecane up to
S/O equals 2. These observations are consistent with the
atomistic simulations and the general reviews in the literature.

Overall speaking, the design of efficient RL-based washing
fluid for oil recovery would require the aid of systematic studies
from molecular perspectives. The RL-related research using
molecular modeling is still in its infancy, and further
investigation can be accelerated by reliable coarse-grained
algorithms. Given our })reviously constructed force field for
nonionic RL congeners,” this work explores the aggregation of
hydrocarbons and four anionic RL congeners by the
implementation of the smeared-charge method.*® The details
of the methodology, including the coarse-grained model, the
force field, and the computational details, are shown in Section
2. Section 3 (Results and Discussion) is composed of several
subsections: Section 3.1 reports the micellar properties of pure
ionic RL solution. Section 3.2 reports the micellar properties of
oil-swollen micelles containing nonane molecules at S/O equals
10. Four ionic RLs are studied in Sections 3.1 and 3.2 to compare
the previous findings for their nonionic form.”' Section 3.3
explores the oil-recovery performance of mixed mRL/dRL
surfactant solutions. For each section, both normal conditions
(only counter ions are added) and brine conditions (6 wt % salt
are added) are studied to investigate the influences of ions in RL
micellization. The chemical composition of brine is based on a
recent study of oil recovery,*® where the molar ratio of chloride
ions (CI7), sodium (Na*) ions, and divalent ions (Ca®" and
Mg“) are 53, 41, and 6%, respectively. Sections 3.4 and 3.5
report the effects of the oil content based on experimental
observations.'” Section 3.4 reports the micellar properties of oil-
swollen micelles of Rha-C10-C10 and nonane at S/O ratios
varying from S to 1. Section 3.5 reports the micellar properties of
oil-swollen micelles of mixed Rha-C10-C10/dRha-C10-C10
and nonane at various S/O ratios. The influences of divalent ions
on the micellization observed in many references (refs 48—51)
are discussed in Section 3.6. All of the key findings are
summarized in Section 4.

2. METHODOLOGY

2.1. Coarse-Grained Models and Force Field. Dissipative
particle dynamics employed in this work is based on the
development by Groot and Warren.”® The theoretical back-
ground of the method and the force field can be found in refs 26,
27,52—54. A simulation system is composed of highly populated
coarse-grained (CG) beads, usually at the density of 3.°”*° Each

https://doi.org/10.1021/acsomega.1c06741
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Figure 1. Chemical structures and the coarse-grained (CG) models for io
and (d) dRha-C16-C16. The CG bead types are introduced in Table 1.

nic RL congeners: (a) Rha-C10-C10, (b) Rha-C16-C16, (c) dRha-C10-C10,

bead represents several solvent molecules or a fragment of chain
molecules. As illustrated in Figure 1, four RL congeners are

Table 2. Nonbonded and Runtime Parameters

modeled by bead-spring models, and the solvent or the solvated % H . T W/I/J/K
ions are also mapped to different beads based on Table 1. Conservative Force
H 25.00
Table 1. Mapping Between Atomistic and Coarse-Grained A/E 25.00 25.00
Beads T 55.09 3945 25.00
W/1/J/K 25.00 25.00 53.01 25.00
bead type content structure charge mass Drag Force
Surfactant 4 4.50
T alkyl tail C;H, 0 1 Langevin Barostat
HH dimer rhamnose head C¢H,0, 0 1 Py 23.70
E ester link CH,;COO 0 1 Tp 0.50
A carboxyl acid CH,COO~ -1 1 143 10.00
Solvent SPME Electrostatic Interactions
w water 3 H,0 0 1 * 097
1 hydrated sodium ion Na*1.7 H,0 1 1 k-vec'tor 20 20 20
J hydrated chloride ion CI™-H,0 -1 1 lﬂ" -spline 5133 .
K hydrated calcium ion Ca®*-0.8 H,0 2 1 2 0 2'5

The DPD beads interact via pairwise forces only within a
short-ranged cutoff distance. The nonbonded forces and the
bonded forces (F®) for a bead pair i and j are given in eq 1, where
the nonbonded part includes the conservative forces (F), the
dissipative forces (F°), and the random forces (FX).

E(r) =F; + F; + F) + F )
The parameterization for dissipative forces and random forces
follows the suggestions in the literature,”® where the drag
coefficient y equals 4.5 (Table 2). Our current utilization focuses
on the conservative forces and the bonded forces. For
intramolecular interactions, the derivative of the standard
harmonic potential in eq 2 is used for connecting the nearest
bead neighbors (referred to as 1—2 bond) and the 2nd nearest
bead neighbors (1—3 bond), which serves as the angle-term in
common MD simulations. As given in eq 3, the conservative
force is a soft repulsive one characterized by the repulsion
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parameter a;, where r;; is the center-to-center distance between

bead i and j and r, is the cutoff distance.

K
L]i]‘(rlj) = ;(Vij - ”0)2

(2)
r. \r..
a,{l — l]l, r. <t
C _ ij r r ij c
F,] = c /i
o 2T (3)

The repulsion parameters for the same bead type (i.e., i = j)
determine the fluidic properties of the system,” and the
repulsion parameters for different bead types drive the
separation of the mesophase. As shown in Table 1, each bead
type contains molecules of similar size and distinct functionality.
The fatty acid in RL is modeled by a negatively charged acid

https://doi.org/10.1021/acsomega.1c06741
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bead (type A) and the hydrophobic alkyl tail (type T), and each
hydrophilic head is represented by a dimer (type H). An ester
link (type E) is used to connect two fatty acid chains. Three
water molecules are coarse-grained into a water bead (type W),
and the ions of different valencies (type I for sodium ions, type J
for chloride ions, and type K for calcium ions) are modeled in
their hydrated forms to maintain the consistency of the bead
volume. In our previous work for nonionic RL, a scale-bridging
scheme is devised to parameterize the mismatch parameters in
terms of activity coefficients of the bead components.”!
Following the literature approaches where the repulsion
parameters scale with the solubility,”>*’ the repulsion
parameters for mutually soluble pairs are set to be the same as
the self-repulsion parameters. For insoluble bead pairs, the
repulsion parameters are obtained by mapping the activity
coeflicient of the bead component to the calibration relations
established by the particle insertion method,*® where the activity
coeflicients are calculated by COSMOtherm56 7 software and
adjusted based on the solubility of water and alkane.”® The
repulsion parameters for this work are given in Table 2.

For charged bead pairs, we follow the approaches by
Anderson et al,”® where the electrostatic interactions are
calculated by the Slater-type charge smearing method* and the
smooth particle mesh Ewald (SPME) algorithm.59 To avoid the
divergence of system energy while computing electrostatic
potential with the soft-cored DPD forces (eq 3), the point
charges located at the bead center are smeared by an exponential
function.*® Detailed formulas can be found in the Supporting
Information of ref 38 and the user manual of DL__MESO
software.””>* The parameters for long-range electrostatic
interactions are given in Table 2, including the real-space
convergence parameter @, the reciprocal space range k-vectors,
and the maximum f-spline order. These parameters are chosen
based on the examination in ref 38, where the relative errors in
calculating electrostatic energies are below 1%. For short-range
electrostatic interactions within the 3 r. cutoff range,” the
coupling constant I" is decided based on the coarse-grained level
as suggested in ref 45, and the smearing length 4 equals 0.25 r,
based on our experiences in modeling proton exchange
membranes.””" More discussion about the choices of charge
smoothing models and the parameterization on the screening
properties can be found in ref 62, and the discussion about the
Ewald parameters and the truncation errors should be referred
to ref 63.

Bonded parameters are obtained based on the information
collected from atomistic MD simulations. The hydrocarbon
considered in this work is mainly nonane, which is modeled by
three connected T beads. MD simulations of melted icosane at 1
atm and 473 K are first performed, and then the intramolecular
distribution is obtained based on the coarse-grained mapping
given in Table 1. DPD simulations of the homopolymer melt are
carried out with adjustable bond parameters. The parameters
that reproduce the molecular conformations as in the atomistic
level using the coarse-grained model are given in Table 3. For
surfactants, a similar approach is adapted to obtain the
coeflicients for 1—2 bonds and 1—3 bonds connecting different
bead kinds. The reference MD simulation is performed on five
dRha-C16-C16 molecules solvated in water, and the parameters
that reproduce the conformations of RL are listed in Table 3 as
well.

Computational details and the theoretical background for the
above parameterizations can be found in our previous study.”’
The constructed force field has been validated by reproducing
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Table 3. Bonded Parameters

bond type 1o K
Surfactant
AT, 0.444 450
ET,, 0.444 450
T, 0.521 800
TH,, 0.566 600
HH,, 0.651 300
HH,, 0.389 2000
AT, 1.080 30
ET, 1.080 30
TTy, 1412 40
AE,; 0.581 200
EHy; 0.691 120
HH,; 0.732 1600
Oil
TT,, 0.500 360
TTy, 1.380 20

the self-assembled morphologies of a most common RL
congener, Rha- ClO C10, obtained by MD simulations reported
in the literature.'® The formation of a spherical micelle, the
transition of a spherical micelle to a wormlike micelle, and the
vesicular formation have been captured by the DPD simulations.
Based on this framework, we expand the parameter space to
include charged particles for ionic RL and multivalent ions in the
solutions.

2.2. Computational Details. The simulations in this work
are performed using version 2.7 revision 8 of the DL_MESO>***
DPD program. The cubic simulation box length equals 30r.,
which corresponds to 19.4 nm based on the top-down
mapping.”” Simulations run 1.2 million steps at a 0.02 7
timestep, where the first 0.2 million steps are for equilibration.
Five hundred configurations from the last 1 million steps are
collected for further analysis. The constant-pressure—constant-
temperature (NPT) ensemble uses a velocity Verlet integration
thermostat and Langevin Barostat. The runtime parameters for
the NPT ensemble, including the relaxation time and viscosity
parameters, are glven in Table 2, where the choices are based on
the previous study.”'

The characterization of the aggregation number is based on
the code of Vishnyakov,”* and the asphericity analysis is based
on the homemade code.”> The analysis for the distance
dlstrlbutlon of tail configurations uses the RDF utility in
MDynaMix"* packages, version 5.2.8. The analysis for alkane
molecular distributions is performed by the RDEMOL utility in
the DL_MESO package, which calculates the radial distribution
function of the centers of mass of the alkane molecules.
Homemade programs for file handling and format conversion
are used to convert VFT trajectories from DL_MESO™ into
XMOL trajectories for necessary analysis.

The asphericity® is used to quantify the geometry of the
aggregates. Based on the coordinates of the beads belonging to
an aggregate, the gyration tensor S; is first calculated using eq 4,
where the superscript CM denotes the center of mass of the
aggregate. The principal radii of gyration (R, R,, and R;) are
obtained by solving S; for its eigenvalues. Finally, the radius of
gyration R, and the asphericity A are obtained using eqeqs 5 and
eq 6. The value of A indicates the structure of the aggregate,
where zero means a perfect sphere and unity means an infinitely
long cylinder.

https://doi.org/10.1021/acsomega.1c06741
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Table 4. Micellization of 6 wt % Surfactant in Water with 0 and S wt % Salinity

system composition”

congener Nyt Ny Ny Nyt N¢r Ne,, V[L] Cyef [mM]
Rha-C10-C10 520 0 75280 520 0 0 7.27 X 1074 118.7
Rha-C16-C16 390 0 75150 390 0 0 7.27 X 1074 89.0
dRha-C10-C10 415 0 75605 415 0 0 727 x 1074 94.8
dRha-C16-C16 325 0 75475 325 0 0 7.28 X 1074 74.1
Rha-C10-C10 520 0 68 700 3180 3500 420 7.26 x 107 1189
Rha-C16-C16 390 0 68570 3050 3500 420 726 x 1074 89.2
dRha-C10-C10 410 0 69 090 3070 3500 420 7.26 x 107 93.8
dRha-C16-C16 325 0 68 895 2985 3500 420 7.26 x 107 74.3

simulation results”

(Ry) S.D. (A) S.D. morphology (N, CMC [mM]

S.3 13 0.37 0.1 ellipsoidal and rod-like 19 0.20

S5 1.5 0.32 0.17 ellipsoidal and rod-like 24 0.00

5.0 0.2 0.32 0.03 ellipsoidal 14 0.32

4.8 0.2 0.32 0.02 ellipsoidal 9 0.05

10.5 0.9 0.24 0.03 wormlike, interconnected 335 0.05

9.3 2.2 0.34 0.27 vesicular and ellipsoidal 158 0.00

7.5 0.4 0.41 0.05 wormlike and ellipsoidal 56 0.16

6.7 0.2 0.37 0.0S ellipsoidal and rod-like 40 0.00

“Nyyf is the number of the surfactant molecule, N; is the number of the oil molecule, Ny is the number of the water bead W, abd Ny, N¢-, and
Nc,," are the numbers of the ion beads. V'is the average box size in the physical unit, which is used to calculate the concentration of surfactant Cg,

b( ) and S.D. are the average value and the standard deviation of the radius of gyration, respectively, (A) is the mean value of the asphericity,
(N,,) is the mean value of the aggregation number, and CMC is the critical micelle concentration. Tables 5—8 follow the same notation given here.

(a) Rha-C10-C10, 6.0 wt% (b) Rha-C16-C16, 6.0 wt% (c) dRha-C10-C10, 6.0 wt% (d) dRha-C16-C16, 6.0 wt%
salinity, 0.0 wt% salinity, 0.0 wt% salinity, 0.0 wt% salinity, 0.0 wt%

(e) Rha-C10-C10, 6.0 wt% (f) Rha-C16-C16, 6.0 wt% (g) dRha-C10-C10, 6.0 wt% (h) dRha-C16-C16, 6.0 wt%
salinity, 4.9 wt% salinity, 5.0 wt% salinity, 4.9 wt% salinity, 4.9 wt%

Figure 2. Micelles of 4 rhamnolipid congeners at 0 wt % (a—d) and at S wt % (e—h) salinity. The surfactant tails are in gray, head and ester link in cyan,
and charged carboxyl groups in pink. Monovalent ions are represented by blue dots, and the divalent calcium ions are represented by red dots. Water is
not shown for clarity.
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Table S. Oil-Swollen Micellization of 6 wt % Surfactant and 0.6 wt % Oil in Water with 0 and S wt % Salinity

system composition

congener Nowot Nt Ny Nyt Ner Ne,, V[L] Coyei [mM]
Rha-C10-C10 520 200 74 680 520 0 0 7.27 X 107 118.8
Rha-C16-C16 390 200 74 550 390 0 0 7.27 X 107 89.0
dRha-C10-C10 415 200 75 005 415 0 0 727 X 107 94.8
dRha-C16-C16 328 200 74 875 32§ 0 0 7.28 X 107 74.1
Rha-C10-C10 520 200 68 100 3180 3500 420 7.26 X 1072 119.0
Rha-C16-C16 390 200 67970 3050 3500 420 7.25 % 107 89.3
dRha-C10-C10 410 200 68 490 3070 3500 420 7.25 x 107 93.9
dRha-C16-C16 325 200 68295 2985 3500 420 7.25 x 107! 74.4

simulation results
(Ry) S.D. (A) S.D. morphology
5.7 1.6 0.37 0.15 ellipsoidal and rod-like
6.0 0.7 0.33 0.08 ellipsoidal
S4 0.3 0.33 0.03 ellipsoidal
5.2 1.2 0.32 0.11 ellipsoidal
13.7 0.1 0.18 0.01 wormlike, interconnected
9.7 0.4 0.23 0.11 vesicular and ellipsoidal
7.5 1.3 0.32 0.09 wormlike and ellipsoidal
7.0 0.1 0.33 0.11 ellipsoidal and rod-like
(a) Rha-C10-C10, 6.0 wt% (b) Rha-C16-C16, 6.0 wt% (c) dRha-C10-C10, 6.0 wt% (d) dRha-C16-C16, 6.0 wt%
Nonane, 0.6 wt% Nonane, 0.6 wt% Nonane, 0.6 wt% Nonane, 0.6 wt%
salinity, 0.0 wt% salinity, 0.0 wt%

(e) Rha-C10-C10, 6.0 wt%

Nonane, 0.6 wt%
salinity, 5.0 wt%

salinity, 0.0 wt% salinity, 0.0 wt%

Rha-C16-C16, 6.0 wt% (g) dRha-C10-C10, 6.0 wt% (h) dRha-C16-C16, 6.0 wt%
Nonane, 0.6 wt%
salinity, 5.0 wt%

Nonane, 0.6 wt% Nonane, 0.6 wt%
salinity, 5.0 wt% salinity, 5.0 wt%

Figure 3. Oil-swollen micelles of 4 rhamnolipid congeners with nonane at 0 wt % (a—d) and at S wt % (e—h) salinity. The presentations of surfactants
and salt jons are the same as in Figure 2, but the surfactants are drawn in a transparent style. Orange beads are nonane molecules.
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3. RESULTS AND DISCUSSION

3.1. Micellization of RL Congeners in Water and Brine.
The solutions which contain pure ionic RL with sodium counter
ions are simulated to understand the RL self-assembly in terms
of different congeners. For brine systems, monovalent and
divalent ions are added to explore the salt effects. The
concentrations of the RL (6 wt %) and the salinity (S wt %)
are chosen according to a recent study using ionic surfactants for
the enhanced oil recovery operation.*® The system composi-
tions are given in Table 4. In the absence of added salts, the
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Figure 4. Radial distribution function of oil molecules (center of mass)
in the oil-swollen micelle (S/O ratio equals 10) at (a) 0wt % and (b) S
wt % salinity. Color of the lines: Rha-C10-C10 in gray, Rha-C16-C16 in
blue, dRha-C10-C10 in red, and dRha-C16-C16 in purple.

morphologies of aggregates formed by four RL congeners are
very similar, as shown in Figure 2a—d. The bilipidic structure
makes RL capable of forming premicelles with more than 10

molecules.”’ For the ionic Rha-C10-C10, most aggregates are
small ellipsoids with rhamnose heads and charged acid beads
being solvated by the surrounding water. The bicellar or rod-
like-shaped aggregates of a larger size are also observed. Table 4
reports the corresponding average aggregation number N,,
equal to 19 and asphericity A around 0.37. The significant
standard deviations of the radius of gyration R, and A indicate
the formation of bicelles. When the tail length is increased, Rha-
C16-C16 forms a fewer number of micelles per simulation box
(14 on average compared to 23 for Rha-C10-C10) with a larger
size. The aggregates are still ellipsoidal and rod-like, but the
shape is more spherical with a lower asphericity in Table 4. For
dRha-C10-C10, the excess head beads require more solvation,
and no bicelle is observed throughout the simulation. The
associated standard deviations of R, and A are diminished, as
reported in Table 4. This head-group effect remains for dRha-
C16-C16, but the longer tails provide a stronger hydrophobicity,
resulting in the formation of smaller aggregates with a lower
aggregation number. The effects of tail length and the head
groups can also be rationalized by classical theory, such as the
packing parameter.°”®” For a surfactant in the aggregate, the
packing parameter equals vy/a.l,, where v, is the tail volume, g, is
its equilibrium area at the aggregate interface, and [, is the tail
length. For both C10-RL and C16-RL, the strong hydrophobic
interactions between the alkyl tails make them closely packed to
each other. While packing the same number of surfactants in the
aggregates, the growth of v, per surfactant molecules is smaller
than that of [, for C16-RL compared to C10-RL. The lower
packing parameter corresponds to the lower aggregation
number and the spherical geometry for micelle, which is
consistent with our observations. Overall speaking, the
micellization of the ionic RL congeners in terms of their
chemical structure is consistent with the previous investigation
for their nonionic form.”’ Nevertheless, the aggregation
numbers of ionic RL are much smaller than those of nonionic
ones,”" because of the barrier by the electrostatic repulsion
between the charged head groups aligned at the aggregate
interface.

For the brine systems, the presence of positively charged Na*
and Ca® ions reduces the electrostatic repulsion between
ionized head groups and hence allows the packing of more

Table 6. Oil-Swollen Micellization of Mixed 3 wt % Monorhamnolipid and 3 wt % Dirhmanolipid and 0.6 wt % Oil in Water with 0

and 5 wt % Salinity

system composition

congener Nt Ny Ny Ny.' Ner Ne,r V[L] Cou [mM]
Rha-C10-C10 260 200 74 849 467 0 0 7.27 X 1074 59.4
dRha-C10-C10 207 47.3
Rha-C16-C16 195 200 74721 357 0 0 7.28 X 107 44.5
dRha-C16-C16 162 37.0
Rha-C10-C10 260 200 68295 3125 3500 420 7.26 X 107 59.5
dRha-C10-C10 208 46.9
Rha-C16-C16 195 200 68 141 3017 3500 420 725 X 107 44.6
dRha-C16-C16 162 37.1

simulation results
(Ry) S.D. (A) S.D. morphology
5.5 0.4 0.33 0.00 ellipsoidal
5.3 0.8 0.31 0.08 ellipsoidal
10.8 0.3 0.19 0.08 wormlike
8.3 3.8 0.31 0.26 vesicle and ellipsoidal
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(a) Rha-C10-C10, 3.0 wt% (b)
dRha-C10-C10, 3.0 wt%
Nonane, 0.6 wt%

salinity, 0.0 wt%

Rha-C16-C16, 3.0 wt%
dRha-C16-C16, 3.0 wt%
Nonane, 0.6 wt%
salinity, 0.0 wt%

(c) Rha-C10-C10, 3.0 wt% (d)
dRha-C10-C10, 3.0 wt%
Nonane, 0.6 wt%
salinity, 5.0 wt%

Rha-C16-C16, 3.0 wt%
dRha-C16-C16, 3.0 wt%
Nonane, 0.6 wt%
salinity, 5.0 wt%

Figure 5. Oil-swollen micelles of mixed rhamnolipid congeners with nonane at 0 wt % (a, b) and S wt % (c, d) salinity. The presentations of surfactants
and salt ions are the same as in Figure 2, but the surfactants are drawn in a transparent style. Orange beads are nonane molecules.
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30 | 3 wt% Rha-C10-C10 + 3 wt% dRha-C10-C10
0 wt% salt
20 |
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(b) 45

3 wt% Rha-C16-C16 + 3 wt% dRha-C16-C16
40 | 5 wt% salt

6 wt% Rha-C16-C16 | 5 wt% salt

30 6 wt% Rha-C16-C16 | 0 wt% salt

3 wt% Rha-C16-C16 + 3 wt% dRha-C16-C16
0 wt% salt

P(rom.on 25

Foiroi

Figure 6. Radial distribution function of oil molecules (center of mass)
in the oil-swollen micelle (S/O ratio of 10) at 0 wt % and S wt % salinity
for (a) C10-RLs and (b) C16-RLs. Lines with different colors: gray,
pure rhamnolipid solution at 0 wt % salinity; blue, pure RLs at 5 wt %
salinity; red, mixed RL solution at 0 wt % salinity; and purple, mixed RL
solution at S wt % salinity.

surfactant molecules in the aggregates. Compared to the water
systems in Figure 2a—d, each RL congener form large aggregates
of a unique morphology, as shown in Figure 2e—h. Rha-C10-
C10 forms interconnected wormlike micelles in the brine
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system. Such morphology of elongated worm-like micelles
which loop and network has also been observed for the nonionic
dRha-C10-C10.*" For Rha-C16-C16, a big unilamellar vesicle is
formed along with a smaller spherical/ellipsoidal micelle. For
dRha-C10-C10, while the wormlike micelles are still observed,
the elongation of the micelles is limited. In contrast to Rha-C10-
C10, mixed morphologies of small ellipsoidal, rod-like, and
spiral-like aggregates are formed without observable loops or
interconnected structures. For dRha-C16-C16, ellipsoidal
aggregates are formed along with rod-like aggregates that are
considerably shorter than the wormlike micelles of dRha-C10-
C1o.

In addition, we observe free surfactants in both water and
brine systems. By calculating the average number of surfactants
without interfering with any aggregates, the critical micelle
concentrations (CMC) are reported in Table 4. For the zero-
salinity case, CMC for Rha-C10-C10 is 0.2 mM, and the value
increases to 0.32 mM for dRha-C10-C10. The substantial
hydrophobicity of the long tail of Rha-C16-C16 and dRha-C16-
C16 is more favorable to form micelles, and there are very few
detectable free surfactants in the solution. The available
experimental measurement on the CMC of the rhamnolipid is
about 0.1—1 mM.***’ Although the experimentally produced
rhamnolipids typically consist of several different rhamnolipid
congeners, our predicted CMC is similar to the experimental
CMC values of congeners. The amount of the free surfactants
decreases when the salt concentration increases, which indicates
that the alignment of charged head groups on the micelle—
solution interface yields a lower energy for the surfactants.

3.2. Micellization of RL and Oil in Water and Brine.
Structural analysis of the oil-swollen micelle provides physical
insights into the surfactant adsorption on the micro-oil drops in
solutions. Similar to the conditions considered by Chen et al,*®
about 0.6 wt % of modeled nonane is added to all of the systems
discussed in Section 3.1, with the surfactant-to-oil ratio S/O
being equal to 10. The system information and the simulation
results are summarized in Table 5, and the corresponding
visualizations are illustrated in Figure 3. In Figure 3a—d, the
morphologies of the nonane-RL clusters at zero salinity are very
similar to those in Figure 2a—d. The oil molecules are
distributed in the hydrophobic subdomain of the micelle and
packed with the surfactant tails. From the mean values and the
standard deviations of the asphericity and radius of gyration
reported in Table 5, the structures of oil-swollen micelles remain
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Table 7. Oil-Swollen Micellization of 6 wt % Rha-C10-C10 with Oil at 1, 2, and 5§ S/O Ratio and 0 and S wt % Salinity

system composition

congener Nout N Nw Nyar Ner Nec,, V[L] Cout [mM]
Rha-C10-C10 520 400 74 080 520 0 0 7.27 X 1074 118.8
Rha-C10-C10 520 1000 72280 520 0 0 7.27 X 1074 118.8
Rha-C10-C10 520 2000 69280 520 0 0 725X 1074 119.0
Rha-C10-C10 520 400 67 500 3180 3500 420 7.25 %X 1074 119.0
Rha-C10-C10 520 1000 65700 3180 3500 420 7.24 X 1074 119.2
Rha-C10-C10 520 2000 62700 3180 3500 420 7.22 %X 1074 119.5

simulation results
(Ry) S.D. (A) S.D. morphology
5.8 0.6 0.33 0.04 ellipsoidal
6.3 2.2 0.31 0.10 ellipsoidal
7.2 0.9 0.33 0.14 ellipsoidal
12.8 1.8 0.26 0.14 wormlike
13.9 24 0.12 0.04 wormlike
8.9 1.0 0.14 0.10 cylindrical

(a) Rha-C10-C10, 6.0 wt% (b)
Nonane, 1.2 wt%
salinity, 0.0 wt%

Rha-C10-C10, 6.1 wt% (c)
Nonane, 3.0 wt%
salinity, 0.0 wt%

dRha-C10-C10, 6.1 wt%
Nonane, 6.0 wt%
salinity, 0.0 wt%

' iy

(d) Rha-C10-C10, 6.0 wt% (e)
Nonane, 1.2 wt%
salinity, 5.0 wt%

Rha-C10-C10, 6.1 wt% (f)
Nonane, 3.0 wt%
salinity, 5.0 wt%

dRha-C10-C10, 6.1 wt%
Nonane, 6.0 wt%
salinity, 5.0 wt%

_ﬂ-_

Figure 7. Oil-swollen micelles of Rha-C10-C10 with 1.2—6 wt % of nonane at 0 wt % (a—c) and at 5 wt % (d—f) salinity. The presentations of
surfactants and salt ions are the same as in Figure 2, but the surfactants are drawn in a transparent style. Orange beads are nonane molecules.

similar to the pure RL systems, with only minor growth in the
cluster size. In the brine conditions, the salt effect plays a similar
role as in the pure RL cases. With the stabilization of the salt
ions, the barrier at the micelle—solution interface caused by the
electrostatic repulsion between charged head groups can be
overcome, and the clusters grow in either length or size. The
shape of the aggregates is still dominated by the tail length,
where C16-RLs form spherical aggregates and C10-RL form
elongated ones. It should be noted that the lower values of
asphericity for Rha-C10-C10 in Tables S and 4 in the brine
conditions have resulted from the secondary structure of the
wormlike micelle, where the aggregates reside around the region
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confined by the simulation box and, therefore, decreases the
asphericity.

By adding the nonane molecules, it is easier for RLs to form
aggregates as the overall hydrophobicity of the system is
increased. The resided oil molecules either aggregate as a
hydrophobic core or pack with surfactants within the tail region
based on the counter-balanced oil—oil and oil—surfactant
interactions discussed in ref 70. For the zero-salinity cases, oil
in the C10-RL micelles is visually closer to each other, especially
in the spherical micelles. The distributions of the oil molecules
are characterized by the RDFs for the center of the mass of the
oil molecules. In Figure 4a, the C10-RLs have the higher peak for
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Figure 8. Radial distribution function of oil molecules (center of mass)
in the oil-swollen micelle for 6 wt % of Rha-C10-C10 at salinity equal to
(a) 0wt % and (b) 5 wt %. Lines in different colors illustrate different oil
contents: gray, 0.6 wt % nonane; blue, 1.2 wt % nonane; red, 3.0 wt %
nonane; and purple, 6.0 wt % nonane.

the nearest oil pair, suggesting local aggregation of oil molecules.
On the other hand, the oil—oil correlation length is generally
longer in the micelles composed of C16-RLs. The peak for Rha-
C16-C16 is slightly higher than dRha-C16-C16 because the RL
aggregates are more isolated and well-dispersed such that oil
molecules are more localized for Rha-C16-C16 (as shown in the
S.D. of asphericity in Table S). For the brine conditions, the oil
distribution is affected by the distinct morphology of the
micelles in Figure 3e—h. As shown in Figure 4b, the Rha-C16-
C16 system shows the lowest peak for the oil—oil RDF due to
the formation of the vesicle, where the oil molecules are
distributed in the hydrophobic domain packed by the surfactant
tails. The aggregation patterns for all of the other three
congeners are similar, where small ellipsoidal aggregates
agglomerate into wormlike shapes.

3.3. Micellization of Mixed RL and Oil in Water and
Brine. To investigate the morphologies of aggregates formed by
the mixed surfactants in the salt solution, we simulate the binary
rhamnolipid congeners summarized in Table 6. 3 wt % of mRLs
and 3 wt % of dRLs are mixed with 0.6 wt % oil, similar to the
systems discussed in Table 5. Although the tail lengths of mRLs
and dRLs are the same, the area of head groups in the mixed
system is effectively increased compared to mRL—oil systems.
As expected, the micellar structures of mRL/dRL/oil fall

6232

between the structure of mRL/oil and dRL/oil, as shown in
Figure Sa—d. At zero salinity, most aggregates are small and
ellipsoidal. The asphericity of the Rha-C10-C10/dRha-C10-
C10/0il has the same value as dRha-C10-C10/0il, but the
standard deviation is nearly zero, suggesting highly isolated
clusters. The micelle structure of the Rha-C16-C16/dRha-C16-
C16/oil is also similar to dRha-C16-C16/oil based on the radius
of gyration and asphericity in Tables S and 6. For the brine
conditions, Rha-C10-C10/dRha-C10-C10/0il forms wormlike
micelles, as shown in Figure Sc, and the structural properties are
dominated by the dRL. Nevertheless, in Figure 5d, the mixed
C16-RL solution shows the morphology of a vesicle along with a
spherical micelle, which is the same as Rha-C16-C16 in Figure
3f.

In Figure 6a,b, the effect of salt leads to long-range oil—oil
correlations irrespective of surfactant compositions. The lower
peak and longer range for the RDF of the Rha-C10-C10 system
with § wt % salt in Figure 6a are consistent with the
corresponding morphology in Figure 3e. Unlike the other
RDFs in Figure 6a for systems forming micelles that are more
isolated, the aggregate of Rha-C10-C10 with S wt % salt is larger
in size, yielding more dispersed oil distribution in the aggregate.
For the mixed C16-RLs, the oil distribution is largely dependent
on the morphology of the micelle. The oil—oil correlation has
the lowest peak when the aggregates are in the vesicular
structure at S wt % salinity, and the peak is the highest for
spherical micelles at 0 wt % salinity.

3.4. Micellization of RL and Excess Oil in Water and
Brine. A recent study has shown that the surfactant-to-oil (S/O)
ratio significantly influences the performance of oil recovery by
surfactants, including RLs."? Here, we increase the amount of oil
to 1.2, 3, and 6 wt %, which corresponds to S/O of §, 2, and 1.
The system information is summarized in Table 7, and the oil—
surfactant assemblies are visualized in Figure 7, where we focus
on Rha-C10-C10 surfactants for this part of the study. When
there is no salt added, the oil molecules are packed into the
hydrophobic core, which grows in size with the oil
concentration, as shown in Figure 7a,b. The RL surfactants are
adsorbed on the surface of the oil droplet, forming aggregates
whose number decreases with an increase in the aggregate radius
of gyration. When the salt is present, the ellipsoidal clusters
agglomerate into wormlike micelles. The wormlike micelles are
interconnected, as observed in the pure Rha-C10-C10 and Rha-
C10-C10/oil systems. The cluster shape transforms gradually
while retaining its wormlike structure with oil molecules being
wrapped in the middle of the cluster. When the oil concentration
increases to 3 wt %, the hydrophobic core of the wormlike
micelle grows, as suggested by the oil—oil distribution function
in Figure 8. As the oil content further increases to 6 wt %, the
surfactant and oil first coagulate into 2—3 ellipsoidal micelles.
These micelles later agglomerate into a bigger cluster with an
irregular shape and finally form a cylindrical micelle. In general,
the salt effects observed are consistent with the cases with lower
S/O ratios. Four RL congeners considered are capable of
wrapping nonane even at a S/O ratio as small as 1.

3.5. Micellization of Mixed RL and Excess Oil in Water
and Brine. In this section, we explore the oil recovery
performance of mixed surfactants with different S/O ratios.
The visualization in Figure 9 shows that the mixed Rha-C10-
C10/dRha-C10-C10/oil systems form similar structures as pure
Rha-C10-C10/0il systems at zero salinity. The slightly lower
S.D. and the higher radius of gyration of mixed surfactants in
Table 8 indicate that the oil-swollen micelles are more uniform
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(a)

Rha-C10-C10, 3wt% (b)
dRha-C10-C10, 3 wt%
Nonane, 1.2 wt%
salinity, 0.0 wt%

Rha-C10-C10, 3 wt%
dRha-C10-C10, 3 wt%
Nonane, 3.0 wt%
salinity, 0.0 wt%

Rha-C10-C10, 3 wt%
dRha-C10-C10, 3 wt%
Nonane, 6.0 wt%
salinity, 0.0 wt%

(c)

(d)

Rha-C10-C10, 3 wt%
dRha-C10-C10, 3 wt%
Nonane, 1.2 wt%
salinity, 5.0 wt%

(e)

Rha-C10-C10, 3 wt%
dRha-C10-C10, 3 wt%
Nonane, 3.0 wt%
salinity, 5.0 wt%

Rha-C10-C10, 3 wt%
dRha-C10-C10, 3 wt%
Nonane, 6.0 wt%
salinity, 5.0 wt%

Figure 9. Oil-swollen micelles of Rha-C10-C10/dRha-C10-C10 mixtures with 1.2—6 wt % of nonane at 0 wt % (a—c) and at S wt % (d—f) salinity. The
presentations of surfactants and salt ions are the same as in Figure 2, but the surfactants are drawn in a transparent style. The nonane molecules are

shown in orange beads.

Table 8. Oil-Swollen Micellization of 6 wt % Rha-C10-C10/dRha-C10-C10 with Oil at 1, 2, and 5 S/O Ratios and 0 and 5 wt %

Salinity
system composition
congener Nyt Ny Ny Ny, Ngr Nea, V[L] Cqurt [mM]
Rha-C10-C10 260 400 74249 467 0 0 727 x 1074 59.4
dRha-C10-C10 207 47.3
Rha-C10-C10 260 1000 72449 467 0 0 726 X 107 59.4
dRha-C10-C10 207 47.3
Rha-C10-C10 260 2000 69449 467 0 0 725 x 107 59.5
dRha-C10-C10 207 47.4
Rha-C10-C10 260 400 67669 3127 3500 420 725 % 1074 59.5
dRha-C10-C10 207 47.4
Rha-C10-C10 260 1000 65869 3127 3500 420 7.24 x 107! 59.6
dRha-C10-C10 207 47.5
simulation results
(Ry) S.D. (4) S.D. morphology

5.7 0.6 0.34 0.06 ellipsoidal

6.3 1.2 0.35 0.10 ellipsoidal

8.3 0.7 0.40 0.07 ellipsoidal

10.9 2.9 0.29 0.12 wormlike and ellipsoidal
8.2 4.9 0.23 0.27 wormlike and ellipsoidal
9.5 13 0.16 0.13 irregular

in shape, which also suggests higher stability. In the presence of
salt, the aggregates deviate from the wormlike shape in Rha-C10-
C10/oil cases. At S/O of 5, wormlike micelles are formed along
with some small ellipsoidal clusters. For S/O equal to 2, the
clusters are rod-like or ellipsoidal. Nevertheless, the shape is less
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well-defined compared with Rha-C10-C10/oil systems. For S/O
equal to 1, mRL/dRL molecules simply aggregate to form a big
cluster. Similar to the observations in Section 3.3, the addition of

the dRL increases the hydrophilicity of the systems, which drives
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(a) (b)

Rha-C16-C16, 6.0 wt%
salinity, 5.0 wt%

Rha-C16-C16, 6.0 wt%
Nonane, 0.6 wt%
salinity, 5.0 wt%

(c)

Rha-C16-C16, 3.0 wt%
dRha-C16-C16, 3.0 wt%
Nonane, 0.6 wt%
salinity, 5.0 wt%

(d)

dRha-C16-C16, 6.0 wi% (e)
salinity, 4.9 wt%

dRha-C10-C10, 6.0 wt%
Nonane, 0.6 wt%
salinity, 5.0 wt%

Rha-C10-C10, 6.0 wt%
Nonane, 1.2 wt%

Figure 10. Association of calcium ions with the micelles. (a—c) Distribution of calcium ions (in red) in the vesicles. The presentation style for
surfactants and oil is the same as in Figure 2, and oil is shown in orange. Panel (c) contains two types of surfactants, where mRL is shown in white and
dRL is shown in purple. Dynamic bonds are drawn for calcium beads and acid beads. Panels (d)—(f) contain dynamic bonds in yellow bars, illustrating

the association of nearby carboxyl acids and calcium ions within 3 r..

the formation of smaller aggregates as the extra head groups are
better solvated.

3.6. Effects of Multivalent lons. It is shown that
multivalent ions have a dominant effect on the conformations
of ionic surfactants, especially at the oil—water interface.”® For
all of the systems that mimic brine conditions in this study, the
association between carboxyl acids and calcium ions is stronger
than that between carboxyl acids and sodium ions. As illustrated
in Figure 10a, most calcium ions (red beads) are distributed
around the micelles, with some ions associated with the charged
acid beads in the hydrophilic subdomain. Such characteristics
are also found in the application of RL in contaminated soil
washing, where the metal ions form complexes with RL.> Figure
10a—c illustrates the cross-sectional area of vesicles formed by
pure and mixed RL with oil molecules. It is observed that the
calcium ions are adsorbed in the hydrophilic subdomain both
outside and inside of the hydrophobic subdomain of the vesicle.
Therefore, calcium ions also contribute to the formation of
micelles.

The distributed calcium ions between the two nearby
aggregates also play a role in affecting the local structure and
the formation of the equilibrium structure of micelles. As shown
in Figure 10d—f, the yellow bars illustrate the association of
nearby carboxyl acids and calcium ions within 3 r. The
electrostatic attractions between the calcium ions and the
carboxyl groups bridge the nearby aggregates, thus lowering the
stability of the individual micelle, as shown in Figure 10d,e. Even
for long, wormlike micelles presented in Figure 10f, the bridging
effects of calcium ions and the hydrophilic domain of the
micelles control the configuration in the aggregate. These
interactions result in twisted wormlike micelles and the
interconnective framework instead of elongated cylindrical
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micelles along one dimension. As also suggested by the
structural analysis, the RL systems, especially with C10-tails,
maintain a limited asphericity.

Figure 11a illustrates the distributions of calcium ions around
the charged surfactant heads for pure RL solutions. The long
tails of C16-RL drive the aggregation of spherical shape, which
results in more populated negatively charged head groups at the
micelle—solution interface. The alignment of the head groups
leads to a higher local electronic density that attracts more
calcium ions, as suggested by the higher peaks in Figure 11a.
C10-RL systems tend to form wormlike aggregations, and the
calcium ions are distributed between the nearby aggregates. As
shown in Figure 11b, these behaviors are consistent with the
systems at the S/O ratio of 10 for both pure RL and mixed RL
solutions. To conclude, the calcium ions alter the local structure
of the aggregates formed by different RL congeners, which may
affect the surface-acting properties and mechanical properties.”'

4. SUMMARY AND CONCLUSIONS

Dissipative particle dynamics simulations have been performed
to predict the self-assembly of rhamnolipid surfactants and oil
molecules in water and brine. Four RL congeners with different
tail lengths and numbers of head groups are examined along with
their mixtures. We explored the morphologies of oil-swollen
micelles at different surfactant concentrations, surfactant-to-oil
ratios, and salinities. The saline solution contains ions of
multivalency to mimic the situation where oil recovery takes
place in brine. Micellar properties are quantified based on the
radius of gyration and the asphericity of the aggregates.
Simulation results show that all of the four congeners form
small ellipsoidal aggregates in water with an aggregation number
less than 25. The size of the aggregates grows with salinity as a
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Figure 11. RDF of A bead (acid) and K bead (calcium) for (a) four
different congeners in brine conditions (line colors are the same as
those in Figure 4), and (b) oil-swollen micelle of pure and mixed RL
solutions. Blue-dashed lines show the mixed C16-RL and C16-dRL, and
the gray-dashed line shows the mixed C10-RL and C10-dRL.

result of the electrostatic interactions between the ionized heads.
In the brine conditions, the micellar structure is dominated by
the surfactant tail length, where the RLs with C10-tails tend to
form elongated wormlike shapes, and RLs with C16-tails prefer
the spherical clusters including vesicles. Regardless of the
salinity, dRLs show much smaller aggregation numbers than
RLs. The extra hydrophilic heads require more solvation, leading
to a higher equilibrium area at the aggregate interface.
Consequently, smaller clusters are formed, which agrees with
the previous studies.'”*"%

In addition to the structure of the congeners, the divalent
calcium ions are found to be influential to the morphologies of
the aggregates. The bridging effects of the multivalent ions at the
oil—surfactant—water interface’® ™' are observed. For small
aggregates, the association between calcium ions and the
charged surfactant heads decreases the stability of the individual
micelle. However, it may lead to the formation of bicelles or
wormlike micelles. The calcium ijons around the elongated
wormlike micelle also affect the growth of the micelle. For the
vesicular clusters, calcium ions are adsorbed at both sides of the
interface of the aggregates with the ionized heads. These
phenomena are also found in the applications of RL for
removing heavy metals in contaminated soil.
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As oil is present in the system, RLs are able to form oil-swollen
micelles. The nonane molecules are distributed in the
hydrophobic subdomain and packed with the tails of the
surfactant, while the micelles of each congener maintain their
structure as in pure RL cases. All RL congeners have the ability
to form oil-swollen aggregates for the S/O up to unity, and no
dissociated oil molecules are observed in the solution. The
aggregates of Rha-C10-C10 retain their ellipsoidal structure in
the water systems and wormlike structures in the brine systems.
When mixing mRL with dRL, the structures of the aggregates
associated with oil fall between those of mRL/oil and dRL/oil,
and the equilibrium morphologies are determined by the
interplay of the congener structure and the composition of the
RL mixtures. These observations may be helpful for designing
future RL-based washing technology in the process of enhanced
oil recovery.
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