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ABSTRACT: Molecular behavior of rhamnolipid mixed with a biobased 0] RH1/EAS mixture

zwitterionic surfactant at an n-hexadecane/water interface has been Ax10¢]

studied, and the effects of a rhamnose moiety and composition are _ . .1 -0
evaluated. Results showed that rhamnolipid abundantly interacts with g 310 :|um=0.5
biobased surfactant EAB by means of hydrophobic interactions between 2 ™ . gy
aliphatic tails and electrostatic interactions between headgroups, “ “4x101 -,,:;09
including the attractive interaction between COO™ of rhamnolipids 10 [ P
and N* of biobased surfactants and the repulsive interaction between  -6x10° s T T < < N n
COO™ of both surfactants. Dirhamnolipid has a larger number of bound o Q;%o Q;?‘(" ef?b & & ,\R‘("
Na* and a more stable bound structure of COO~ ~ Na*, which screens <& g <& <& & & &

the repulsive interaction between two kinds of surfactants and shows a

more homogeneous distribution with biobased surfactants. The interfacial tension between n-hexadecane and water has been
synergistically reduced by dirhamnolipids mixed with biobased surfactants at a higher molar ratio of biobased surfactants.
Monorhamnolipids show a strengthened interaction with N* of biobased surfactants and a more stable hydrogen bond with water
relative to that of dirhamnolipids, and there is no synergistic effect in lowering the interfacial tension for the mixture of
monorhamnolipids and biobased surfactants. The present work provides details of the molecular behavior of biosurfactant
rhamnolipids mixed with biobased surfactants and obtains the key factor in affecting the interfacial properties of the binary system.

B INTRODUCTION there were differences in the adsorption and surface chemistry
of rhamnolipid homologues. A single isolated rhamnolipid
does not fully represent the adsorption behavior of molecules,
because in reality, molecules are adsorbed in a tightly packed
monolayer, and the behavior of a single surfactant is also
affected by the interaction of other surfactants around in the
molecular structure, two types of surfactants have two or more
ionic properties of cation, anion or nonion at the same time.*
The surfactant can be ionized in aqueous solution, which will
reflect the properties of its anionic surfactant in one solution
but may show the properties of cationic surfactants in another
solution. Betaine’ is a common amphoteric surfactant, which
has good resistance to hard water, foaming, bactericidal,
biodegradation and other characteristics, and good temper-
ature and salt resistance.® It is one of the important surfactants
for oil displacement in high-temperature salt reservoirs, which
can effectively reduce the oil/water interfacial tension and
greatly improve oil recovery in the tertiary recovery.

Biosurfactants have attracted increasing attention due to their
good interfacial activities in recent decades and become an
alternative to synthetic surfactant. Rhamnolipids are one of the
typical glycolipid biosurfactants and show structural diversities
even from the same microbe and in the culture condition. It
has been reported that rhamnolipids exhibit a synergistic effect
in lowering liquid/liquid interfacial tension, micellization in
solution, and adsorbing at the liquid/solid interface when
mixing with synthetic surfactants and even other biosurfac-
tants, which indicates a wide application of rhamnolipids
combined with other surfactants in the industrial field that
refer to the reduction of interfacial tension, emulsification,
dispersion, and wetting alternation."

Small-angle neutron scattering and neutron reflectivity
results’ showed that monorhamnolipids are mixed close-to-
ideal with sodium dodecyl 6-benzenesulfonate (LAS) at the
air—water interface, while LAS strongly partitions to the air—
water interface relative to dirhamnolipids, probably due to the
larger structure of dirhamnolipids. Synergistic adsorption of
the rhamnolipid/LAS mixture, even the monorhamnolipid/
dirhamnolipid/LAS ternary mixture, was found at the air/water
interface.

When Euston” et al. studied the adsorption of rhamnolipids
by means of molecular dynamics simulation, they found that
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Figure 1. Chemical structures and topologies of rhamnolipids, RhaC,,C;, (RHA) and Rha,C,,C;, (RHT), and biobased surfactants N-
erucicamidopropyl-N,N-dimethyl carboxylbetaine (EAB). All the molecular structures are shown with VMD.°
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Figure 2. Strategy in simulating the individual surfactant monolayer and mixed surfactant monolayer at the n-hexadecane/aqueous solution

interface.

Erucic amidopropyl betaine contains a long carbon chain in
its molecular structure, which can effectively reduce the oil/
water interfacial tension and form micellar gel of different
strengths in salt solution or acid/alkali solution and can be
used for acid thickening, clean fracturing fluid, and other
aspects. Therefore, erucic amidopropyl betaine can be
formulated into a variety of excellent oil and gas field working
fluids, which has a huge demand in oil and gas field
development.

In addition to lowering the air—water interface tension,
rhamnolipids have been reported to primarily control the
surface elasticity behavior when mixing with the commercially
important zwitterionic surfactant cocamidopropyl betaine
which leads to performance enhancements in terms of foam
stability, and the rhamnolipid was proved to be the component
in the mixture that tends to dominate at the air—water
interface.” As for in solution, solubilization capabilities of
rhamnolipids and synthetic nonionic surfactant Triton X-100
have been evaluated,® and the aqueous solubility of

36656

phenanthrene increased linearly with the total concentration
of the rhamnolipid/Triton X-100 mixture, which would extend
the rhamnolipid application. However, the difference in
structure of rhamnolipid affecting the interfacial properties of
binary system from the view of an atomistic level is still limited.

In the present study, two typical rhamnolipids, mono-
rhamnolipid-C10C10 (RHA) and dirhamnolipid-C10C10
(RHT), are used to mix with the biobased surfactant, N-
erucicamidopropyl-N,N-dimethyl carboxylbetaine (EAB), to
form a mixed monolayer at the n-hexadecane/aqueous solution
interface, and the interaction between the rhamnolipid and
biobased surfactant has been investigated from the aspect of
the structure of the monolayer, the spatial distribution of two
kinds of surfactant, and the bound pairs formed between
surfactants and between surfactants and solvation/cations. The
present work aims to provide molecular details about how
differences in the rhamnolipid structure affect the molecular
behavior of the binary system.

https://doi.org/10.1021/acsomega.3c02253
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Table 1. Number of Species and the Box Size in Molecular Dynamics Simulation

no. RHA RHT EAB
1 25X 2 / /

2 / 25 X 2 /

3 / / 64 X 2
4 18 X 2 / 18 X2
S / 20 X 2 20 X 2
6 12 X2 / 36 X2
7 / 11 x2 33 X2
8 6 X2 / S4X2
9 / 7 X2 63 X2

Na* Cl- x (nm) y (nm)
NY / 5.76112 4.77338
Ny / 4.5940S5 7.50971
128 128 4.22078 5.45871
72 36 4.60890 5.70201
80 40 4.75328 7.32125
96 72 4.60890 5.67598
88 66 4.5940S5 5.89023
120 108 4.60890 5.64994
140 126 4.5940S5 7.03954

B COMPUTATIONAL METHODS

The extended and all-trans conformation of the aliphatic tail
was adopted to present the initial topology structure of RHA,
RHT, and EAB surfactants (Figure 1). All of the individual
simulation systems were constructed by the following steps
(Figure 2). A box of simple point charge water” with a density
of 0.9867 g/mL was generated first with a specific size in x and
y directions (details in Table 1), and the water box was
enlarged in the z axis to obtain two vacuum spaces. Then, two
surfactant layers were arranged onto the two vacuum/water
interfaces with their carboxyl groups dissolved in water. The
molecular areas of RHA, RHT, and EAB were set as 1.10, 1.38,
and 0.36 nm?, respectively, according to experimental results.
Na" and a certain amount of NaCl were introduced into the
system by randomly replacing water, and the two vacuum
spaces were further filled with n-hexadecane molecules with a
density of 0.462 g/mL. As for the mixed system, two
monolayers of RHA or RHT were first created, and certain
amounts of RHA or RHT were randomly replaced by EAB
molecules to obtain the mixed monolayer with a specific
concentration of EAB (agsp).

Energy minimization was carried out using steepest descent
method, and a 50 ns NPT simulation (323.2 K at 101.325 kPa)
was performed after a short NVT simulation (298.2 K, 400 ps),
which was followed by a short NPT simulation (298.2 K at
101.325 kPa, 200 ps). Detailed numbers of different species in
each simulation system are shown in Table 1.

All the simulations were performed by Gromacs 4.6.7,° and
OPLS-AA force fields” were employed, as formula, where 1y is
the distance between atom i and atom j, and ¢; and o;; are the
energy and size parameter. Temperatures were controlled by
coupling to a thermostat using the v-rescale method'"'* with a
time constant of 0.1 ps. Berendensen and Parrinello—Rahman
were used to maintain the semi-isotropic pressures of the
systems in the 200 ps and the following 20 ns NPT
simulations, respectively. The electrostatic interactions were
calculated using the particle mesh Ewald method.” Cut-off
radius for van der Waals and the real part of electrostatic
interactions were 1.0 nm. All bonds were constrained with the
LINCS algorithm. Thermodynamic equilibrium states were
determined by monitoring the energies of the whole systems,
and the last 20 ns trajectories, which have achieved
equilibrium, with an interval time of data output of 1 ps
were used for analysis. A 500 ps simulation was carried out for
each system based on the final configuration of the 50 ns NPT
simulation, and the trajectories were saved every 10 fs for the
studies of dynamics of hydrogen bonds and the bound pairs
between the surfactant and the cation.

12 6
0jj 0jj
UG = 4e| 2| - |2
Tij T

B RESULTS AND DISCUSSION

Interfacial Properties of Surfactant Monolayers.
Density distributions of the surfactant at the n-hexadecane/
water interface (Figures 3a and S1) show that EAB has a much
wider distribution along the normal to the interface in
dependent on the composition of the mixed system, which
can be attributed to the long and linear molecular structure.
Headgroups of EAB go deep into water relative to that of
rhamnolipid, and the aliphatic chain of EAB extended more
into oil. Distributions of Na* focus at the interfacial region in
the systems with lower ag,p, and overlap with the distributions
of COO™ from both EAB and rhamnolipid, which indicating
the abundant interaction between Na® and COO~ of
surfactants (Figures 3b and S2). Superiority distribution of
Na" at interface vanish when the value of ag,p increasing to
0.75, implying that abundant interaction between different
species of surfactants occurred instead of interaction between
surfactant and Na'.

It can be observed that the distribution of the aliphatic tail of
RHA covers the distribution of the headgroup, either in the
individual RHA system or RHA/EAB binary systems.
However, there is no complete overlap between distributions
of the headgroup and aliphatic tail for RHT. These results
suggest that the two rhamnose rings in RHT enhanced the
hydrophilic property of the headgroup and orient deeply into
water comparing with the two fatty acid chains. From the
aspect of interfacial tension, synergistic effects happened in
agap = 0.5 RHA/EAB system, and the RHT/EAB system with
agap = 0.75 and 0.9. Interactions between surfactant molecules
and between surfactants and cations/water are further studied
to illustrate the synergistic effects in lowering the interfacial
tension (Figure 4).

Interactions between Surfactant Molecules. It is
clearly shown in Figure Sa that the location of the first peaks
of the radial distribution functions of negative and positive
moieties of EAB, COO7, and N* around the COO™ group of
RHA is nearly the same as those around RHT. It means that
RHT distributed more homogeneously with EAB within the
mixed monolayer, as shown in Figure 5b, although there is one
more rhamnose ring in RHT comparing with the RHA
molecule. It can be concluded that the COO™ group in
rhamnolipids show close spatial distributions with both COO™
and N* in EAB, which suggests that there is abundant
interaction between COO™ of rhamnolipid and COO™ of EAB,
between COO™ of the rhamnolipid and N* of EAB. The
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Figure 3. (a) Density distributions of water, n-hexadecane, surfactant,
surfactant headgroup, and aliphatic tails in RHA/EAB and RHT/EAB
systems, where agp,s = 0.5; (b) density distributions of Na* (top,
colors in dark to light denote that the values of ag,p are 0, 0.5, 0.75,
and 1, respectively), oxygens in the carboxyl group of RHA (middle,
colors in dark to light denote that the values of agp are 0, 0.5, and
0.75, respectively), and oxygens in the carboxyl group of EAB
(bottom, colors in dark to light denote that the values of ag,p are 0.5,
0.75, and 1, respectively) in RHA/EAB systems.
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Figure 4. Interfacial tensions of n-hexadecane/aqueous solution along
with the composition of the mixed monolayer.

former is definitely repulsive, and the latter is attractive. From
the height of the peaks in radial distribution function curves,

Figure S. (a) Radial distribution function of oxygens (left) and
nitrogen (right) in the carboxyl group of EAB with respect to the
oxygens in the carboxyl group of RHA (dashed) or RHT (solid);
black, red, and blue denote ag,p = 0.5, 0.75, and 0.9, respectively. (b)
Morphologies of the mixed monolayer of agap = 0.5 RHA/EAB (left)
and agpyg = 0.5 RHT/EAB (right) systems. For clear display, RHA,
RHT, and EAB molecules are shown in orange, purple, and gray,
respectively.

the number of N* in EAB around the COO™ of RHA is more
than those around the COO™ of RHT at the same a@g,p, which
means that more attractive interactions exist between RHA and
EAB. As for the number of COO™ in EAB around the COO™
of rhamnolipid, there is more COO~ of EAB around the
COO™ of RHA than those of RHT when agag = 0.5. As atppp =
0.75, the nearby number of COO™ is almost the same in both
RHA/EAB and RHT/EAB systems. When ag,p increases to
0.9, the number of COO™ in EAB around COO™ of RHT is
obviously larger than those of RHA, which might be the factor
leading to the lowest interfacial tension of ag, = 0.9 RHT/
EAB system. Quan et al. found that when AuNPs were in low
surface charge density, hydrophobic contact between the
membrane core and the hydrophobic part of the ligand
induced by lipid protrusion played a major role in the ability of
AuNPs to penetrate the membrane core; when the AuNP has a
high surface charge density, the attractive electrostatic
interaction is dominant."*

In addition to the abundant electrostatic interaction between
the headgroups of the surfactant, hydrophobic interactions
between surfactant hydrophobic tails is another factor in
affecting the intermolecular interaction within the mixed
monolayer. Judging from the similar order parameter of
hydrophobic tails, there are hydrophobic interactions between
the rhamnolipid tail and EAB tail (Figures 6a and S3). The two
aliphatic tails of RHA have nearly the same order parameter in
individual RHA and mixed RHA/EAB systems, which means
that the two tails have the same orientation, as shown in Figure
6b. Comparing with RHA, the two aliphatic tails of RHT have
different order parameters, both values being smaller than
those of RHA, which meant a more homogeneous orientation,
as shown in Figure 6¢.
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Figure 6. (a) Order parameters of vectors in the surfactant headgroup
and aliphatic tail; (b) typical molecular orientation of RHA and EAB
at the oil/water interface in ag,z = 0.5 RHA/EAB system; (c) typical
molecular orientation of RHT and EAB at the oil/water interface in
agap = 0.5 RHT/EAB system.

Order parameters of the two vectors in the RHT headgroup
are close to —0.5, which means that the two rhamnose rings
orient parallel to the interface. RHT has one more rhamnose
ring than RHA, the larger headgroup anchoring at the oil/
water interface, and has the orientation parallel to the interface.
However, the huge structure of the headgroup makes RHT
have a larger interfacial area, and the RHT aliphatic tails
cannot fulfill the corresponding volume that is adjacent to oil.
As a result, the RHT and EAB tails are disordered. Hess"®

obtained the critical micelle concentration (cmc), value of
surface tension at cmc (7., ), minimum area occupied by per
surfactant molecule (A,,;,), and maximum adsorption capacity
(Ta) RHA and RHT from their surface tension curves. The
calculation results indicate that the A ;, of RHA is slightly
smaller than that of RHT, but the I',,, of RHA is greater than
that of RHT. Due to the small number of hydrophilic head
groups, RHA is hydrophobic and easily adsorbed to the
surface. In addition, due to the smaller molecular weight of
RHA compared to RHT, the packing density of RHA
molecules at the interface is higher than that of RHT
molecules. The A_;, of RHA is small, and its I',, is greater
than RHT. With the increase of ag,p, the orientation of EAB
tails within the mixed RHT/EAB monolayer becomes more
ordered and tilts at the interface. Especially in the agag = 0.9
mixed RHT/EAB monolayer, EAB tails nearly perpendicular to
the interface.

Interactions between the Surfactant and Na*/Water.
The number of water molecules that are hydrogen bonded to
the carboxyl group of EAB, N,, slightly reduces from 2.34 to
2.45 to 2.20, but N, of RHA shows a 28.9% increase (Table 2).
N,, of RHT shows values similar to those of N, of RHA in the
mixed system with the same ag,p. Headgroups of EAB going
deep into water make it have more hydrogen-bonded water
molecules, and the wider exposure of the headgroup to water
results in the resistance of N,, to composition change. As for
the structure of hydrogen bonds formed between the carboxyl
group and water, structural relaxation time of all the hydrogen
bonds, 7, increases with the ag,p, indicating that the structural
stabilities of hydrogen bonds are strengthened. Structural
stability of hydrogen bonds formed between RHA and water
changes dramatically, and the value of 7 is more than 2-fold
longer when o,y increases from 0 to 0.9. It demonstrates that
RHA interacts with solvent water more stable when mixing
with EAB.

Numbers of Na® that are bound to carboxyl groups of
surfactants to form ion pair decrease with increasing agap
(Table 3).">'® Numbers of bound Na* of EAB in RHA/EAB
systems are similar to those in RHT/EAB systems. However,
the reduction of bound Na* of RHT shows less reduction,
37.5%, relative to that of RHA, 60.4%. As shown in Figure 7a,
the intermittent time correlation functions for the bound pairs
between the carboxyl group of RHT and Na* relax more slowly
than those formed between RHA and Na*. More bound Na*
and the more stable bound structure between Na* and RHT
suggest the screen of the repulsive interaction between
headgroups both from RHT or from RHT and EAB. These
results are in accordance with the homogeneously distributed
structure of the RHT/EAB monolayer obtained above.

Attractive interactions between rhamnolipid and EAB occur
frequently with the increasing ap,p because the bound pairs
between the carboxyl group from rhamnolipids and N* of EAB
increase, especially in the mixed RHA/EAB systems (Table 3).
As shown in Figure 7b, the intermittent time correlation
functions for the bound pairs between the carboxyl group of
RHA and N* of EAB relax slowly than those formed between
RHT and EAB."” More bound pairs and the more stable
bound structure between COO~ and N* indicate the more
abundant and strengthened attractive interaction between
RHA and EAB when compared with those between RHT and
EAB.
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Table 2. Number of Water Hydrogen Bonded to Carboxyl Groups of RHA/RHT/EAB, N,, and the Structural Relaxation Time

of Hydrogen Bonds between Water and Surfactants, 7 (ps)

0

RHA/EAB system N,, of RHA 1.14
N, of EAB

RHT/EAB system N,, of RHT 1.43
N, of EAB

RHA/EAB system 7 of RHA-H,0 31.63
7 of EAB-H,0

RHT/EAB system 7 of RHT-H,O 37.37
7 of EAB-H,0

QgaB
0.5 0.75 0.9 1
1.30 1.40 1.47
2.34 2.36 2.26 2.20
1.29 1.37 1.48
2.4S 2.33 2.27 2.20
44.71 72.68 105.51
39.80 42.98 69.38 89.58
4821 61.44 77.87
41.52 61.71 64.98 89.58

Table 3. Number of Na* Bound to Carboxyl Groups of
EAB/RHA/RHT and the Bound Pairs of the Carboxyl
Group of Rhamnolipids and N* of EAB

RHA/EAB RHT/EAB
agyg EAB-Na® RHA-Na® RHA-N* EAB-Na® RHT-Na®* RHT-N*
0 0.53 0.48
0.5 0.30 047 1.5§ 0.17 0.47 1.16
0.75 0.24 0.30 2.97 0.22 0.45 2.42
0.9 0.18 0.21 4.40 0.19 0.30 391
1 0.14 0.14

(a) 1.0

50 200

0.7

100 150 200

t(ps)

Figure 7. (a) Intermittent time correlation functions for the bound
pairs between oxygen in the carboxyl group of RHA (dashed) /RHT
(solid) and Na* in agyy = 0.5 (black) and agsp = 0.75 (red) mixed
systems. (b) Intermittent time correlation functions for the bound
pairs between oxygen in the carboxyl group of RHA (dashed) /RHT
(solid) and N* in EAB of agap = 0.5 (black), apag = 0.75 (red), and
agap = 0.9 (blue) mixed systems.
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B CONCLUSIONS

Rhamnolipids as a kind of biosurfactants attract more attention
due to their structural diversities, good interfacial properties,
and renewable sources. The relationship between its structure
and property becomes a key topic for researching and applying
rhamnolipids. Molecular dynamics simulation has been

36660

employed to investigate the molecular behavior of typical
rhamnolipids, RhaC,;,C,;, and Rha,C,,C,;, mixed with
biobased surfactants at the n-hexadecane/water interface,
which cannot be easily studied using the traditional
experimental method.

Comparing with the structure of monorhamnolipids,
dirhamnolipids have one more rhamnose ring, which enables
the molecule to have a larger number of bound Na* and more
stable bound structures of COO~ ~ Na*, which screens the
repulsive interaction between two kinds of surfactants and
shows more homogeneous distribution with the biobased
surfactant. Accordingly, the dirhamnolipids mixed with the
biobased surfactant show a synergistic effect in lowering the
interfacial tension between n-hexadecane and water at a higher
molar ratio of the biobased surfactant. However, mono-
rhamnolipids mixing with biobased surfactants have no
synergistic effect in lowering the interfacial tension, although
it shows strengthened interactions with N* of the biobased
surfactant and a more stable hydrogen bond with water relative
to that of dirhamnolipids. The results of this work provide
insights into the effect of the rhamnolipid structure on the
interfacial properties of the binary system of rhamnolipids and
biobased surfactants.
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