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Abstract

Solubilization of n-decane, dodecane, tetradecane and hexadecane by
monorhamnolipid biosurfactant (monoRL) at concentrations near the critical micelle
concentration (CMC) was investigated. The apparent solubility of all the four alkanes
increases linearly with increasing monoRL concentration either below or above CMC.
The capacity of solubilization presented by the molar solubilization ratio (MSR),
however, is stronger at monoRL concentrations below CMC than above CMC. The
MSR decreases following the order dodecane > decane > tetradecane > hexadecane at
monoRL concentration below CMC. Formation of aggregates at sub-CMC monoRL
concentrations was demonstrated by dynamic light scattering (DLS) and
cryo-transmission electron microscopy examination. DLS-based size (d) and zeta
potential of the aggregates decrease with increasing monoRL concentration. The
surface excess (/) of monoRL calculated based on alkane solubility and aggregate
size data increases rapidly with increasing bulk monoRL concentration, and then
asymptotically approaches the maximum surface excess (/ max). Relation between I”
and d indicates that the excess of monoRL molecules at the aggregate surface greatly
impacts the surface curvature. The results demonstrate formation of aggregates for
alkane solubilization at monoRL concentrations below CMC, indicating the potential
of employing low-concentration rhamnolipid for enhanced solubilization of

hydrophobic organic compounds.

Keywords: biosurfactant, monorhamnolipid, n-alkane, critical micelle concentration,
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solubilization, aggregation

1. Introduction

Biosurfactants are amphiphilic molecules produced by microbes. They have the
properties of typical surfactants, such as lowering interfacial tension, wetting surface,
foaming, and causing solubilization or emulsification of hydrophobic organic
compounds (HOCs). Due to their advantages over synthetic surfactants, e.g. low
toxicity," high degradability and environmental compatibility,' and high efficiency,™’
biosurfactants have received increased use for many applications in areas such as
chemical manufacturing, pharmaceuticals, contamination remediation, etc.’
Solubilization of organic compounds is one of the key functions for these applications
of biosurfactants. For example, biosurfactant-enhanced aquifer remediation for
removal of nonaqueous-phase-liquid HOCs is primarily based on the mechanism of
solubilization.”

Solubilization of HOCs by surfactants has been studied extensively at high
surfactant concentrations, i.e. higher than critical micelle concentration (CMC).7'14
Micelles are considered to be of spherical shape with three zones for solubilization:
the core, the corona, and the core-corona interface.'™ '° It is typically assumed that
solubilization enhancement of hydrophobic compounds only occurs at surfactant
c 116,17

concentrations higher than CM

The results of some studies, however, showed that surfactants also solubilize
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HOC:s at sub-CMC concentrations. For example, result of our prior study showed that
synthetic surfactants SDBS and Triton X-100 enhanced solubilization of hexadecane
at concentrations below CMC based on an aggregate formation mechanism.'® There is
evidence of similar behavior for biosurfactants, with Zhang and Miller reporting that
solubility of octadecane was enhanced by rhamnolipid biosurfactant at sub-CMC
concentrations. It is interesting to note that the enhancement was much more
significant at concentrations below the CMC than at concentrations above CMC.® It
was assumed that this sub-CMC enhancement of octadecane solubilization was due to
the decrease of water-octadecane interfacial tension.® In our prior study of hexadecane
solubilization by rhamnolipids, similar results were also observed.'” Research is
needed to delineate the mechanisms contributing to the sub-CMC solubilization
capability observed for biosurfactants. This information is also relevant for
commercial application of biosurfactants in terms of cost effectiveness.

To date rhamnolipid is the most extensively studied biosurfactant and has the
greatest application potential. Solubilization of n-alkanes by rhamnolipid at
concentrations near CMC was investigated in this study, with a focus on solubilization
behavior at concentrations lower than CMC. Monorhamnolipid (monoRL), a group of
rhamnolipid species with one rhamnose ring and two alkyl chains (Figure 1), was
used in this study. MonoRL is selected because it is the class of species that always
exists in rhamnolipid mixture and is the precursor for biosynthesis of dirhamnolipid.

Results of our prior study also showed that it appears to have stronger ability over
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dirhamnolipid and synthetic surfactants to enhance HOC solubilization at low
concentrations.>® Tt is considered an anionic surfactant under the experiment
conditions in this study due to the carboxyl group in the molecule (pK,=5.6 under
ambient temperature 2O). Four linear alkanes (i.e. n-decane, n-dodecane, n-tetradecane
and n-hexadecane) with different chain lengths were selected to represent HOCs. In
addition to n-alkanes solubility, characterizations of alkane-monoRL aggregates, such
as measurement of aggregate size and zeta potential and cryo-TEM-based observation
of aggregate morphology, were implemented. Finally, surfactant interface partition
theory, an assumption of spherical aggregates, and surfactant mass balance was used

to interpret the sub-CMC solubilization of the alkanes by the rhamnolipid.

ihddde (®
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decane ‘@

T gD o o N

=

[}

Q

S 92235 %
dodecane

tetradecane

monorhamnolipid hexadecane

Figure 1 Molecular structure of monoRL and the four n-alkanes.

2. Theoretical Background

Based on the classical model regarding the structure of alkane-surfactant
aggregates formed in solution for alkane solubilization, the aggregates are assumed to
be spherical, comprising the alkane residing in the core zone and a layer of surfactant

molecules on surface with their alkyl chains intermingling in the core with the alkane

6
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molecules. Rhamnolipid molecules reside in bulk solution or as the outer layer of the
aggregates, for which the partition can be described using Gibbs and Langmuir
adsorption equations 212 1 addition, the total mass of rhamnolipid in bulk solution
and as aggregates is equal to the mass of thamnolipid initially added. Based on these
assumptions, partition of rhamnolipid between bulk solution and aggregate phase at
solubilization equilibrium can be calculated using measures of interfacial tension and

aggregate size. The theoretical details can be found in ref. 18.

3. Materials and Methods
3.1 Materials

The monoRL biosurfactant (purity > 99.9%) was purchased from Zijin
Biological Technology Co., Ltd. (Huzhou, China). Constituent characterization of the
monoRL is described by Zhong et al.**. The monoRL comprises five species of
Rha-C,(-Cg, Rha-C;¢-Co.1, Rha-C1o-Ci9, Rha-C19-Ci5.1 and Rha-C;(-C;,, where the
abbreviation Rha-C,-C,.. represents the individual component with x and y as the
carbon atom number of each alkyl chain in the lipid moieties, and z as the number of
unsaturated bonds in lipid moieties. Rha-C;¢-Cyq at the relative molar abundance of
75.5% is the major component.

The n-alkanes (n-decane, n-dodecane, n-tetradecane and n-hexadecane) (purity >
99%) were purchased from Sigma-Aldrich (St. Louis, Mo., U.S.). The selected

properties of the n-alkanes are listed in Table 1 and molecule structure is shown in
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128  Figure 1. n-Octane (purity > 95.0%) and HPLC grade ethanol were purchased from
129  Damao Chemical Reagent Co. Ltd. (Tianjin, China). All other chemicals were of
130  analytical grade and used as received. Ultra-pure water with electrical resistivity of
131 18.2 MQ-cm produced by UPT-II -40 (Ulupure, Chengdu, China) was used
132 throughout the experiment. Phosphate buffer (PBS, 1.24 g/ KH,PO, and 1.35 g/L
133 K,HPO4-3H,0, pH 6.8) was used as the background electrolyte solution for monoRL
134 solubilization. It provides a stable concentration of counterions, which is important
135  for application of the Gibbs adsorption equation for monoRL with ionic nature. In this
136  PBS buffer, the degree of dissociation for the monoRL is 94% based on pK, of 5.6 20
137  Such a high degree of dissociation also supports the assumption that the monoRL is
138  anionic and resides only in bulk solution or at interface in this study.
139
140  Table 1. Selected properties of n-alkanes and the alkane-PBS interfacial partitioning
141  coefficients for monoRL
142
Molstcule Wa.te.r C log Ko Densitzr ¢ et % o A
n-Alkane  Formula  weight solubility (25°C) (g/em’, @M)  (m¥mol) (molm?) (nmd)
(¢/mol)  (uM, 25°C) 250c) M
decane CioHa 142 0.37 5.01 0.73 150 0.98x10° 3.1x10°  0.54
dodecane  CioHag 170 0.02 6.10 0.75 155 1.81x10° 2.9x10°  0.58
tetradecane  C14Hsp 198 0.01 7.20 0.76 169 0.74x10°  3.6x10°  0.46
hexadecane  CjsH34 226 0.0004 8.25 0.77 152 0.57x10° 4.1x10°  0.41
143 “ Solubilities of n-alkanes are reported by NCBI (ref. 25-28)
144’ Octanol-water partition coefficient (K, ) values of n-alkanes from NCBI (ref. 25-28)
145  “ Relative density (water=1) of n-alkanes from NCBI (ref. 25-28)
146 “(Critical micelle concentration (CMC) for monoRL biosurfactant in the presence of
147  n-alkanes obtained by n-alkane/PBS interfacial tension measurement (CMC obtained
148 by surface tension measurement in the absence of n-alkanes is 166 pM)

149
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3.2 Surface and interfacial tension measurement

Interfacial tension between alkane and monoRL solutions with designated
monoRL concentrations was measured at 30°C with a tensiometer (JZ-200A, Chengde,
China) using the Du Noiiy Ring method.” In brief, 15 mL of monoRL solution in
PBS was prepared in a 50 mL glass beaker. 15 mL of alkane was then carefully added
to the top of the monoRL solutions without disturbing the solution. Before the
interfacial tension was measured, the beaker was kept at 30°C for half an hour to
allow partitioning of monoRL to the water-alkane interface to reach equilibrium. The
measurements were reproducible, with the difference of duplicate measurements
within £0.2 mN/m. For reference purposes, the surface tension (interfacial tension

between air and solution) of the monoRL solution was also measured.

3.3 Solubilization of n-alkane by monoRL

For each n-alkane-monoRL combination, 50 ulL. of alkane was pipetted and
spread on the bottom of a 25-mL glass flask. 10 mL of monoRL solution in PBS was
then added to the flask and incubated on a reciprocal shaker at 30°C, 120 rpm for 24 h
to allow the solubilization to reach equilibrium (result of a preliminary test showed
that alkane solubility did not change after 24 h). The flasks were allowed to stand for
2 h for phases to separate, then 4 ml of aqueous solution saturated with only
pseudo-solubilized hexadecane was separated using the method described by Zhong et

al.’” 1 mL of the collected samples was removed for alkane concentration
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measurement, and another 2 mL was used for measurement of size and zeta potential
of the aggregates. The alkane concentration was measured using gas chromatography
(Agilent GC 6890N) following the procedures described by Zhong et al."’. A control
containing 10 mL monoRL solution and no alkane was used to quantify loss of
monoRL due to adsorption to the inner wall of the flasks.

The size and zeta potential of aggregate particles were measured using a
ZEN3600 Zetasizer Nano (Malvern Instruments, U.K.). The particle size was
determined based on the method of dynamic light scattering (DLS) at 633 nm with
He-Ne laser working on a 4 mV power. 1 mL of sample was loaded to the DTS-0012
cell and maintained at 30°C. The scattered light was collected by receptor at angle of
173° from light path. The size of the aggregates was expressed in terms of
hydrodynamic diameter, which was calculated by using the software associated with
the instrument. To obtain the zeta potential of the aggregates, approximately 1 mL of
sample was loaded to the DTS1060 folded capillary cell and the electrophoretic
mobility of the aggregate particles was measured at 30°C under automatic voltage
using laser Doppler velocimetry with M3-PALS technique to avoid electroosmosis.
The measured data was converted into corresponding zeta potential applying the

Helmholtz-Smoluchowski equation.™

3.4 Cryo-Transmission Electron Microscopy (cryo-TEM) observation of

hexadecane-monoRL aggregates

10
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A 4 pL drop of solubilized hexadecane solution was placed on a copper grid, and
then sent to a FEI Vitrobot sample plunger. The excess sample was removed with
filter paper. The grid was then immediately plunged into a bath of liquid ethane and
transferred to a bath of liquid nitrogen. The samples were stored in a GATAN model
cryo-transfer unit in liquid nitrogen. The morphology of surfactant-hexadecane
aggregates was viewed with a Tecnai F20 cryo-transmission electron microscope (FEI,

Hillsboro, Oregon) at 120 kV.

4. Results and discussion
4.1 CMC and interfacial partitioning parameters

The dependence of air-PBS and n-alkane/PBS interfacial tension on monoRL
concentration is presented in Fig. 2a. CMCs calculated using the method described by
Zhong et al.*" are presented in Table 1. The CMCs of monoRL obtained using surface
tension or interfacial tension measurements are similar to each other, showing that the
non-aqueous phase (air or alkanes) has little impact on CMC. An average CMC of
158+9 uM is obtained.

The interfacial tension data at sub-CMC monoRL concentration are well fitted by
equation (3) in ref.18 (Fig. 2b). The Langmuir adsorption constant (K), maximum
interfacial access (/max), and minimum area per molecule (4,,) obtained for the
adsorption are summarized in Table 1. K decreases following the order dodecane >

decane > tetradecane > hexadecane. Alkyl chain length of the monoRL is similar to

11
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that of dodecane and decane (Figure 1), which may be favorable for hydrophobic
interaction between monoRL and alkane molecules at the interface and hence lower
Gibbs energy, resulting in a stronger partitioning of monoRL at the interface for
dodecane and decane. However, [ .y is larger (4,, is smaller) for tetradecane and
hexadecane, showing that when the adsorption is saturated the monoRL molecules are

more compacted at the interface for long-chain alkanes.
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Figure 2 (a) The air-PBS and n-alkanes/PBS interfacial tension as a function of
monoRL concentration. (b) Interfacial tension-concentration relation regression at

monoRL concentrations below CMC using Szyszkowski equation (Equation (3) in

ref.18).

monoRL concentration, C (uM)
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4.2 Solubilization of n-alkanes by monoRL

Apparent solubility of alkanes as a function of total monoRL concentration, Cy,
is shown in Fig. 3. For all four alkanes, the solubility is enhanced at monoRL
concentrations below CMC. The apparent solubility of each alkane increased linearly
with monoRL concentration at different rates below and above CMC.

The solubilization capacity of a surfactant for a HOC is presented by the molar
solubilization ratio (MSR), which is defined as the increase of solubilized HOC
concentration (mol/L) per unit increase of surfactant concentration (mol/L) in the
solution, or the slope of the linear solubilization curve.’? The MSR for the four
alkanes are listed in Table 2. MSR for all of the four alkanes are significantly higher at
monoRL concentration below CMC than above CMC. Similar results were observed
for octadecane solubilization by monoRL,* and hexadecane solubilization by SDBS
(also an anionic surfactant)'®.

These observations indicate a difference in modes of alkane solubilization below
and above CMC. The MSR decreases following the order dodecane > decane >
tetradecane > hexadecane at monoRL concentrations below CMC (Table 2), which is
the same as the order for K. This indicates a relationship between alkane
solubilization and interfacial partitioning of monoRL. It is worth noting that the MSR
for hexadecane solubilization by the monoRL at sub-CMC concentrations (2.55) is

larger than that for SDBS (0.84) and Triton X-100 (1.90)'%, indicating higher

13
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solubilization efficiency of biosurfactant monoRL over synthetic surfactants. This is

probably due to the presence of the double alkyl chains in the monoRL molecule.
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Figure 3 (a) Apparent n-alkanes solubility (Cyk) versus monoRL total concentration
(Cp). Two sets of regressions represent data for below and above the CMC. (b)
Zoom-in for Cy-Cy relation for Cy lower than CMC. Error bars show mean =+

standard deviation.

Table 2. The molar solubilization ratio (MSR) for alkane solubilization by monoRL

MSR
Below CMC Above CMC

n-Alkane

14
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decane 5.73 0.29
dodecane 8.28 2.91
tetradecane 3.27 0.94
hexadecane 2.55 0.89

4.3 Size and zeta potential of aggregates

The formation of aggregates was detected by aggregate size measurement using
the DLS method. A single peak is observed for the number-based particle size
distribution profile, indicating formation of one consistent size of aggregate (Fig.4).
The aggregates are observed directly with cryo-TEM, and the spherical aggregate
morphology is confirmed (Fig. 5). Also, the size of the aggregates as measured by
cryo-TEM is similar to the DLS-measured size. The aggregates shown by cryo-TEM
do not appear when hexadecane is equilibrated with aqueous solution without
monoRL (data not shown).

For all four alkanes, the DLS particle size first decreases rapidly with increase of
Co, and then stabilizes with increase of Cj to above CMC (Fig. 6). By comparing
between alkanes, it is observed that the aggregates size at monoRL concentration of
CMC decreases following the order decane = dodecane > tetradecane > hexadecane.
This order is in contrast to the order of /1,.x for these four alkanes, which is decane =

dodecane < tetradecane < hexadecane (Table 1).

15
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275  Figure 4 Number distribution of aggregate particles for solubilization of dodecane

276  and hexadecane by monoRL at concentration of 30 uM and 750 puM.

aggregate

277

aggregate

278

279  Figure 5 Cryogenic-transmission electron microscopy (cryo-TEM) images showing
280  aggregates for the solubilization of hexadecane by monoRL at monoRL concentration

281  of 30pM (below CMC) (a) and 750uM (above CMC) (b).
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Figure 6 DLS aggregate size (diameter, d) versus the total monoRL concentration (C)

for the n-alkanes solubilization. Error bars show mean + standard deviation.

Zeta potentials of the aggregates are shown in Fig. 7. The aggregates are
negatively charged. The change of zeta potential with increase of Cj exhibits a similar
trend for all four alkanes. It decreases rapidly with increase of Cpto CMC, and then

stabilizes or decreases slowly with further increase of monoRL concentration.
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Figure 7 Zeta potential of aggregates versus the monoRL total concentration (Cyp) for

the n-alkanes solubilization. Error bars show mean + standard deviation.
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4.4 Partitioning of monoRL and its relation with aggregation

No emulsion of alkanes in the presence of monoRL was observed in the
experiments. Adsorption of the monoRL to the inner wall of the flask was minimal
(data not shown). Because very limited volume of alkanes (50 pL, see Materials and
Methods section) was used, partition of monoRL to the alkane phase, or to the
interface between the floating mass of alkane and the aqueous phase (less than 1 cm’
in contrast to the magnitude of 10 ~10% cm? for the total surface area of the aggregates
according to calculation below), was minimal. Therefore, the monoRL can be
assumed to reside either in bulk aqueous solution or in the aggregates. Due to the
extremely low water solubility and high octanol-water partition coefficient (Koy) of
these four alkanes (Table 1), the amount of freely-dissolved alkane in bulk aqueous
phase is minimal and all the solubilized alkane is assumed to be associated with the
aggregates. Hence, based on the spherical aggregate assumption, the aggregate
surface excess, I, and the bulk concentration, Cy, of monoRL monomer were
calculated by applying equation (2) and (5) in ref.18 using /.« and K previously
obtained.

For all four alkanes, a linear relationship between the apparent solubility of
alkane, Cy, and Cy, is observed with increase of Cy, to CMC (Fig. 8a). This is similar
to the relationship between C, and C; (the total monoRL concentration in solution)
(Fig. 3). By comparing the slopes of the C,-Cy profiles at Cy below CMC with those

of the Co-Cy, profiles (5.7 versus 7.5 for decane, 8.3 versus 10.8 for dodecane, 3.3
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versus 5.3 for tetradecane, and 2.55 versus 6.3 for hexadecane), the percentage of the
aggregate-associated monoRL is calculated to be 24%, 23%, 38%, and 59% of the
total for decane, dodecane, tetradecane, and hexadecane, respectively. Note that the
aggregate size for hexadecane is significantly smaller than that for the other three
alkanes at Cy lower than CMC. The higher surface area for smaller particles is
responsible for the enhanced partition of monoRL to the aggregates, in spite of the
fact that the K and C, for hexadecane is the smallest among the four alkanes.

The dependence of monoRL surface excess (/) and molecule area (4) versus Cy,
are presented in Fig. 8b. A rapid increase of /" and decrease of A4 with increasing Cy
are observed when Cy, is low. Further increase of Cy, causes asymptotic approach of I’
and A to Iy.x and Ay, respectively. More significant change of /" and 4 is observed for
the long-chain alkanes (tetradecane and hexadecane). Based on equation (2) in ref.18,
I is more sensitive to change of C,, with a smaller K. The K for four alkanes follows
the order dodecane > decane > tetradecane > hexadecane (Table 1). Thus, the most

significant change of /"and A4 over the broadest range of Cy, occurred for hexadecane.
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0. anﬂ;«:"’; R?=0.99
[z T T T T T T
0 20 40 60 80 100 120 140
C. (uM)

19



331
332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

New Journal of Chemistry

20
I for decane A Afor decane

5+ e r fordodecane o Afor dodecane b
m 7 fortetradecane o Afor tetradecane
w [ forhexadecane sy Aforhexadecane

A =Y
Yu s @ 8 W

[ & 3 A
3“1.‘ S0 o o 0 ° ® 412
)

6

surface excess, 7x10° (mol/m’)

~08
1] 8

area per monoRL molecule, A (nm’)

229 @ o4 9 S
V*G* %FE a B?E—p—EA il
T T T 7 T T T

0 20 40 60 80 100 120 140
C. (uM)

Figure 8 (a) Apparent solubility of n-alkanes (C,x) versus the monoRL bulk
concentration (Cy) at Cy, below CMC. (b) Surface excess (/) and molecule area (4) of
monoRL on the aggregates surface versus monoRL bulk concentration (Cy). Error

bars show mean =+ standard deviation.

As shown in Fig. 9, for all four alkanes, aggregate size, d, decreases with the
increase of monoRL surface excess in the aggregates, such that d approaches the
stabilized minimum aggregate size (dmin) as I approaches [ .. This result indicates
that the curvature of the aggregate surface increases with increasing surface excess of
monoRL molecules. Because monoRL is anionic and 94% of the monoRL molecules
dissociates in PBS, the presence of monoRL causes a negative aggregate surface
charge. Enhancement in electrostatic repulsion induces unequal rate of approach for
polar and hydrophobic moieties between molecules, and therefore an increase in
aggregate surface curvature (Fig. 10). Thus, the aggregate size, d, decreases with
increasing /. Zeta potential is a function of both particle size and surface charge

density.’®** 3> Therefore, it is essentially a function of /" and its change also exhibits
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an asymptotic decrease pattern at concentrations lower than CMC (see Figure 7).
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Figure 9 Aggregates diameter (d) versus surface excess of monoRL (/") at monoRL

bulk concentration (C,,) below CMC. Error bars show mean + standard deviation.

) n-alkane = = monorhamnolipid @ counterions
Curvature of aggregate surface at low and high monorhamnolipid

K, K, 3
concentration

Figure 10 Schematic diagram of alkane-monoRL aggregate formation at monoRL

concentration below CMC.

When monoRL concentration in bulk solution (Cy) is higher than CMC, I" at the
aggregate surface reaches /,.x and the size of aggregates reaches the minimum,
giving low efficiency for alkane solubilization. As a result, the MSR at monoRL
concentrations above CMC 1is significantly smaller than that for monoRL

concentrations below CMC.
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5. Conclusion

The results of this study demonstrated that monorRL biosurfactant at
concentrations lower than critical micelle concentration can enhance n-alkanes
solubilization. The results also support that such solubilization enhancement is caused
by an aggregate formation mechanism. Moreover, the solubilization enhancement at
sub-CMC concentrations is more significant for the alkanes with chain length similar
to monoRL alkyl chain length. This appears to be the first report delineating the
mechanism responsible for the sub-critical micelle concentration solubilization of

hydrophobic organic compounds by biosurfactant, which successfully explains

observations of sub-CMC solubilization of alkanes by rhamnolipid in prior studies (i.e.

ref. 8 and 19). The study is of importance for better understanding the solubilization
behavior of hydrophobic organic compounds by rhamnolipid and for economical
application of rhamnolipid biosurfactant in related areas. Future studies should aim at
testing sub-critical micelle concentration solubilization behavior of rhamnolipid for
other classes of hydrophobic organic compounds, and in other matrices such as

porous media.
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