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Abstract

We studied the micellar and solubilizing properties of aqueous solutions of

unfractionated rhamnolipids produced by Pseudomonas aeruginosa. We used

nuclear magnetic resonance (NMR) diffusometry, dynamic light scattering,

and conductometry to measure the critical micelle concentration (CMC) of

rhamnolipid solutions and determined the effective hydrodynamic radii of

rhamnolipid monomers and micelles. Based on selective measurements of the

self-diffusion coefficients of molecules, performed by NMR diffusometry, the

solubilizing properties of rhamnolipids were studied depending on their con-

centration in solution; aromatic hydrocarbons, benzene, toluene, ethylben-

zene, and para-xylene were taken as solubilizates. On the basis of the

measurement results, we estimated the distribution coefficient of the solubili-

zate between the micellar (solubilized) and free (in the aqueous phase) states

and the solubilizing capacity of rhamnolipid micelles.
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1 | INTRODUCTION

Rhamnose lipids or rhamnolipids (RLs) are biological
surfactants[1–4] of the glycolipid class, produced by
Pseudomonas aeruginosa. RLs have been studied
extensively because of their unique physicochemical
and biological properties.[5–7] RLs are used in
environmental remediation,[8,9] bioremediation and soil
washing,[10,11] biodegradation of hydrophobic organic
compounds,[12] food production,[13] cosmetics, and
pharmaceuticals.[14–16] The ability of RLs to solubilize
and enhance the degradation of organic compounds is
exploited in soil reclamation after oil and oil product
spills[17,18] and for remediation of soils contaminated

with heavy metals.[10,19–21] Compared with synthetic sur-
factants, RLs have significantly lower toxicity and high
biodegradability.[22]

RLs contain a hydrophilic head of one or two rham-
nose groups and a hydrophobic tail of one or two
3-hydroxy fatty acids chains (Figure 1). RLs are non-ionic
surfactants with high surface activity, emulsifying ability,
low surface tension, and low critical micelle concentra-
tions (0.01/0.2 g/L).[5,6,17,23–26] At concentrations above
the critical micelle concentration (CMC), RLs in aqueous
solutions form micelles, vesicles, or lamellae,[24,25,27–29]

depending on their concentration, pH,[30] and the pres-
ence of electrolytes[31–33] and organic substances.[34] RL
micelles are able to solubilize lipophilic organic

Received: 16 January 2023 Revised: 18 February 2023 Accepted: 22 February 2023

DOI: 10.1002/mrc.5337

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2023 The Authors. Magnetic Resonance in Chemistry published by John Wiley & Sons Ltd.

Magn Reson Chem. 2023;61:345–355. wileyonlinelibrary.com/journal/mrc 345

https://orcid.org/0000-0003-4131-9934
https://orcid.org/0000-0002-4273-3443
https://orcid.org/0000-0002-6810-1882
mailto:andrei.filippov@ltu.se
https://doi.org/10.1002/mrc.5337
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/mrc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmrc.5337&domain=pdf&date_stamp=2023-03-01


compounds (aliphatic, aromatic hydrocarbons, polycyclic
aromatic hydrocarbons).[35–40] Foam flotation[41] and
micellar ultrafiltration[42] methods use RLs to extract
inorganic pollutants Cd and Cr[43–45] from aqueous
media, including industrial effluents.

The effectiveness of RLs in the processes of soil reme-
diation and wastewater treatment is explained by their
high solubilizing ability and their ability to transfer
organic compounds into bacterial cells, contributing to
their further biodegradation. Note that binding of hydro-
phobic organic compounds by RLs is also observed in the
pre-micellar concentration range.[31,46,47]

A well-known source of soil, air, and water pollution
are products of decomposition and refining of oil. These
volatile aromatic hydrocarbons (benzene, toluene, ethyl-
benzene, and xylene isomers [BTEX])[48] and polycyclic
aromatic hydrocarbons (PAHs)[49] have pronounced car-
cinogenic, mutagenic, and teratogenic effects; therefore,
their maximum permissible concentrations in air, water,
and soil are strictly regulated.[50] The concentration of
BTEX and other hazardous organic compounds in the
environment is monitored by chromatography, mass
spectroscopy combined with microextraction.[51,52] Bio-
logical decomposition of BTEX compounds,[12,53,54]

adsorption[55,56] using carbon nanotubes as a sorbent,[57]

photocatalytic decomposition,[58] and electrochemical
decomposition methods[59] are used to clean up and
restore contaminated areas.

Nuclear magnetic resonance (NMR)
diffusometry[60–62] with a pulsed magnetic field gradient
and Fourier transform of the spin echo signal[63–65] is an
effective, non-destructive method for studying multicom-
ponent solutions of liquids, including surfactant solu-
tions.[66,67] This method makes it possible to measure the
diffusivities of molecules of all components of the
solution in one experiment without introducing any
changes to the system under study, for example, by using
radioactive isotopes in the traced atom method. The pos-
sibility of performing NMR on different nuclei,[68] using
mathematical processing of diffusion decays in the case
of overlapping spectral lines,[69–71] makes NMR

diffusometry a unique method for studying the dynamic
and structural properties of solutions.[66,72]

In this work, we used NMR diffusometry, dynamic
light scattering, and conductometry to study the micellar
and solubilizing properties of RLs in aqueous solutions
containing BTEX compounds at concentrations corre-
sponding to limiting solubilities. In mixtures of liquids, in
micellar solutions, NMR diffusometry makes it possible
to measure the self-diffusion coefficients of molecules of
individual components, micelles, and aggregates. This
allows, based on the Stokes–Einstein relation[73] with cer-
tain assumptions and corrections,[74] one to draw conclu-
sions about the sizes, shape, and composition of diffusing
particles. By comparing the diffusivities of BTEX mole-
cules and of RL micelles, we calculated the solubilizate
distribution parameters between the aqueous and micel-
lar media and the solubilization capacities of micelles
depending on the concentration of RLs in solutions from
0.05 to 200 g/L. NMR diffusometry, dynamic light scatter-
ing, and conductometry were used to determine the CMC
of RLs in aqueous solutions. All measurements were per-
formed at a temperature of 298 K.

2 | MATERIALS AND METHODS

2.1 | Materials

RLs were purchased from Merck (Germany). It is a mix-
ture of mono- and di-RLs produced by AGAE Technolo-
gies LLC, Corvallis, Oregon, 97333, USA. The content of
RLs in the powder was more than 90%. No additional
purification and fractionation were performed. All BTEX
hydrocarbons (benzene, toluene, ethylbenzene, and para-
xylene) were of chemically pure grade.

All solutions for NMR measurements were prepared
in deuterated water, D2O (Sigma, degree of substitution
99.9%). Solutions of BTEX at the limiting solubility were
prepared by adding excess amounts of BTEX to D2O,
thoroughly mixing and allowing to settle for several days.
Using deuterated water made it possible to exclude the

FIGURE 1 Molecular structure of (a) mono-rhamnolipid and (b) di-rhamnolipid.
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intense line of water from the 1H NMR spectra. Solutions
for dynamic light scattering (DLS) and conductometry
were prepared in ordinary distilled H2O.

2.2 | NMR spectroscopy and NMR
diffusometry

1Н NMR spectra, spin–lattice relaxation times Т1, and
self-diffusion coefficients of molecules were recorded and
measured on a Bruker Avance NMR spectrometer with a
resonance frequency of 400 MHz for protons. The self-
diffusion coefficients of BTEX molecules, water, and RL
micelles were measured by the pulsed magnetic field gra-
dient method using a stimulated spin echo pulse
sequence.[62] The amplitude of the stimulated spin echo
signal is given by

A τ,τ1,g,δð Þ/ exp � 2τ
T2

� τ1
T1

� �
exp �γ2δ2g2Dtd

� �
, ð1Þ

where Т1 and Т2 are spin–lattice and spin–spin NMR
relaxation times, respectively; τ and τ1 are time intervals;
γ is the gyromagnetic ratio for protons; g and δ are ampli-
tude and duration of the pulse field gradient pulses,
respectively; D is the diffusion coefficient; and td =
(Δ � δ//3) is the diffusion time, Δ = (τ + τ1).

In the measurements, the magnitude of the impulse
gradient was varied, gmax = 2–4 T/m; the other param-
eters were not changed and amounted to τd = 50 ms,
number of scans NS = 4. The preliminarily measured

time of spin–lattice relaxation of oxyethylene protons
of RL was ≈0.5 s; in accordance with this, the time
between successive scans was set to RT = 5 s. Diffusion
decays were processed, and diffusion coefficients were
determined using Bruker TopSpin 3.5 software. The
coefficients of self-diffusion of RLs were determined
from the decays of the integral intensities of the proton
lines of the methylene groups. The 1Н NMR spectrum
of RLs in a saturated solution of benzene is shown in
Figure 2. As can be seen from Figure 2, the spectral
lines of aromatic protons of benzene (as well as
other representatives of BTEX) do not overlap with
the spectral lines of the methylene groups of RLs,
which greatly simplifies the processing of diffusion
decays.

Diffusion decays are dependences of ln(A) on γ2δ2g2td.
Diffusion decays obtained for RLs at high concentrations
in water in the absence of (0.6–20 g/L) and in the pres-
ence of BTEX (0.6–200 g/L) were non-single linear in
form (Figure 3). At the same time, the diffusion decays of
other components (water and BTEX) in all solutions at
all concentrations of RLs were linear. The nonlinearity of
diffusion declines in RLs can be explained by their com-
plex fractional composition, which is a mixture of mono-
and di-RLs with variations in the length and degree of
branching of fatty acid chains.[75–77] Due to different
translational mobility and different values of D of differ-
ent fractions, the resulting diffusion decay of the echo
signal becomes nonlinear. The presence of RL monomers
and micelles in solution can also lead to nonlinear

FIGURE 2 1H nuclear magnetic resonance (NMR) spectrum of

rhamnolipids in a saturated solution of benzene: (1) line of

aromatic benzene protons, (2) line of residual water protons,

(3) line of methylene protons of rhamnolipid. T = 298 K.
FIGURE 3 Diffusion decays of 1H nuclear magnetic resonance

(NMR) spectrum lines of methylene protons of rhamnolipids in

D2O solutions at concentrations of the RLs from 20 to 0.0781 g/L.

T = 298 K.
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diffusion decays in the case of a slow (on the NMR scale)
exchange of molecules between the micellar and mono-
meric forms.[78,79] Processing of nonlinear diffusion
decays for RLs was performed in two ways: (a) by the ini-
tial parts of the decays and (b) by decomposition into two
exponentials.

The slopes of the initial parts of the diffusion decays
can be used to determine the effective diffusion coeffi-
cients of RLs, assuming that the initial parts of the decays
contain information about all fractions and aggregates.[80]

Decomposition of the nonlinear decay into a sum of two
or more exponential ones makes it possible to determine
the diffusion coefficients and the relative fractions of
individual forms (monomers, micelles and other aggre-
gates, aggregates). For reliable decomposition, it is neces-
sary that the dynamic range of the decay of the spin echo
signal be at least one order of magnitude, and diffusion
coefficients of individual forms must differ significantly
from each other:

A τ,τ1,g,δð Þ/A0

X
Pi exp � 2τ

T2i
� τ1
T1i

� �
exp �γ2δ2g2Ditd

� �
,

ð2Þ

where Pi and Di are the fraction and the diffusion coeffi-
cient of the ith fraction, respectively.

2.3 | Dynamic light scattering

The sizes of micelles and aggregates in aqueous H2O
solutions of RLs were also measured by DLS using a Zeta-
sizer Nano-ZS (Malvern Instruments, Ltd., Malvern,
U.K.). An He�Ne laser with λ = 632.8 nm was used.[81]

The dynamic light scattering (also known as PCS—
photon correlation spectroscopy) method[82] is based on
the measurement of temporal fluctuations of light scat-
tered by particles (micelles, aggregates) with sizes of
0.6 nm to 6 μm performing Brownian motion in a micel-
lar solution. The relationship between the size of a parti-
cle and its velocity due to Brownian motion is defined in
the Stokes–Einstein equation. The measurements were
performed in disposable sizing cuvettes. The samples
were equilibrated for 5 min prior to measurement. There-
after, three consecutive measurements were performed at
a 1-min interval to ensure that the system had reached
the steady state. The DLS data were analyzed by the
cumulant method. The particle diameter values obtained
from the size distribution by volume presented in the
results are the average of three replicates. Before mea-
surements were taken, RL solutions obtained by succes-
sive dilutions were kept for 2 days.

2.4 | Conductometry

The concentration dependence of the specific electrical
conductivity of surfactant solutions at C = CMC has a
characteristic kink[83,84] due to an increase in particle size
upon transition from the molecular to micellar state. In
measurements of the electrical conductivity of RL solu-
tions, a cell with a two-point arrangement of electrodes
was used; the measuring cell was calibrated using stan-
dard solutions of potassium chloride. To eliminate the
effects of polarization of electrodes, we used an RLC
APPA 701 AC conductometer with operating frequencies
from 100 Hz to 100 kHz.

3 | RESULTS AND DISCUSSION

3.1 | CMC of RLs in aqueous solutions

Methods for determining the CMC of surfactants are
based on characteristic changes (kinks) in the surface or
bulk properties of surfactant solutions during the transi-
tion from the monomeric, molecular state of surfactants
to the aggregated, micellar state. The formation of
micelles is preceded by the region of the premicellar
state.[85,86] The determination of the CMC of RLs in aque-
ous solutions is mainly carried out by changing the sur-
face tension coefficient,[5,24,25,77] measured by changes in
density, viscosity, or electrical conductivity[26] and

FIGURE 4 Coefficients of diffusion of rhamnolipid molecules

depending on the concentration of rhamnolipid in an aqueous D2O

solution at 298 K. (The results of two independent series are

presented as circle and square symbols.)
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calculated theoretically.[23] Micellization in surfactant
solutions is also studied using NMR by analyzing changes
in the characteristics of spectral lines, the magnitude of
the chemical shift and the width and shape of the line,
and the dependences of diffusion coefficients of surfac-
tant molecules on concentration, temperature, the pres-
ence of co-surfactants, and other components of the
solution.[66,67,72] We have measured the CMC of RLs in
aqueous solutions by NMR diffusometry, dynamic light
scattering, and conductometry.

The result of a decrease in the mobility of RL mole-
cules during the transition from the monomeric to micel-
lar state is a sharp decrease in the effective diffusion
coefficient, which is determined from the initial
section of the diffusion decay, Figure 4. The break point
of the dependence of the effective diffusivity on the con-
centration of RL in solution, corresponding to C = CMC,
is observed at C ≈ 0.35 g/L.

Figure 5 shows the results of decomposition of diffu-
sion decays into two exponential components corre-
sponding to the monomeric and micellar state of RLs in
solutions. The decomposition procedure was performed
using the spectrometer software TopSpin.[87] At
CRLs < 0.35 g/L, the decays are single exponential, which
corresponds to the monomeric state of RLs. At
CRLs > 0.35 g/L, the decays become non-exponential, and
they are well-described by two exponents corresponding
to the monomeric and micellar states. At CRLs > 0.35 g/L,
the relative fraction of micelles increases, and the relative
fraction of monomers decreases with increasing RL

concentration. The transition from the monomeric to
micellar state apparently occurs at С ≈ 0.35 g/L.

The transition from the monomeric, molecular state
of RLs in solution to the micellar, aggregated state can be
detected by the change in the size of the kinetic units
(monomers or micelles) formed by RLs. The so-called
effective hydrodynamic radii of particles can be obtained
from the results of NMR diffusometry and using the
method of dynamic light scattering. Both methods use
the hydrodynamic Stokes–Einstein relation to calculate
particle sizes[73]:

R¼ kT
6πηD

, ð3Þ

where k is the Boltzmann constant and η is the dynamic
viscosity of the solvent. The calculations are carried out
in the approximation of the spherical shape of the diffus-
ing particles; accordingly, the resulting radius is the effec-
tive hydrodynamic radius.

NMR diffusometry makes it possible to determine the
effective sizes of both monomers and micelles. The
dynamic light scattering method is insensitive to mono-
mers but provides information about aggregates with
sizes much larger than those of micelles. The latter task
is problematic for the NMR method, due to errors in the
decomposition of the diffusion decay into the sum of
exponentials, small diffusion components of the aggre-
gates, and their low fractions. It can be argued that the

FIGURE 5 Diffusion coefficients (open symbols) and relative

fractions (closed symbols) of monomers (circle) and micelles

(square) in aqueous D2O solutions. T = 25�С.

FIGURE 6 Effective hydrodynamic radii (open symbols) and

fractions (closed symbols) of monomers (circle) and micelles

(square) in aqueous D2O solutions according to the results of NMR

diffusometry. T = 25�C.
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methods of NMR diffusometry and dynamic light scatter-
ing complement each other.

Based on the values of diffusion coefficients of mono-
mers and aggregates obtained by NMR diffusometry, by
decomposition, the diffusion decays into a sum of two
exponentials. Using relation (3), we calculate the effective
hydrodynamic radii of monomers and aggregate RLs in
solution. The value of the coefficient of dynamic viscosity
of heavy water at 298 K is taken as equal to
1.138 mPa s.[88] The results are presented in Figure 6.

According to the results of NMR diffusometry, the
effective hydrodynamic radii of monomer RLs are 0.7–
0.8 nm; calculations by the atomic increment
method[73,89] give a value of ≈0.53 nm. The effective
hydrodynamic radii of RL micelles are in the range of
2.1–2.4 nm. The CMC value is easily determined by the
characteristic breaks on all curves and is approximately
0.35 g/L.

According to the results of DLS measurements in
Figure 7, aggregation of RLs molecules in aqueous H2O
solutions is already detected at relatively low concentra-
tions C ≈ 0.001 g/L. In the entire range of concentrations,
RL molecules form both micelles and aggregates, the
sizes of which significantly exceed the sizes of micelles.
Effective hydrodynamic diameters of micelles at
C ≤ 0.05 g/L average 20 nm and at C ≥ 0.05 g/L average
about 100 nm. The effective hydrodynamic diameters of
aggregates increase monotonically from 70 nm at
C = 0.001 g/L to 700 nm at C = 8 g/L. With an increase
in the concentration of RLs, changes in the relative

proportions of micelles and aggregates are observed; at
low concentrations, micelles predominate, and at high
concentrations, aggregates predominate. The concentra-
tion range of 0.01–0.1 g/L corresponds to the transition
from one supramolecular structural form to another,
from micelles to aggregates.

We can note the qualitative agreement between the
results of estimating the sizes of micelles obtained by
NMR diffusometry and DLS. According to NMR

FIGURE 7 Hydrodynamic diameters (open symbols) and

fractions (closed symbols) of micelles (circle) and aggregates

(square) in aqueous D2O solutions according to the results of DLS

measurements. T = 25�C.

FIGURE 9 Diffusion coefficients of rhamnolipid, benzene, and

water in aqueous D2O solutions depending on the concentration of

RLs in the solution and fraction of solubilized benzene molecules.

T = 298 K.

FIGURE 8 Electrical conductivity of aqueous (H2O) solutions

of rhamnolipids. T = 298 K.
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diffusometry, the formation of micelles and an increase
in their shape at С ≈ 0.1–0.3 g/L are observed. According
to DLS data, the formation of large aggregates is observed
in the same region, and their fraction increases with the
concentration of RLs in solution. The results of DLS mea-
surements are shown in Figure 9.

Figure 8 shows the results of measurements of the
electrical conductivity of aqueous solutions of RLs in
ordinary (H2O) water at 298 K, performed at a frequency
of 100 Hz. The inflection point of the dependence of the
electrical conductivity on the concentration of RLs in the
solution, corresponding to the critical micelle concentra-
tion, is observed at C = 0.33 g/L.

The results of measurements of CMC RLs by NMR
diffusometry, dynamic light scattering, and electrical con-
ductivity are in good agreement with each other, with the
average CMC value at 298 K being �0.34 g/L. In their
work,[90] da Silva et al. draw attention to a significant
spread in the CMC values of mono-, di-RLs and their
mixtures obtained from different samples and by differ-
ent methods at concentrations from 1 to 400 mg/L. For
example, in the works of other authors, CMC values are
indicated for RLs: 0.4–0.45 mM,[24] 71.5 mg/L,[25]

�80 μM,[31] 150 μM,[32] 45 mg/L.[33]

3.2 | Solubilizing properties of micellar
solutions of RLs

The NMR diffusometry method is effectively used to
study solubilization processes, that is, the processes of
introducing substances insoluble or poorly soluble in
water into micelles, leading to an increase in their condi-
tional solubility and use for their extraction.[91] We used
this method to study the solubilizing properties of RLs in
aqueous solutions. Substances of the BTEX group (ben-
zene, toluene, ethylbenzene, and xylene) were used as
solubilizates. The initial concentrations of BTEX corre-
sponded to their limiting solubilities, and all measure-
ments were performed at 298 K.

By measuring diffusivities of all components in an
aqueous solution of surfactant + solubilizate, one can
answer the question of how the solubilizate is distributed
between the bound (as part of micelles) and free
(in water) states. In such a two-phase model, the diffusiv-
ity of the solubilizate molecules in solution is represented
as[70,91]

DS ¼ p �Dmic
S þ 1�pð Þ �Dfree

S , ð4Þ

where р is the fraction of the solubilizate molecules in
micelles and Dmic

S and Dfree
S are diffusivities of molecules

of solubilizate in micelles and in free state in the solution.
Therefore,

p¼ Dfree
S �DS

Dfree
S �Dmic

S

: ð5Þ

At Сsurf > CMC, diffusion coefficient Dmic
S can be

taken as the measured D of the surfactant. Accordingly,
Dfree

S can be set equal to the D of the solubilizate in solu-
tion, measured in the absence of a surfactant or with a
surfactant Сsurf <CMC.

Figure 9 shows the results of measurements of the dif-
fusion coefficients of individual components in an aque-
ous D2O solution of RLs with benzene depending on the
concentration of the RL. In the absence of micelles at
C < CMC, the self-diffusion coefficients of benzene mole-
cules and RLs remain constant. At C > CMC, micelles
are formed, which leads to a decrease in the diffusion
coefficient of RL. Simultaneously with the formation of
micelles, the SDC of benzene decreases, which indicates
the solubilization of benzene molecules by micelles. As
the concentration of RLs increases, D of benzene
approaches that of micelles, indicating a high degree of
solubilization of benzene by micelles. The proportion of
benzene molecules solubilized by micelles increases from
zero at C ≤ CMC to 0.92 at a concentration of RL
C = 160 g/L.

Similar measurements of the diffusivities of individ-
ual components were carried out in aqueous D2O

FIGURE 10 Diffusion coefficients of rhamnolipid, toluene,

and water in aqueous D2O solutions depending on the

concentration of rhamnolipid and the fraction of solubilized

molecules of toluene. T = 298 K.

ARKHIPOV ET AL. 351

 1097458xa, 2023, 6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/m

rc.5337 by L
ulea T

ekniska U
niversitet, W

iley O
nline L

ibrary on [20/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



solutions of RLs in the presence of other representatives
of BTEX: toluene, para-xylene, and ethylbenzene. The
results of measurements and the results of calculations of
the fraction of solubilized molecules are shown in
Figures 10–12.

As can be seen from Figures 9–12, diffusion coeffi-
cients of BTEX molecules in all solutions at C < CMC are

equal to the Ds of the corresponding BTEX measured in
BTEX solutions in D2O in the absence of RLs. At
C > CMC, with an increase in the concentration of RLs
in solutions, Ds of BTEX sharply, by almost an order of
magnitude, decrease and become equal to the Ds of RLs
at high concentrations. Therefore, in all solutions at
C > CMC, solubilization of BTEX by RLs micelles is
observed, whereas at C < CMC, solubilization is not
observed. At the same time, water molecules are bound
by micelles to a much lesser extent; Ds values of water
molecules remain constant and do not depend on the
presence and concentration of RLs in solution. Only at
high concentrations of RLs, due to an increase in hydro-
dynamic interactions with micelles, a slight decrease
(within 10–20%) of the diffusivity of water is observed. At
high concentrations of RLs, about 200 g/L, the fraction of
solubilized BTEX molecules is close to 100%; almost all
BTEX molecules are in a solubilized state in RL micelles.

The solubilization characteristics of RLs with respect
to substances of the BTEX group are summarized in
Table 1, where, in addition to the fraction of solubilized
molecules p, the micelle-water partition coefficient Km

and molar solubilization ratio MSR are also indicated.
The micelle-water partition coefficient Km is equal to the
ratio of the number of moles of solubilizate in micelles to
the number of moles of solubilizate in the aqueous
phase:

Km ¼ p
1�p

: ð6Þ

The molar solubilization ratio MSR is equal to the
ratio of the molar concentration of solubilized molecules
Сmic
sol to the molar concentration of surfactants in the

micellar state Сmic
surf :

MSR¼ Cmic
sol

Cmic
surf

¼ p �Ctotal
sol

Ctotal
surf �CMC

, ð7Þ

where Сtotal
sol and Сtotal

surf are total molar concentrations of
solubilizate and surfactant in solution.

Our results can be compared with the results of previ-
ous works[38–40] devoted to studies of the solubilization of
aromatic hydrocarbons using RLs. The results[38,39]

showed that the solubilities of naphthalene, phenan-
threne, and pyrene increased linearly with the rise of the
RL biosurfactant dose above the biosurfactant critical
micelle concentration. It has been established that the
effectiveness of solubilization is influenced by factors
such as biosurfactant concentration, pH, ionic strength,
and temperature. Using spectrophotometry, investigation

FIGURE 11 Diffusion coefficients of rhamnolipid,

ethylbenzene, and water in aqueous D2O solutions depending on

the concentration of rhamnolipid in solution and fraction of

solubilized molecules of ethylbenzene. T = 298 K.

FIGURE 12 Diffusion coefficients of rhamnolipid, para-

xylene, and water in aqueous D2O solutions depending on the

concentration of rhamnolipid in the solution and the fraction of

solubilized molecules of para-xylene. T = 298 K.
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of solubilization of PAHs (Nap, Phe, and Py) by single
and binary mixed RL–sophorolipid biosurfactants gives
MSR values in the range of 0.01–1.[40]

For instance, the results[35] show that the apparent
solubility of the four alkanes (decane, dodecane, tetrade-
cane, and hexadecane) increases linearly with the
increase of di-RL concentration at di-RL concentrations
below CMC. The solubilization potential of di-RL indi-
cated by the molar solubilization ratio (MSR) is higher at
sub-CMC than at hyper-CMC concentrations, with the
MSR for n-dodecane equal to 2.91,[46] and for n-
hexadecane equal to 5.2.[37]

4 | CONCLUSIONS

We studied the micellar and solubilizing properties of
unfractionated RL in aqueous solutions at a temperature
of 298 K at RL concentrations from 0.0195 to 156 g/L.
The compounds of the BTEX group (benzene, toluene,
ethylbenzene, and xylene) were studied as solubilizates,
where the initial concentrations corresponded to their
limiting solubilities in water. Volatile aromatic hydrocar-
bons, degradation and refining products of oil are soil, air
and water pollutants. Removing BTEX from the environ-
ment is an urgent task. The use of biological surfactants,
including RLs, for the purpose of micellar extraction of
pollutants is dictated by their low toxicity and high biode-
gradability compared to synthetic surfactants.

The CMC values of the RLs used in this work were
determined at 298 K by NMR diffusometry, dynamic light
scattering, and conductometry. Within the error limits of
the measurement methods, CMC ≈ 0.35 g/L. Taking into
account the spread of CMC values for mono-, di-
ramnolipids and their mixtures, the value obtained here
is in good agreement with the literature data. Based on
the results of NMR diffusometry using the Stokes–
Einstein relation, the effective hydrodynamic radii of
molecules and micelles RLs were calculated, and the

relative content of micelles and aggregates in solution
was estimated. The conclusions of NMR diffusometry
agree qualitatively with the results of DLS. According to
NMR diffusometry and DLS data, micelles form in the
concentration range С ≈ 0.1–0.3 g/L. According to DLS
data, the formation of large aggregates is observed in the
same region, the fraction of which increases with an
increase in the concentration of RLs in the solution.

The solubilizing properties of micellar solutions of
RLs with respect to BTEX compounds were studied by
NMR diffusometry, which makes it possible to selectively
measure diffusivities of molecules of individual compo-
nents in solution—water, solubilizate, and RLs. Different
or close values of diffusivities of BTEX molecules and
RLs micelles allow us to draw conclusions about the
occurrence of solubilization and its effectiveness. The for-
mation of micelles at C > CMC is reflected in a decrease
in D of RL, simultaneously with the formation of
micelles. D of the solubilizate decreases, which indicates
solubilization of its molecules by micelles. In all solu-
tions, solubilization of BTEX compounds is observed,
starting from the concentration of RLs ≥ CMC. With an
increase in the concentration of RLs up to �100–200 g/L,
the solubilizate is completely contained in the micelles.
The distribution coefficient of the solubilizate between
the aqueous and micellar phases was determined based
on the results of selective measurements of diffusivities
in solutions of RLs in D2O water in the presence of sub-
stances of the BTEX group.
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