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ABSTRACT: Selective measurements of the self-diffusion coefficients of molecules of
the biological surfactant rhamnolipid (RL) in individual aqueous solutions and in
solutions with phenol as a solubilizate were carried out by nuclear magnetic resonance
(NMR) diffusometry. Based on the obtained results, the solubilization characteristics of
RLs were calculated. They are the fraction of solubilized phenol molecules, the phenol
micelle−water distribution coefficient, the molar solubilization coefficient, the
hydrodynamic radii of RL monomers and micelles, the aggregation numbers of
micelles, and the solubilization capacity of micelles. Fraction of the solubilized phenol
molecules increases and approaches 80−90% with increasing RL concentration. The
solubilization capacity of the micelles increases from several units to 102 with an
increase in both the concentration of RLs and the concentration of phenol in solution.

1. INTRODUCTION
Due to their low toxicity, high degree of biodegradability, and
low cost, biological surfactants1−3 produced by living micro-
organisms are considered an attractive alternative to synthetic
surfactants, whose widespread use adversely affects the
environment. The most extensively studied types of bio-
surfactants are rhamnolipids (RLs) and sophorolipids.
Rhamnose lipids or rhamnolipids are biological anionic

surfactants4,5 belonging to a class of glycolipids produced by
Pseudomonas aeruginosa bacteria. Rhamnolipids contain a
hydrophilic head of one or two rhamnose groups and a
hydrophobic tail of one or two 3-hydroxy fatty acids chains
(Figure 1).
In aqueous solutions, at concentrations C higher than the

critical micelle concentration (CMC), rhamnolipids form
micelles6 capable to solubilize organic and inorganic
impurities: hydrocarbons,7 heavy metals,8 Cd,9 and Cr.10

Rhamnolipids are used in soil remediation technologies11,12

after oil and oil product spills and wastewater treatment.9,13

In our previous work,14 micellar solubilization by rhamno-
lipids of aromatic hydrocarbons, poorly soluble in water
(benzene, toluene, ethylbenzene, and xylene (a BTEX group)),
was studied. In this work, we use the capabilities of NMR
diffusometry to study micellar and solubilizing properties of
rhamnolipids in aqueous phenol solutions. Unlike substances
of the BTEK group, whose solubility in water is about 0.1 g/L,
the solubility of phenol is much higher, 65 g/L at 298 K. It has
been shown that at high RL concentrations, the fraction of
solubilized BTEX molecules is close to 100%, i.e., almost all
BTEX molecules are in the solubilized state in RL micelles.
The aromatic ring and hydroxyl group cause phenol to have
chemical properties that are characteristic of both alcohols and

aromatic hydrocarbons. Will phenol be solubilized by
rhamnolipid micelles and to what extent?
Phenols are dangerous and, unfortunately, widespread

anthropogenic environmental pollutants.15 Of particular
danger are the waste waters of oil refineries, coke-chemical
enterprises, pulp and paper mills, production of building
materials, rubber, adhesives, plastics, pesticides, phenol−
formaldehyde resins. The maximum permissible concentration
(MPC) of phenols in reservoirs and drinking water is strictly
regulated,16 with the content of phenol not to exceed 0.001
mg/dm3. Phenols, like other organic compounds of the
aromatic series, are detrimental to many microorganisms, so
industrial wastewater is difficult to treat biologically.
For the treatment of industrial wastewater, enzymatic

destruction of phenol by bacteria, catalytic oxidation and
ozonation, extraction, membrane, filtration, and adsorption
methods are used.17 Extraction methods are based on
surfactants as extractants can be divided into methods based
on cloud point extraction18 and methods using the micellar
solubilization phenomenon.19 The micellar extraction method
is based on the property of surfactant micelles to solubilize
organic compounds, metals, and other pollutants.
In this work, we studied the solubilization properties of RL

micellar solutions with respect to the simplest representative of
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the phenol class, hydroxybenzene C6H5OH. The efficiency of
the solubilization process and the solubilization characteristics
of RLs (micelle−water partition coefficient Km, molar
solubilization ratio MSR) were calculated based on the results
of selective measurements of the self-diffusion coefficients of
phenol, RLs, and water molecules, performed by NMR
diffusometry methods.20 The self-diffusion coefficients of
molecules of individual components, micelles, and aggregates
make it possible, based on the Stokes−Einstein relation,21 to
draw conclusions about the size, shape, and composition of
diffusing objects. In particular, the solubilization of phenol
molecules or any other extractable compound by surfactant
micelles unambiguously manifests itself in the fact that their
diffusion coefficients Ds begin to approach and coincide with
each other at complete solubilization. Experimental problems
may arise if the NMR spectral lines of the extracted compound
and the surfactant overlap, in which case measurements of
diffusivities on various magnetic nuclei or special mathematical
methods for processing NMR spectra can help.22

All experimental procedures, including recording of NMR
spectra, measurement of relaxation time T1, measurement of
diffusion coefficients of components, and CMC measurements,
were performed at a constant temperature of 25 °C (298 K).
The measurements were carried out at four concentrations of
phenol C = 10, 5, 1, and 0.1 g/L depending on the
concentration of RLs from 200 to 0.05 g/L in an aqueous
solution. Tensiometry and diffusometry methods were used to
determine the CMC of aqueous solutions of RLs.

2. RESULTS AND DISCUSSION
2.1. Critical Micelle Concentration of RLs. In the

spectrum of the system under study, Figure 2 contains lines of
aromatic protons of phenol (δ = 6.7; 6.3 ppm), residual
protons of water (δ = 4.2 ppm), and lines of RLs. The self-
diffusion coefficients of rhamnolipid molecules were deter-
mined from the decays of the integral intensities of the
methylene group proton lines (δ = 1.2 ppm).
Results of measuring the CMC of rhamnolipids in aqueous

solutions by tensiometry, viscometry, and conductometry,
which are based on sharp changes in the surface or bulk
properties of surfactants during the transition from the
molecular to micellar state of surfactants in solution, are
inconsistent with each other. The CMC values of mono- and
di-rhamnolipids and their mixtures, obtained by various
methods, range from 1 to 400 mg/L.23−25 In our previous
work,14 we obtained the value of CMC = 0.35 g/L using
diffusometry and conductometry methods. Bearing in mind the
ambiguity and significant scatter of the above values, we
performed separate independent measurements of CMC in
order to more accurately characterize the samples under study.

A decrease in the mobility of surfactant molecules during the
transition from the monomeric to the micellar state and,
accordingly, a sharp decrease in the diffusivity of surfactant
molecules are used in NMR methods for determining
CMC.20,26−28 The results of measuring diffusion coefficients
of RL molecules in individual aqueous solutions are shown in
Figure 3. Diffusion coefficients were determined from the
initial segments of diffusion decays. The inflection point of the
dependence of the effective D on the concentration of
rhamnolipid in solution, corresponding to C = CMC, is
observed at C ≈ 0.20 g/L.
For a clearer idea of the changes occurring in RL solutions,

we calculated the effective hydrodynamic radii R of monomer
and micelle RLs with corrections29 for their interaction with
each other using the Stokes−Einstein relation21 and the
measured values of Ds of RLs

=R
kT

D6 (1)

where k is the Boltzmann constant and η is the dynamic
viscosity of the solvent. The value of the coefficient of dynamic
viscosity of heavy D2O water at 298 K is taken as equal to
1.138 mPa·s.30 The results presented in Figure 3 correspond to
some average particle radii because the sample under study is a
mixture of mono-RL and di-RL. At C < CMC, only RL
monomers with average effective hydrodynamic radii ≈0.7 nm

Figure 1. Molecular structure of (a) mono-rhamnolipid and (b) di-rhamnolipid.

Figure 2. 1H NMR spectrum of the RLs in aqueous D2O solution in
the presence of phenol: (1) lines of aromatic protons of phenol (δ =
6.7, 6.3 ppm), (2) the line of residual protons of water (δ = 4.2 ppm),
and (3) the line of methylene protons of rhamnolipid (δ = 1.2 ppm).
T = 298 K.
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are present in the solution. At C > CMC, micelles are formed,
the sizes of which grow with an increase in the concentration
of RLs in the solution, reaching 3 nm at C = 100 g/L. An
increase in the size of RL micelles at C > CMC and a change in
their shape from spherical to sphero-cylindrical and worm-like
has been reported based on DLS measurements,31 SANS,32

surface tension, dynamic light scattering, and both steady-state
and time-resolved fluorescence spectroscopy.33 In mixed
micelles, the change in the shape of micelles is noted
depending on the ratio of mono- and di-RLs.34

The determination of the CMC by changing the surface
properties of surfactant solutions is based on the termination of
the change in the surface tension35 of the solution at the
limiting saturation of the adsorption layer. The results of
measuring the surface tension of RL solutions depending on
the concentration of RLs in the solution are shown in Figure 4.
Measurements made on a digital tensiometer using the ring
tear-off method, with five repetitions at each concentration,
give a CMC value of ≈0.17 g/L. It can be noted that the CMC
values obtained by independent methods of diffusometry and
tensiometry are in good agreement with each other.
2.2. Solubilization of Phenol by Micelles of RLs. RL

micelles solubilize phenol, and the efficiency of solubilization
can be calculated from changes in the Ds of phenol molecules
depending on the concentration of RLs in solution.
Specifically, if there is no solubilization, then the phenol D
values should not depend on the presence of RLs in the
solution; a possible decrease in the phenol Ds can only be
associated with a change in the dynamic viscosity of the
solution with an increase in the RL concentration. When
phenol molecules are solubilized by RL micelles at C > CMC
or by RL premicelles at C ≈ CMC, one should expect a
decrease in the D values of phenol, their convergence with the
values of the Ds of RLs with an increase in the concentration of
RLs in solution, and the equality of the D values of phenol and
RLs at complete solubilization phenol molecules by surfactant
micelles.

We used NMR diffusometry to study the process of
solubilization of phenol molecules by RL micelles. This
method allows one to selectively measure diffusivities of all
components in multicomponent liquid mixtures. In this work,
it is used to measure diffusion coefficients of phenol, micelles
and monomers of surfactants, and water. Selective measure-
ments of Ds of aqueous solutions of phenol in D2O in the
presence of RLs were performed, and diffusion characteristics
were studied.
The resulting data were analyzed within the framework of a

model of two states of phenol in solution, whereby some of the
phenol molecules are in the free state in water, and some are in
the bound state in surfactant micelles. Next, the solubilization
efficiency was calculated, including parameters such as the
distribution coefficient of phenol between the micellar
(solubilized) and free (in the aqueous phase) states, the
molar solubilization ratio (MSR), and the solubilization
capacity of rhamnolipid micelles.
In order to refine the concentration dependence, measure-

ments of the phenol Ds in aqueous D2O (without RLs)
solutions were made at the phenol concentration from C = 50
g/L, which is close to the limiting solubility of phenol in water,
65 g/L, to C = 0.156 g/L, which is close to the condition of
infinite dilution. With an increase in the concentration of
phenol, diffusivities of both phenol molecules and water
molecules decrease. The concentration dependence of the Ds
of phenol molecules at 298 K is described by an equation of
the form

=D D kC0 (2)

where D0 = 0.903 × 10−9 m2/s is the value of the phenol D
extrapolated to its infinitesimal concentration in solution and C
is the concentration of phenol in the solution (g/L), k = 2.4 ×
10−12 m2/s·(g/L)−1. This value is close to the diffusion
coefficient values of phenol in water obtained theoretically by
molecular dynamics methods36,37 and measured experimentally
using the Taylor dispersion technique.38,39

Figure 3. Coefficients of self-diffusion of molecules and radii of
monomer and micelle RLs depending on its concentration in an
aqueous D2O solution at 298 K (the results of several independent
series of measurements are presented). Diffusion coefficients are open
symbols; radii of monomers at C < CMC and micelles at C > CMC
are closed symbols.

Figure 4. Coefficient of surface tension of aqueous H2O solution RLs
depending on the concentration of RLs in the solution. T = 298 K.
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Diffusion coefficients of phenol in the presence of RLs were
measured at the concentrations of phenol Cph = 10, 5, 1, and
0.1 g/L, while concentrations of RLs varied from C = 200 g/L
to C = 0.05 g/L. Initial solutions with maximal concentrations
of RLs were carefully mixed and left to equilibrate for at least 2
days. Other solutions were prepared by subsequential dilution.
All measurements were made at 298 K.
Diffusion decays of signals of phenol and water in the

presence of RLs remain single-exponential, similar to those for
individual solutions of phenol.
At the same time, the form of DDs for RLs changes as the

concentration of the RLs in the solution changes. In the range
of high concentrations C = 200 g/L, DDs are single-
exponential. This form is maintained as the concentration of
RLs decreases down to C ≈ 5 g/L. A further decrease in the
concentration leads to gradual transition in the form of DD to
a nonexponential form. At concentrations of RLs C ≈ 0.1 and
0.5 g/L (C < CMC), DDs of RLs have distinct nonexponential
forms. Such transition from single-exponential forms at high
concentrations of RLs to the nonexponential forms at
decreased concentrations of RLs was also observed for
individual solutions of RLs.
In the author’s opinion, the reason for this phenomenon is

the complex composition of RLs, which is a mixture of mono-
RLs and di-RLs. RLs are heterogeneous in length and in the
degree of branching of hydrocarbon chains, which depends on
environmental conditions. It has been noted40 that rhamno-
lipids are a mixture of the homologue species due to variations
in the rhamnose units and β-hydroxy fatty acid moieties,
mainly including Rha-C10-C10, Rha-Rha-C10-C10, and Rha-
C10. The presence in the sample molecules of RLs of different
forms and sizes leads to variation in their diffusion coefficients
and consequently to the nonexponential DDs at CRLs < CMC.
At high concentrations of CRLs ≫ CMC, micelles predominate
in the solution, while the concentration of monomers remains
at the level of the CMC.41 The compositions of micelles, as
well as their sizes, are statistically averaged over all variants of
mono- and di-RL molecules. Such a micellar solution consists
of micelles of mixed composition, but, on average, the micelles
are of the same size. As a result, the diffusion decay of the spin
echo signal becomes single-exponential that makes it possible
to find the diffusivity of micelles using formula 12. Processing
of non-mono-exponential diffusive decays of RLs was
performed on the initial sections of the diffusion decays. The
slopes of the initial segments of diffusion declines can be used
to determine the effective diffusivity of rhamnolipids, assuming
that the initial segments of the declines contain information
about all fractions and forms of RLs.42

Figure 5 shows the results of measurements of the Ds of
RLs, phenol, and water molecules depending on the
concentration of RLs in solution. Ds of RLs and water
molecules, within the measurement error, do not depend on
the presence of phenol in solution. The graph shows the
average values from five series of measurements performed at
phenol concentrations C = 0, 10, 5, 1, and 0.1 g/L. It can also
be noted that the Ds of water molecules do not depend on the
concentration of RLs up to CRLs ≈ 20 g/L. With a further
increase in CRLs, a decrease in the Ds of water molecules
occurs, which is obviously associated with an increase in the
viscosity of the solution at high concentrations of RLs.
D values of phenol molecules at CRLs < CMC remain

constant, do not depend on the concentration of RLs, and
slightly decrease in accordance with eq 3, with increasing

phenol concentration. At CRLs > CMC, the D values of phenol
molecules sharply decrease (by 1 order of magnitude) with
increasing RL concentration, and at high concentrations CRLs
≈ 200 g/L, they approach the D values of RL molecules.
2.3. Efficiency of Solubilization of Phenol by RL

Micelles. The efficiency of solubilization, the binding of
phenol by micelles, can be determined from the results of
measuring the diffusivities of all components in an aqueous
solution of surfactant + solubilizate.
Within the framework of the two-state model, solubilizate

(phenol) molecules can be inbound (as part of micelles) and
free (in water) states. The experimentally measured diffusion
coefficient of phenol molecules Dph under the condition of fast
NMR exchange is a weighted average and can be represented
in the form28

= · + ·D p D p D(1 )ph ph
mic

ph
free

(3)

where p is the fraction of phenol molecules located in
micelles and Dphmic and Dphfree are Ds of phenol molecules present
in micelles and in the free state in water.
Hence

=p
D D

D D
ph
free

ph

ph
free

ph
mic

(4)

Let us assume that the diffusion coefficient Dphfree is equal to
the D of phenol in solution, measured either in the absence of
RLs or at CRLs < CMC. Dphmic can be set equal to the measured
D of rhamnolipid since the phenol and RL micelles form a
single kinetic unit with a common D value. At CRLs > CMC,
the micellar form of the rhamnolipids predominates in the
solution, the concentration of the monomeric form remains
equal to the CMC,41 and the contribution of the monomeric
form of the surfactant to the measured Ds of rhamnolipids is
negligible.43

Figure 5. Diffusivities of rhamnolipid (triangle), phenol (circle), and
water (square) in aqueous D2O solutions in the dependence of RL
concentration at concentrations of phenol: 10 g/L (red), 1 g/L
(blue), and 0.1 g/L (black). T = 298 K.
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The results of calculating the proportion of solubilized
phenol depending on the concentration of RLs in solution at
various concentrations of phenol are shown in Figure 6. The

efficiency of phenol solubilization, determined by the relative
proportion of phenol molecules bound by micelles, increases
with increasing RL concentration and approaches 100% at CRLs
≥ 200 g/L. At CRLs concentrations lower or slightly higher
than CMC, i.e., in the absence of micelles, there is no
solubilization; on the inset to Figure 6 is the region CRLs < 0.8
g/L. Solubilization is provided by micelles; with an increase in
the concentration of micelles and their sizes, the efficiency of
solubilization improves. With an increase in the concentration
of phenol in the solution from 0.1 to 10 g/L, the proportion of
solubilized phenol molecules decreases, which may be due to
the saturation of the solubilizing capacity of micelles at high
concentrations of phenol.
Calculations useful for understanding the solubilization

efficiency of parameters such as the micelle−water partition
coefficient Km and molar solubilization ratio MSR were
performed. 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. Or, in other words, the Km is equal to the ratio of the
fraction of solubilized phenol molecules to the fraction of
phenol molecules in the aqueous phase.

=K P
p1m

(5)

The molar solubilization ratio, MSR, is equal to the ratio of
the molar concentration of solubilized phenol molecules to the
molar concentration of RLs in the micellar state

= =
·C

C

p C

C
MSR

CMC
ph
mic

RL
mic

ph
total

ph
total

(6)

where Cphtotaland CRLtotal are total molar concentrations of phenol
and RLs in solution, respectively.
The solubilization characteristics of RLs with respect to

phenol are presented in Table 1.
The solubilization capacity of surfactant micelles is defined

as the average number of solubilizate molecules in one micelle
or as the number of moles of solubilized molecules to the
number of moles of micelles

=S ph
sol

RLs
mic (7)

The number of moles of solubilized phenol molecules per
unit volume (1 L) is equal to

= · =p p
C

ph
sol

ph
ph

ph (8)

where p is the fraction of the solubilized phenol molecules (eq
5), νph is the number of phenol moles in 1 L, and Cph and μph
are the concentration (g/L) and molar mass of phenol,
respectively.
The number of moles of rhamnolipid micelles per unit

volume is

=
·

C
N

( CMC)
RLs
mic RLs

RLs agg (9)

where CRLs is the concentration of RLs in solution, μRLs is the
molar mass of the RLs, and Nagg is the aggregation number,
and the average number of rhamnolipid molecules in one
micelle. The molar mass of rhamnolipids depends on the

Figure 6. Fraction of solubilized molecules of phenol depending on
concentration CRLs at concentrations of phenol: 10 g/L (red), 5 g/L
(green), 1 g/L (blue), and 0.1 g/L (black). The insert shows a range
of low concentrations of RLs. T = 298 K.

Table 1. Solubilization Characteristics of RLs with Respect to Phenol

Cph = 10 g/L Cph = 5 g/L Cph = 1 g/L Cph = 0.1 g/L

CRLs, g/L p Km MSR p Km MSR p Km MSR p Km MSR

0.049 0 0 0 0 0 0 0 0 0 0 0 0
0.098 0 0 0 0.001 0.00 0 0.001 0.00 0 0.001 0.00 0
0.195 0 0 0 0.001 0.00 0 0.001 0.00 0 0.004 0.00 0
0.39 0.001 0.00 0.36 0.011 0.01 2.00 0.02 0.02 0.73 0.030 0.03 0.109
0.78 0.007 0.01 0.83 0.019 0.02 1.13 0.034 0.04 0.41 0.061 0.06 0.073
1.56 0.012 0.01 0.61 0.035 0.04 0.89 0.065 0.07 0.33 0.090 0.10 0.046
3.12 0.038 0.04 0.90 0.060 0.06 0.71 0.099 0.11 0.23 0.143 0.17 0.034
6.25 0.074 0.08 0.85 0.104 0.12 0.59 0.130 0.15 0.15 0.183 0.22 0.021
12.5 0.145 0.17 0.81 0.184 0.23 0.52 0.199 0.25 0.11 0.262 0.36 0.015
25 0.265 0.36 0.74 0.307 0.44 0.43 0.321 0.47 0.09 0.429 0.75 0.012
50 0.431 0.76 0.60 0.448 0.81 0.31 0.485 0.94 0.07 0.589 1.43 0.008
100 0.614 1.59 0.43 0.638 1.76 0.22 0.689 2.22 0.05 0.797 3.93 0.006
200 0.807 4.18 0.28 0.837 5.12 0.14 0.857 6.00 0.03 0.943 16.64 0.003
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length of their hydrocarbon chains and the number of
rhamnose groups in the molecule and varies from 334 to
763 g/mol.44 In this work, an unfractionated mixture of mono-
and di-rhamnolipids was used, and the molar mass value for it
was taken as equal to 650 g/mol.
The aggregation number depending on the concentration of

rhamnolipids in solution can be estimated by comparing the
volumes of micelles V and individual molecules’ volumes.
Assuming a spherical shape of micelles and RL molecules,
taking the packing factor of molecules in micelles to be 0.74
(dense packing of hard spheres), we obtain

= = i
k
jjj y

{
zzzN kV k R

ragg

3

(10)

Let us rewrite expression 11 taking into account the Stokes−
Einstein relation (eq 2) in the form
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where r and R and Dmon and Dmic are, respectively, radii and
coefficients of diffusion of monomers at C < CMC and of
micelles of RLs at C > CMC.
The solubilization capacity of micelles (Figure 7) increases

with an increase in the concentration of RLs and the
concentration of phenol in solution.

3. CONCLUSIONS
NMR diffusometry was used to study the solubilization
properties of micellar solutions of RLs with phenol as a
solubilizate. Concentrations of measurement were Cph = 10, 5,
1, and 0.1 g/L, CRLs was varied in the range of 200−0.05 g/L,
and the temperature was 298 K. Based on the results of
selective measurements of diffusivities of the molecules of all
components of the solution, phenol, RLs, and water, the CMC

values, effective hydrodynamic micelle radii, and solubilization
characteristics of RL solutions were determined. Solubilization
of phenol by RL micelles manifests itself in the convergence of
the Ds of phenol and molecules of RLs with increasing
surfactant concentration and in almost complete equality of the
Ds of phenol and RLs at high concentrations of RLs.
The relative proportion of solubilized phenol molecules

bound by micelles increases with increasing RL concentration
and approaches 100% at CRLs ≥200 g/L. At concentrations of
CRLs less or slightly higher than the CMC, that is, if there are
no micelles in the solution, then there is no solubilization,
while the Ds of phenol molecules remain at the level of the
values of the Ds of phenol molecules in individual aqueous
solutions. Solubilization of phenol by RL micelles takes place
at all studied concentrations, but it can be noted that with an
increase in the concentration of phenol, the proportion of
solubilized phenol molecules decreases by approximately 20−
30%.
A high solubilizing ability of RLs has been established both

with respect to substances of the BTEX group14 with low
solubility and with respect to phenol, which is moderately
soluble in water. Unlike most synthetic surfactants, rhamno-
lipids have low toxicity and high degree of biodegradability.
They are finding increasing use in soil remediation and
wastewater treatment.45 The results obtained can be used to
develop “green” methods for purifying industrial wastewater
from organic pollutants and metal ions46 using the methods of
ultrafine filtration,47 extracting and regenerating solubilizate
from filters by evaporation, and regenerating RLs for repeated
cycles of micellar solubilization.

4. EXPERIMENTAL SECTION
4.1. Sample Preparation. Rhamnolipids were purchased

from Merck (Germany). It is a mixture of mono- and di-
rhamnolipids produced by AGAE Technologies LLC,
Corvallis, OR 97333, USA. The content of rhamnolipids in
the powder was more than 90%. We did not perform
additional purification and fractionation. Chemically pure
phenol was used.
All solutions for NMR measurements were prepared in D2O

(Sigma, degree of isotopic substitution 99.9) at neutral pH (or
pD) = 7.44. The use of deuterated water made it possible to
exclude the intense line of water from the 1H NMR spectra.
Solutions for tensiometry were prepared using ordinary
distilled water, H2O. Before the measurements were taken,
the solutions were thoroughly mixed and kept at 298 K for at
least 2 days.
4.2. Determination of the Ratio of Mono- and Di-RLs.

The sample of the study is an unfractionated mixture of mono-
RLs, di-RLS, and related products in the form of rhamnose
residues and lipids. Analysis and identification of the structure
and composition of RLs have been performed by chromatog-
raphy methods, mass spectrometry, FT-IR spectroscopy, and
NMR.48−52

The powerful tool in multicomponent mixture studies is the
1H and 13C NMR spectroscopy. To determine the fractional
composition in a mixture of mono- and di-RLs, it is necessary
to compare the NMR signals of rhamnose and lipid groups in
the 1H or 13C NMR spectra. The use of 1H spectra for this
purpose is difficult since the most informative line of methyl
CH3 protons of rhamnose overlaps with the line of methylene
CH2 protons of lipids.

50,52 However, in the 13C NMR
spectrum, the lines of methyl carbons are observed

Figure 7. Solubilization capacity of the RL micelles at concentrations
of phenol: 10 g/L (red), 5 g/L (green), 1 g/L (blue), and 0.1 g/L
(black). T = 298 K.
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separately,50 for both lipids (δ = 14 ppm) and rhamnose
groups (δ = 17 ppm) (Figure 8).
Comparison of the intensities of the lines of lipid methyl

carbons and rhamnose groups in the 13C NMR spectra shows
that the studied unfractionated rhamnolipid contains 44%
mono- and 56% di-RLs.
4.3. NMR Spectroscopy and Diffusometry. 1H NMR

spectra, spin−lattice relaxation times T1, and self-diffusion
coefficients Ds of molecules were measured on a Bruker-
Avance NMR spectrometer with a resonance frequency of 400
MHz for protons. The self-diffusion coefficients of phenol,
water, and rhamnolipid molecules were measured by the
pulsed magnetic field gradient method using a stimulated spin
echo pulse sequence.53 The amplitude of the stimulated spin
echo signal is given by

i
k
jjjjj
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2

1

1

2 2 2
d

(12)

where T1 and T2 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 amplitude 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 up to the maximal value gmax = 2−15 T/m, while
other parameters were not changed: td = 50 ms and δ = 1 ms.
The number of scans was set in accordance with the amplitude
of the spin echo signal of phenol and rhamnolipid�at high
concentrations, NS = 4 was enough, with small NS = 256 and

dummy scan DS = 2. The preliminarily measured spin−lattice
relaxation time of oxyethylene protons of rhamnolipid was
≈0.5 s and aromatic protons of phenol was ≈6 s. In accordance
with this, the time between successive scans was set to RT = 5
s to ensure both the necessary recovery of the NMR signal
between successive scans and a sufficiently large number of
scans. We processed diffusion decays and determined diffusion
coefficients Ds using Bruker TopSpin 3.5 software.54

4.4. Tensiometry. The surface tension coefficients were
measured on a K9 digital tensiometer (Kruss, Germany) using
the ring tear-off method.
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