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Abstract: In many industrial fields, in medicine or pharmacy, there are used multi-component mix-
tures of surfactants as well as more and more often mixtures containing biosurfactants. Thus, in our
study the mixtures of rhamnolipid (RL), ethanol (ET) and Triton X-165 (TX165) were applied. For these
mixtures the surface tension of aqueous solutions with constant concentration and composition of ET
and RL as well as the variable concentration of TX165 was measured. Based on the obtained results
and the literature data, thermodynamic analyses of the adsorption process of ET, RL, TX165, binary
mixtures of ET + RL, ET + TX165 and RL + TX165 as well as the ternary mixtures of RL + ET + TX165
at the water-air interface were made. This analysis allows to propose a new equation for calculation
of the total ethanol concentration at the water-air interface using the Guggenheim-Adam adsorption
isotherm. The constants in the Langmuir and Szyszkowski equations for each component of the
studied mixtures as well as the composition of the mixed monolayer at the water-air interface were
also successfully analysed based on the contribution of particular surface active compounds to the
water surface tension reduction as well as based on the Frumkin isotherm of adsorption.

Keywords: rhamnolipid; ethanol; Triton X-165; mixture; adsorption

1. Introduction

The use of surfactants in various post-industrial branches as well as in everyday life
is so important that it is difficult to imagine modern economy without them. It should be
remembered that classic surfactants are the products of chemical synthesis [1]. Despite the
fact that they are not a direct threat to human life they can cause allergies. Additionally,
surfactants discharged in sewages can penetrate into ground and surface waters accumu-
lating in our environment [2,3]. The accumulation of surfactants in large quantities and
their low degradation become a real threat to fauna and flora. In addition, the surfactants
adsorption enables their penetration to the cell membranes and causes pathological changes
in living organisms. As a result, more and more attention is paid to the protection of our
environment, and thus some attempts are made, among others, to eliminate harmful com-
pounds. For this reason, the research aimed at developing new compounds characterized
by complete biodegradation in the environment. Moreover, their obtainment from raw
materials and renewable sources or waste products is of significant importance. These
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types of compounds include biosurfactants, which become more and more interesting [4–8].
Unfortunately, the high cost of their production is one of the important barriers to their
widespread use in practice. One of the ways of the practical application of biosurfactants,
despite the high cost of their production, is to mix them with classic surfactants, such as
Tritons which are still find in practical application [9,10].

Among biosurfactants, rhamnolipid (RL) is special importance and among Tritons it is
Triton X-165 (TX165). Rhamnolipid is characterized by large surface activity, low CMC and a
number of biological activities such as antiviral, anticancer as well as preventing the biofilms
formation [11–20]. In fact, rhamnolipid is a mixture of up to 26 different compounds [21].
Therefore one can find differ opinions on its adsorption and aggregation activity in the
literature [22,23]. It should be noted that most of the available papers deal with mono-
rhamnolipid. Besides the above mentioned properties rhamnolipids characterized by the
antiviral activity against herpes simplex viruses and HSV. It is effective in the treatment and
alleviation of psoriasis, chronic wounds, including burns and advantageous minimizing
scarring. According to the recent studies rhamnolipid can be applied in oncology [20].

In turn, Triton X-165, like other surfactants in this group, is neutral, non-toxic as well
as compatible with anionic and cationic surfactants [24]. Compared to the ionic surfactants,
the nonionic nature of Tritons is considered physiologically inert. For this reason and their
low CMC, they are considered the safest drug delivery compounds regardless of dilution
in the human body [25].

Taking into account such characteristic functional properties of rhamnolipid and
Triton X-165, their mutual influence on the adsorption and aggregation activity as well
as the related composition of micelles and the surface layer at the water-air interface was
examined [26]. It was stated, among others, that the composition of the mixed monolayer at
the water-air interface can be deduced based on the surface tension isotherms of individual
RL and TX165 and that there is a synergetic effect in the reduction of the water surface
tension by the mixed monolayer and in the micelles formation at a given composition of
the RL and TX165 mixtures.

As it is commonly known the positive effects of the mutual influence of RL and
ethanol (ET) on their adsorption properties is observed which can be insufficient in some
practical applications. It should be added that ethanol has been known as a disinfectant for
many years, and the coronavirus pandemic has revived that interest. Thus, the mixture of
RL + TX165 with ET can be interesting not only from the theoretical point of view of the
adsorption process of multi-component mixtures at the water-air interface, but also from
its practical application.

As a matter of fact, one can find in the literature many papers dealing with the
adsorption of ethanol mixtures with various surfactants at the water-air interface [27–30].
However, there are no papers in which the process of adsorption at this interface of the
mixture of the biosurfactant with the classical surfactant in the presence of ethanol is
considered. The thermodynamic interpretation of the adsorption process of surfactants
and ethanol at the water-air interface in the whole range of their concentrations is difficult,
among others, because the Gibbs surface excess concentration of ethanol is not equal to
its total concentration in the mixed monolayer and that in both surface region and the
bulk phase ethanol and water can be treated as a mixture but not as a solution. The
difference in the interpretation of the surface behaviour of ethanol at the water-air interface
not only in the mixture with surfactants but also in their absence may be result of the
above. Therefore the aim of the our studies was the thermodynamic characterization of the
RL + ET + TX165 mixtures behaviour at the water-air interface based on the surface tension
data of the aqueous solution of these mixtures at the constant RL + ET concentration at
different compositions and variable concentrations of TX165.
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2. Results and Dissuasion
2.1. Some Physicochemical Properties of Water, RL, ET and TX165

To understand the behaviour of the ternary mixture of RL, ET and TX165 at the
water-air interface, some of its and water physicochemical properties must be known.

The analysis of the bond length between O and H, the angle between the -OH bonds
and the average distance between the water molecules indicates that a water molecule
at the temperature of 293 K can be inscribed in a regular cube with the edge length of
3.11 Å. Thus, the contactable area of water molecules with other molecules is 9.7 Å2.
This value is close to that of the contact area determined by Groszek [31] based on the
water vapour adsorption on the quartz surface, which is equal to 10 Å2. This means
that 1 × 16.6−6 mole of water is needed to cover the given surface by its monolayer. The
value of the water molecule contactable area equal to 10 Å2 is very often used for the
thermodynamic consideration of the surfactants adsorption at the water-air interface [26,32].
This adsorption decreases the water surface tension. According to van Oss et al. [33–35]
water is the bipolar liquid and its surface tension results from the Lifshitz-van der Waals
and Lewis acid-base intermolecular interactions. The Lewis acid-base interactions lead
to the hydrogen bonds formation between the water molecules. Thus, the water surface
tension can be divided into the Lifshitz-van der Waals component (LW) and the acid-base
(AB) one, which results from the electron-acceptor and electron-donor parameters. As a
result of the surfactants adsorption at the water-air interface, the surface tension of water is
reduced, especially its AB component [26,32].

It proved that the adhesion work of the aqueous solution of many hydrocarbon
surfactants to the PTFE surface does not depend on their concentration and is equal to the
water adhesion work [36,37]. From the Young-Dupre equation and Fowkes approach to
the interface tension [38], it follows that in this case the LW component of the surfactants
solution and water is the same and its value is equal to 26.85 mN/m at 293 K (Table 1).
This value is considerably higher compared with that determined based on the water-n-
alkane interface tension [38,39]. As a matter of fact, for water it was assumed that the
electron-acceptor and electron-donor parameters of the acid-base component of its surface
tension are the same [33–35]. It should be remembered that the parameters of other liquids
or solids surface tension are consistent with this assumption. These parameters for the
ethanol surface tension ( γLV) are not the same (Table 1). However, the LW component of
the ethanol surface tension is close to that of water determined based on the water-n-alkane
interface tension [29,30,39].

Table 1. Components and parameters of the ET, TX165 and RL surface tension (γLV) at 293 K,
the maximal concentration at the water-air interface (Γmax), limiting concentration at the water-air
interface (Γ0) and limiting area occupied by one water, TX165, ET and RL molecule (A0).

Substance γLW
LV

[mN/m]
γ+

LV
[mN/m]

γ−LV
[mN/m]

γAB
LV

[mN/m]
γLV

[mN/m]
A0

[Å2]

Γmax

[×10−6

mol/m2]

Γ0

[×10−6

mol/m2]
Ref.

Water
from γWH

21.80 25.60 25.50 51.00 72.80 10.00 16.60 16.60 [39]

Water from θ 26.85 22.975 22.975 45.95 72.80 - - - [40]
ET 21.40 0.09 9.00 1.80 24.20 21.00 7.91 7.91 [30]

TX165 tail 22.00 - - - 22.00 35.70 2.12 4.65 [26]
TX165 head 27.70 0.33 50.20 8.14 35.84 - - - [26]

RL tail 21.80 - - - 21.80 69.09 2.01 2.403 [26]
RL head 35.38 0.04 56.74 3.01 38.39 - - - [26]

The ET molecule volume calculated using the bonds length and the angle between
them as well as the average distance of molecules in the bulk phase at 293 K is close to
97 Å3 and to the value obtained from the ET density, which is equal to 97.3 Å3. As follows
from the calculations the ethanol molecule can be put in a regular cube with the edge equal
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to 4.6 Å [30]. Thus, the contact area of the ET molecule with other one does not depend on
its orientation and is about 21 Å2 [30]. This point out that one ET molecule can replace two
water molecules in the interface monolayer.

Unlike ET and water, the surface tension of RL and TX165 depends on the orientation
of their molecules towards the air phase (Table 1). If their molecules are oriented with
the hydrophobic group towards the air phase, then we treat the surface tension as the
surface tension of the tail. However, with the orientation of the RL and TX165 molecules
with the hydrophilic group towards the air, this tension is called the surface tension of the
head (Table 1).

The tail surface tension of TX165 and RL is close to LW of ET and water deter-
mined from the water-n-alkane interface tension. However, these values are considerably
smaller than LW for water determined from the contact angle of water on the hydrophobic
solids [40]. Based on the analysis of the chemical bonds length, the angle between them
and the average distance between the molecules at 293 K, it appears that the RL and TX165
molecules cannot be entered into one cube, but into different ones, for the head and tails of
their molecules, respectively [26]. It follows from this analysis that the contactable area of
RL and TX165 molecules at their perpendicular orientation towards the interface is equal
to 69.09 Å2 and 35.7 Å2, respectively. At the parallel orientation of RL molecule towards
the air phase the contactable area of its tail is equal to 87.3 Å2 and that of the head to
72.1 Å2 [26]. In the case of TX165 at the parallel orientation of its molecule at the interface,
the contactable area of the tail is equal to 52.12 Å2 and that of the head to 101.4 Å2. Taking
into account the contactable area of water and ET it can be stated that in the bulk phase one
molecule of ET can be surrounded by 12 molecules of water. The tail of the TX165 can be
surrounded by about 20 water molecules, and the head can be bound by strong hydrogen
bonds with about 40 molecules and weak ones also with 40 water molecules. In the case of
RL its tail can be surrounded by about 30 molecules of water and the head by 28 ones.

The number of the water molecules contacted with the tail and the head of surfactant
decide about its tendency to adsorb at the water-air interface. In turn the monolayer formed
at the water-air interface reduces the water surface tension. In fact, in the case of ET the
water surface tension is reduced to that of ET because the ET is infinitely miscible with
water (Figure S1). One would expect that the minimum surface tension of RL and ET
aqueous solutions should be close to the surface tension of their tails. In the case of RL, the
minimum surface tension of its aqueous solution is not much higher than LW for the water
obtained from the contact angle on the surface of hydrophobic solids. However, in the case
of TX165 there is a great difference between the minimal surface tension of its solution and
LW for water (Figure S1c) (Table 1). This may be due to the fact that the number of water
molecules surrounding the head of the TX165 molecule are much greater than that of water
molecules surrounding its tail.

The isotherms of the aqueous solution of ET, RL and TX165 can be described by the
exponential function of the second order which has the form:

γLV = y0 + A1exp
(
−C
t1

)
+ A2exp

(
−C
t2

)
(1)

where y0, A1, A2, t1 and t2 are the constants, C is the concentration.
These constants are probably connected with particular intermolecular interactions

between the water molecules and the surface active ones. It was earlier stated that the y0
constant is related to the LW intermolecular interactions and the other constants to the
acid-base ones.

The possibility to describe the isotherm of the surface tension is very useful for
determination of the surface Gibbs excess concentration (Γ). The surface tension isotherms
of the aqueous solution of RL, ET and TX165 can be also described by the Szyszkowski
equation which has the form [1]:

γ0 − γLV = RTΓmaxln
(

C
a
+ 1
)

, (2)
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where γ0 is the solvent surface tension, R is the gas constant, T is the absolute temperature,
Γmax is the maximal Gibbs surface excess concentration and a is the constant.

This equation can be applied for determination of the constant a related to the max-
imal Gibbs surface excess concentration. Additionally, the surface tension isotherm of
the aqueous solution of ET can be described by the Connors equation [30,41], which is
as follows:

γLV = γ0 − (γ0 − γS)

1 +
β
(

1− Xb
ET

)
α
(
1− Xb

ET
)
Xb

ET (3)

where γS is the surface tension of alcohol, α and β are the empirical constants and Xb
ET is

the mole fraction of ET in the bulk phase.
In the case of the ET aqueous solution, despite the possibility of describing the surface

tension isotherm by the well-defined mathematical function, it is difficult to determine
the real Gibbs surface excess concentration at the water-air interface, and more so the
total concentration of ET in the surface layer. For this reason one can find conflicting
opinions about this issue in the literature [30]. ET is the surface active agent which, as
mentioned above, is infinitely miscible with water. Similarly to the classical surfactants, it
forms aggregates at a certain concentration in water, however, they cannot be treated as
typical micelles [29,30]. Moreover, unlike typical surfactant, at the concentrations above the
critical aggregation concentration (CAC), a decrease in the surface tension of the solution is
still observed [30]. The number of the ET moles in 1 dm3 are also changed as a function
of its concentration. Depending on the ET concentration it is treated in the practice as
the co-surfactant and/or co-solvent [1,42]. This fact causes that the aqueous solution of
ET must be treated thermodynamically in a different way from the aqueous solutions of
typical surfactants.

In the case of non-ideal solution in which the solute concentration is small, the chemical
potential (µ) of the component of the solution is defined asymmetrically. For the solute it
can be written:

µ = µ∗ + RTlnXb f ∗ (4)

In the case of the mixture of solvents the chemical potential is defined symmetrically
and can be expressed:

µ = µ0 + RTlnXb f 0 (5)

where µ∗ and µ0 are the standard chemical potentials, which depend only on temperature
and pressure, RTlnXb f ∗ and RTlnXb f 0 are chemical potentials of mixing, Xb f ∗ = a∗ and
Xb f 0 = a0 are the activities, f ∗ and f 0 are the activity coefficients and Xb is the mole
fraction of the solute.

It is known that in the concentration range from zero to 0.01 mol/dm3 most surfactants
are present in the bulk phase in the monomeric form which decides about their concen-
tration in the bulk phase [1]. In this range of surfactants concentration it be can assumed
that with a small error Xb = C

ω (C is the concentration of surfactants and ω is the number
of the water moles in 1 dm3) and f ∗ ∼= 1. Indeed, in the considered concentration range
of the surface active agent ET fulfills such conditions if its chemical potential is defined
asymmetrically. In such case it can written:

Γ = Xb

nRT

(
∂γLV
∂Xb

)
p,T

= − C
nRT

(
∂γLV

∂C

)
p,T

= − 1
2.303nRT

(
∂γLV

∂logXb

)
p,T

= − 1
2.303nRT

(
∂γLV
∂logC

)
p,T

(6)

where n is the constant which depends on the type of the surface active agent and for ET is
equal to 1.

The studies by Chodzińska et al. [30] proved that in the ET concentration range from
0 to 0.01 mol/dm3, the Γ values calculated using C and Xb do not differ much. However,
the difference increases as the increasing ET concentration. It was concluded by them that
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the most reliable values of the Gibbs surface excess concentration of ET at the solution-air
interface can be obtained from the following equation [26,32]:

Γ = − a0

nRT

(
∂γLV

∂a0

)
p,T

= − 1
2.303nRT

(
∂γLV

∂loga0

)
p,T

(7)

Indeed, in the case of ET the Γ values are not equal to its total concentration in the
surface layer at the solution-air interface. Moreover, they do not tend to zero as a0 tends
to 1.

To determine the total concentration of ET at the solution-air interface (Γtot) the values
of Γ should be recalculated as the Guggenheim-Adam ones (ΓGA). For this purpose there
was applied the following equation [43]:

Xb
WΓ =

Vs

VW
ΓGA (8)

where VS is the average molar volume of the ET aqueous solution and can be expressed as:

Vs = VW Xb
W + VAXb

A (9)

where VW and VA are the molar volumes of water and ET, respectively.
Taking into account the ΓGA values for ET which were going to zero if the ET molar

fraction achieved unity it was possible to determine the Γtot using the expression [30]:

Γtot = ΓGA + C× h (10)

where h is the ET molecule length.
It appeared that the Γtot values calculated in this way are not linear from C correspond-

ing to the maximum of ΓGA of the pure ET (Figure 1a). It is possible that due to the fact
that not the total part of ET is in the air phase the h value for ET equal 4.6 Å should be
slightly smaller.

The problem of Γtot determination based on the ΓGA values can be solved in an-
other way. Taking into account the limiting contactable area of water

(
A0

W
)

and ET
(

A0
A
)

molecules as well as the number of water (ω) and ET (nA) moles in 1 dm3, it is possible to
calculate the surface area occupied by the water and ET molecules covering the surface by
monolayer. Next, it is possible to determine the two dimensional concentration of ET in the
monolayer (Γs) corresponding to its concentration in the bulk phase based on the equation:

Γs =
nA

N
(

ωA0
W + nA A0

A

) (11)

Introducing this equation to Equation (10) instead of C× h one obtains:

Γtot = ΓGA +
nA

N
(
ωA0

W + nA A0
A
) (12)

As follows from Figure 1a the ET total concentration at the solution-air interface
determined from Equation (12) is quite real. This equation can be also applied for the
aqueous solution of surfactants if instead of ΓGA Γ is used. Then:

Γtot = Γ +
nS

N
(
ωA0

W + nS A0
S
) (13)

where the index S refers to the surfactants.
The values of Γtot calculated for RL and TX165 are not much higher than those of Γ

(Figure 1b,c), which confirms that the Gibbs surface excess concentration of the surfactants
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is practically equal to the total one. The total concentration of the surfactant and also ET
can be determined using the Frumkin equation which has the form:

γW − γLV = −RTΓmaxln
(

1− Γ
Γmax

)
(14)

where γW is the water surface tension.
It appeared that the isotherm of the ethanol concentration in the surface layer calcu-

lated from Equation (14) is similar to that determined based on Equation (12) (Figure 1a).
There is also agreement between the isotherms of RL and ET concentrations in the surface
region determined from Equations (13) and (14) (Figure 1b,c). For RL and TX165 there is
also agreement between the Γ values calculated from Equations (6) and (14).
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Figure 1. A plot of the ET Guggenheim-Adam excess concentration at the water-air interface (ΓGA)
(curve 1—correspond to the values calculated from Equation (8)) as well a plot of the ET total
concentration (Γtot) (curves 2–4 correspond to the values calculated from Equations (10), (12) and (14),
respectively) vs. its concentration (CET) (a) and a plot of the RL (b) and TX165 (c) Gibbs surface excess
concentration (Γ) (curve 1 correspond to the values calculated from Equation (6)) as well as its total
concentration

(
Γtot ) (curves 2 and 3 correspond the values calculated from Equations (12) and (14) vs.

the logarithm of the surfactant concentration (logC).

Knowing the total two dimensional concentration of ET, RL and TX165 it is possible
to determine the fraction of surface occupied by their molecules (XS). The fraction of the
surface area occupied by the ET, RL and TX165 molecules can be established from the
following expression:

XS = ΓsNA0
S (15)
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In fact, XS differs from the surfactant molar fraction (Xs
M = ΓS

ΓW+ΓS ), which can be
determined from the following equation:

ΓW NA0
W + Γ

s
NA0

S = 1 (16)

The fractions XS and XS
M are applied for determination of the chemical potential in the

surface region. In the Langmuir isotherm adsorption equation the value of XS is associated
with the constant a [1]. Using the XS values the chemical potential can be defined as:

µ = µ0 + RTlnXS (17)

In the equilibrium state the chemical potential of a given compound in the surface
region is equal to that in the bulk phase. Based on Equations (4) and (17) one can obtain:

a∗

XS = exp

(
∆G0

ads
RT

)
(18)

where ∆G0
ads is the standard Gibbs free energy of adsorption.

As mentioned above at small surfactants concentration Equation (18) assumes the form:

C
XS = ωexp

(
∆G0

ads
RT

)
(19)

where C
XS = a (a is the adsorption constant).

In order to examine in which concentration range of ET, RL and TX165 in their aqueous
solution the constant a has the same value, the C

XS values were calculated from Equation (15)
using their total concentration determined from Equation (12) as well as from the Frumkin
equation (Equation (14)). In the case of TX165 the contactable area of its molecules at
the perpendicular and parallel orientations was calculated. The values of a0

XS were also
determined for ET.

It proved that for ET the values of C
XS and a0

XS are not constant and depend on C
(Figure S2) regardless of whether they were calculated using the values XS determined
based on the Frumkin isotherm or the equation proposed by us (Equation (12)). This
confirms that probably only in the range of ET concentration from 0 to 0.01 mol/dm3 the
values of C

XS can be constant. Unfortunately, in this range of ET C it is difficult to measure
reliable values of the surface tension. It should be mentioned that above C = 1 mol/dm3 the
changes of C

XS and a0

XS a as a function of C are almost linear. From these dependences one
can deduce that f 0 is not equal to unity and increases with the increasing C. It is interesting
that the ET concentration in the surface region determined from the Frumkin equation
(Equation (14)) in the range of C in the bulk phase from zero to the value corresponding
to the maximal Gibbs surface excess concentration at the solution-air interface fulfils the
linear form of the Langmuir equation [1]:

C
Γ
=

C
Γmax +

a
Γmax (20)

The value of the constant a determined from Equation (20) is similar to that of C
XS at

the low ET concentration in the aqueous solution. As the matter of fact, in a such case the
∆G0

ads of ET calculated from Equation (19) based on C
XS and a is similar (Table S1). It should

be mentioned that the a0

XS values are close to those determined from Equation (2) in the
whole range of ET concentration.

For the aqueous solution of RL and TX165 the values of Γ obtained both from the
Frumkin equation as well as our equation fulfills Equation (20). The constants a obtained
from Equation (20) are similar to C

XS which are constant in the range of TX165 and RL
concentration in which they are present in the bulk phase in the monomeric form (Figure S2).
In the case of TX165 XS was calculated using the limiting contactable area of TX165 molecule
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at its perpendicular and parallel orientations of TX165 molecule tail. From the calculation
of XS using the contactable area of TX165 at the perpendicular orientation it appeared that
the XS maximal value is smaller than 0.5 and the area occupied by the water molecules is
larger than the contactable area of TX165 molecule tail.

There are different possibilities of TX165 molecule orientation at the water-air interface.
As it was mentioned above the hydrophilic oxyethylene groups are strongly hydrated.
Moreover, it is possible that H3O+ ions are joined with the oxyethylene group [44,45]. For
this reason the hydrophilic long part of TX165 molecule cannot be oriented perpendicularly
towards the water-air interface at the perpendicular orientation of tail. This way of orienta-
tion increases the area occupied by one TX165 molecule at the interface. This is also another
way of TX165 molecule orientation. The tail is oriented parallel to the water-air interface
and the head perpendicularly. This way of TX165 molecule orientation also increase its
contactable area. However, the two ways of TX165 molecules orientation give almost the
same values of C

XS which are close to that of a determined from Equation (20) as well as
from the Szyszkowski equation (Table S1). The same dependences as for TX165 take place
in the case of RL (Figure S2) (Table S1). However, the maximal fraction of the surface
occupied by the RL molecules is close to its perpendicular orientation. Indeed, the values
of ∆G0

ads calculated from Equation (19) using the values of constant a determined from the
linear form of the Langmuir equation, Szyszkowski equation and calculated from C

XS are
similar for a given surfactant.

2.2. Surface Behaviour of ET + RL + TX165 Mixtures

Behaviour of the RL + ET + TX165 mixture at the solution-air interface was considered
based on the surface tension measurements of the aqueous solution of this mixture at the
constant concentration of the RL mixture with ET and the variable TX165 concentration
from zero to that higher than its CMC. For better understanding the behaviour of this
mixture at the solution-air interface there were considered the surface tension isotherms
of the binary mixtures of the components present in the ternary ones at this interface.
For these considerations the surface tension isotherms of the aqueous solutions of TX165
mixtures with RL as well as RL with ET were taken from the literature [26,46]. The surface
tension isotherms of the aqueous solution of the TX165 mixtures with ET were determined
by the surface tension measurements as a function of TX165 concentration at the constant
ET concentration (Figures 2 and S3). The constant concentration of RL and ET mixture
applied for measurements of the surface tension of solution of RL + ET + TX165 mixture
at the TX165 variable concentration was selected based on the RL and ET individual
concentration at the solution-air interface. The chosen ET concentrations were equal to 1.07,
3.74, 6.69 and 10.27 mol/dm3. These concentrations in the bulk phase were close to the
ET concentration corresponding to its unsaturated monolayer at the solution-air interface(
Cunsat

ET
)

the maximum Gibbs surface excess concentration
(
Cmax

ET
)
, critical aggregation

concentration (CAC) and to that higher than CAC, respectively.
In the case of RL the constant concentration were equal to 0.01 (1.98 × 10−8 mol/dm3),

0.5 (9.92× 10−7 mol/dm3), 5 (9.92× 10−6 mol/dm3) and 20 mg/dm3 (3.96 × 10−5 mol/dm3).
The RL concentrations in the bulk phase equal to 0.01, 0.5 and 5 mg/dm3 corresponded
to the unsaturated monolayer at the water-air interface

(
Cunsat

RL
)
, the first concentration at

which the saturated RL layer was formed
(

C f ,sat
RL

)
and to that smaller than CMC but larger

than C f ,sat
RL , respectively. The RL concentration equal 20 mg/dm3 is close to its CMC [47,48].

As mentioned above, the surface tension of the TX165 and RL tails does not differ
much from the LW component of the ET surface tension. However, their ability to reduce
the water surface tension by the formed adsorption layer is different. Adsorption tendency
of ET, RL and TX165 depends, among others, on the number of water molecules that can
contact with them and the energy effect of this contact. The ET molecules in the aqueous
environment can contact with each other as well as with water ones. Due to the small
difference between the surfaces of water molecules and ET, the energy effect of their contact
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is not great, as evidenced by the small absolute value of the Gibbs adsorption free energy.
It is different in the case of the behaviour of water molecules with those of RL and TX165.
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The changes of energy of the aqueous solution of RL and TX165 result from the
orientation of water molecules relative to the tail and head of surfactant molecules. The
orientation of the water molecules around the head of the RL and TX165 molecules causes
a decrease in the solution energy, which depends on the number and strength of hydrogen
bonds. The number of water molecules hydrogenbound to the head of the RL molecule
are much smaller than that of water molecules connected to the TX165 head as mentioned
earlier. The number of water molecules that can contact with the tail of the RL molecule
are also much smaller than in the case of the TX165 molecule. However, as mentioned
above, the ratio of water molecules surrounding the head of the TX165 molecule to those
surrounding the tail is much higher than in the case of RL Probably for this reason, the
effect of the water surface tension reduction by adsorption of RL molecules at the water-air
interface is greater than that of TX165. Moreover, RL is a weak organic acid and repulsive
electrostatic interactions can play a role in the adsorption of its molecules at the water-air
interface. However, due to the strong bond between the oxyethylene group and H3O+, the
head of the TX165 molecule can become ionic. In this case weak repulsive intermolecular
interactions can occur.

In the case of the RL and TX165 mixture synergism in the reduction of water surface
tension was present but it was smaller than expected [26]. The mutual influence of RL
with ET as well as TX165 with ET mixtures on the reduction of the water surface tension is
different from that of the mixture of RL with TX165 (Figures 2 and S3a,b). If ET is treated as
co-solvent, then there is formed the aqueous and ET solution of RL or TX165 and the RL
mixture with TX165. In such case the RL or TX165 molecules adsorb at the water + ET—air
interface and the mixture of RL with TX165 adsorbs at the water-air one.

The tendency to adsorb RL and TX165 molecules at the water + ET—air interface
depends on the competition of water and ET molecules in the solution bulk phase for
the contact with the tail and head of RL or TX165 molecules [26]. If the ET molecules
substitute for the water molecules surrounding only the head of RL or TX165 molecules,
then the tendency to adsorb at the interface of RL or TX 165 should increase. In the case the
water molecules surroundings tail of RL or TX165 ones are displaced by ET molecules it
should decrease. Due to the fact that more water molecules surround the head of TX165
molecule than RL, the ET has a greater effect on the adsorption of TX165 than on RL. This
conclusion is confirmed by the surface tension isotherms of the mixtures of RL with ET and
TX165 with ET at the ET concentrations equal to Cunsat

ET (Figures 2 and S3b). However, at
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the concentration of ET higher than that of CAC [30], the surface tension of the aqueous
solutions of RL and ET as well as ET and TX165 mixtures is close to that of the ET aqueous
solution (Figure 2, Figures S1a and S3b). In this case, it is difficult to assess the mutual
influence of ET and RL as well as of ET and TX165 on the water surface tension reduction.
However, the adsorption of RL and TX165 at the water + ET-air interface is not excluded
due to the surface tension of RL and TX165 tail similar to that of ET [26,30]. In the case of
the aqueous solutions of the RL + ET + TX165 mixture, with the constant concentration of
RL + ET mixture equal Cunsat

RL and Cunsat
ET , respectively, and the variable TX165 concentration,

ET has a greater effect on the water surface tension reduction than RL (Figures 3–6). For this
arrangement, the minimum surface tension is smaller than that of individual TX165 [49].

The surface tension isotherms for this system can be described not only by the second-
order exponential function but also by the Szyszkowski equation (Figures 3–6).
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Figure 3. A plot of the surface tension (γLV) of the aqueous solution of the RL + ET + TX165 mixture
at the constant RL concentration equal to 0.01 mg/dm3 and ET concentration equal to 1.07 mol/dm3

(points 1, curves 1′ and 1′′), 3.74 mol/dm3 (points 2, curves 2′ and 2′′), 6.69 mol/dm3 (points 3,
curve 3′) and 10.27 mol/dm3 (points 4, curve 4′) vs. the logarithm of the TX165 concentration
(CTX165). Points 1–4 correspond to the measured values, curves 1′–4′ and curves 1′′, 2′′ correspond to
the values calculated from Equations (1) and (2), respectively.
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Figure 4. A plot of the surface tension (γLV) of the aqueous solution of the RL + ET + TX165 mixture
at the constant RL concentration equal to 0.5 mg/dm3 and ET concentration equal to 1.07 mol/dm3

(points 1, curves 1′ and 1′′), 3.74 mol/dm3 (points 2, curves 2′ and 2′′), 6.69 mol/dm3 (points 3,
curve 3′) and 10.27 mol/dm3 (points 4, curve 4′) vs. the logarithm of the TX165 concentration
(CTX165). Points 1–4 correspond to the measured values, curves 1′–4′ and curves 1′′, 2′′ correspond to
the values calculated from Equations (1) and (2), respectively.
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curve 3′) and 10.27 mol/dm3 (points 4, curve 4′) vs. the logarithm of the TX165 concentration
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the values calculated from Equations (1) and (2), respectively.
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Figure 6. A plot of the surface tension (γLV) of the aqueous solution of the RL + ET + TX165 mixture
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and 10.27 mol/dm3 (points 4, curve 4′) vs. the logarithm of the TX165 concentration (CTX165).
Points 1–4 correspond to the measured values, curves 1′–4′ correspond to the values calculated
from Equation (1).

With the increase of ET concentration to or above CAC and RL to the concentration
close to its CMC, the surface tension of the RL + ET + TX165 aqueous solution does not
change much as a function of the TX165 concentration and its values do not differ much
from the surface tension of the individual ET aqueous solution (Figures 3–6 and S1a) [30].
However, the values of the surface tension of aqueous solutions of the RL + ET + TX165
mixture at the constant ET concentration equal to 10.27 mol/dm3 similar to the surface
tension of an individual ET aqueous solution does not prove that there is no adsorption
of RL and TX165 at the solution-air interface. As mentioned above the surface tension
of RL and TX165 tails is close to that of ET. Therefore, it is difficult to determine directly
the lack of adsorption of RL and TX165 at the high concentration of ET based only on the
surface tension. Our previous studies [26,32] proved that the composition of the adsorption
monolayer at the first approximation, can be predicted from the surface tension isotherms
of aqueous solutions of the individual mixture components. Thus, it is possible to explain
the presence in the adsorption monolayer of not only ET molecules but also RL as well as
TX165 at the ET concentration at which the surface tension of the mixture solution is close
to that of the ET itself.
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According to this suggestion the relative molar fraction of particular components of
the mixture

(
XR) can be expressed by XR

ET = πET
πET+πRL+πTX165

, XR
RL = πRL

πET+πRL+πTX165
and

XR
TX165 = πTX165

πET+πRL+πTX165
, respectively.

Based on the relative molar fraction of ET, RL and TX165 in the mixed monolayer
one can calculate their contribution to the water surface tension reduction from the
following expression:

γW − γLV = π = πXR
ET + πXR

RL + πXR
TX165 (21)

Taking into account the contribution of particular components to the reduction of the
water surface tension it was possible to determine the concentration of all components of
the binary and ternary mixtures in the mixed surface layer using the Frumkin equation
(Equation (14) (Figures S4a–S10d)). In the case of TX165 it was also possible to calculate its
surface excess concentration from the Gibbs isotherm equation (Equation (6)). It proved
that the Gibbs surface excess concentration of TX165 in the systems in which it was possible
to determine is close to that calculated from the Frumkin equation. As follows Equation (21)
is useful for determination of the concentration of all components of the binary and ternary
mixtures at the solution-air interface. The calculations indicate that the same values of
the surface tension of the aqueous solution of the binary and ternary mixtures as that of
the aqueous solution of individual ET does not prove the absence of RL and TX165 in the
surface region.

The sum of the Frumkin isotherms adsorption of the binary and ternary mixtures
suggests that the packing of mixed monolayers is greater than that of single one of particular
components of the mixture or that the TX165 or RL or RL + TX165 mixtures are adsorbed
not at the water-air but at the water + ET-air interface (Figures S4–S10). From the Frumkin
isotherms of the surface concentration of the particular components of the mixed monolayer
it was also possible to determine the adsorption constants for all studied systems as well
as the standard Gibbs free energy of adsorption using Equations (15) and (19). Such
calculations were made both for the binary and ternary systems (Figures S11–S14). The
adsorption constants were compared to those calculated from the Langmuir linear equation
as well as from the Szyszkowski equation (Figures S11 and S12).

The C
XS values for TX165 both in the binary and ternary mixtures are constant only in

the range of its low concentration and are almost the same independently of the constant
concentration of ET and RL (Figures S11a and S12a). However, the C

XS values for RL and ET
practically do not depend on the TX165 concentration but on their constant concentration
values to a large extent and in the case of ET and RL mixture also on its composition
(Figures S11b,c and S12b,c). The values of C

XS for TX165, RL and ET differ a little from the
constant adsorption obtained from the Szyszkowski and linear Langmuir equations. Thus,
in the case of TX165 it takes place only in the range of its low concentration. However, it
was not possible to determine the constant adsorption for all studied systems using the
linear Langmuir and Szyszkowski equations.

Moreover it should be emphasized that in some cases both for the binary and ternary
mixtures the total values of XS are greater than unity. This confirms the above mentioned
conclusion that the layer of RL or TX165 or RL + TX165 can be formed at the water + ET
mixed solvent-air interface. Thus, the surface region can be treated as the sum of two
monolayers, the ET and mixed RL + TX165 one. Such ET, RL and TX165 behaviour explains
why the sum of the surface fraction occupied by particular components of the ternary
system is greater than zero.

Taking into account the adsorption constants the standard Gibbs free energy of adsorp-
tion of ET, RL and TX165 was calculated from Equation (19) (Figures S13 and S14) (Table S1).
As follows from the calculations both RL and ET influence on TX165 tendency to adsorb
only in a small extent and the absolute value of ∆G0

ads both for the binary and ternary
systems is close to that of individual TX165 at its low concentration (Figures S13a and S14a)
(Table S1). In the case of RL and ET the ∆G0

ads values depend on their individual mutual
constant concentrations as well as that of TX165 (Figures S13b,c and S14b,c).
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3. Materials and Methods
3.1. Materials

Ethanol (ET) (96% pure) was purchased from POCH (Gliwice, Poland). Before the
solutions preparation ET was purified by the method described earlier [30,46]. Triton X-165
(TX165) ((p-(1,1,3,3-tetramethylbutyl)-phenoxypolyoxyethylene glycol) of the purity greater
than 99% was purchased from Fluka and R-95 Rhamnolipid (95%) was from Sigma-Aldrich
(St. Louis, MO, USA). For the solution preparation TX165 and RL were used without
further purification.

For the surface tension measurements there were prepared four series of the aqueous
solution of TX165 mixtures with ET and sixteen series for the aqueous solution of the
RL + ET + TX165 mixture. The series of the aqueous solution of TX165 mixtures with
ET had the constant concentration of ET equal 1.07, 3.74, 6.69 or 10.27 mol/dm3 and
the variable concentration of TX165 from 0 to 4 × 10−3 mol/dm3. The series of the
aqueous solutions of RL + ET +TX165 mixture included the constant concentration of the
ET + RL sum and the variable concentration of TX165 as mentioned above. The constant
sum concentration of ET + RL was prepared from all possible combinations of ET at the
concentrations equal 1.07, 3.74, 6.69 and 10.27 mol/dm3 and RL at the concentrations equal
0.01 (1.98 × 10−8 mol/dm3), 0.5 (9.92 × 10−7 mol/dm3), 5 (9.92 × 10−7 mol/dm3) and
20 mg/dm3 (3.96 × 10−5 mol/dm3), respectively.

3.2. Methods

The surface tension (γLV) of the aqueous solution of the ET + TX165 mixture at the
constant concentration of ET and variable concentration of TX165 as well as the aqueous
solution of ET + RL + TX165 mixture and TX165 variable RL + ET + TX165 was measured
by the Krüss K9 tensiometer (Krüss, Hamburg, Germany) according to the platinum ring
detachment method (du Nouy’s method) at 293 K. Before the surface tension measurements
of the studied aqueous solutions the tensiometer was calibrated based on the measure-
ments of water and methanol surface tension. For each concentration of the TX165 at
each series of the solutions, the surface tension measurements were repeated at least ten
times. The standard deviation was ±0.1 mN/m and the uncertainty of the surface tension
measurements was in the range from 0.3% to 0.7%.

4. Conclusions

Based on the obtained results and their thermodynamic analysis, a number of conclu-
sions can be drawn.

The surface tension isotherm of the aqueous solution of particular components of
the ET + RL + TX 165 mixture can be described by the exponential function of the second
order. However, taking into account the exponential function equation and Gibbs isotherm
of the surface excess concentration one it is impossible to obtain the real surface excess
concentration in whole range of its concentrations in the bulk phase. The more real seems to
be the Guggenheim-Adam isotherm of excess concentration of ET at the water-air interface
in the whole range of its concentrations in the bulk phase.

We have proposed a simple equation for calculation of the total ET concentration at
the water-air interface, taking into account the isotherm of the excess ET concentration
calculated from the Guggenheim-Adam equation.

The total concentration of ET calculated by our equation is in accordance with that
obtained from the Frumkin equation. On the basis of our equation it was proved that the
Gibbs surface excess concentration of RL and ET at the water-air interface is practically
equal to the total one.

The total concentration allows to determine the fraction of the surface area occupied
by ET, RL and TX165 at the water-air interface in their individual solutions as well as in the
solution of the binary and ternary mixtures of these compounds.
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The ratio of the mole fraction of the ET, RL and TX165 to that of the surface area
occupied by them is close to the adsorption constant determined from the linear Langmuir
and Szyszkowski equations in a range of ET, RL and TX165 concentrations.

Based on the surface fraction occupied by ET, RL and TX165 it was deduced that RL
and TX165 can be adsorbed at the mixed solvent (water + ET) –air interface.

It proved that adsorption of RL and TX165 can take place even when the surface
tension of the aqueous solution of the binary or ternary systems including ET is close to
that of ET individual solution.

At its low concentration ET influences on the standard Gibbs free energy of RL and
TX165 adsorption to a small extent.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28134987/s1, Table S1. The constant of adsorp-
tion (a) from the Szyszkowski and linear Langmuir equations as well as Gibbs standard free energy
of adsorption. Figure S1. A plot of the surface tension (γLV ) of the aqueous solution of ET as function
of its concentration (CET) (a), surface tension of the aqueous solution of RL (b) and TX165 (c) as
function of the logarithm of its concentration (logC). Figure S2. A plot of C

XS , a and aET
Xs for ET vs.

its concentration (CET). Figure S3. A plot of the surface tension (γLV) of the aqueous solution of
the RL + TX165 mixture (a) at the constant RL concentration equal to 0.01 mg/dm3, 0.5 mg/dm3,
5 mg/dm3 and 20 mg/dm3 vs. the logarithm of TX165 concentration (logCTX165) as well as plot of
the surface tension of the aqueous solution of the RL + ET mixture (b) at the constant ET concentration
equal to 1.07 mol/dm3, 3.74 mol/dm3, 6.69 mol/dm3 and 10.27 mol/dm3 vs. the logarithm of the RL
concentration (logCRL). Figure S4. A plot of the Frumkin concentration at the solution-air interface
(Γ) of RL, ET and their sum at the constant ET concentration equal to 1.07 mol/dm3 (a), 3.74 mol/dm3

(b), 6.69 mol/dm3 (c) and 10.27 mol/dm3 (d) vs. the logarithm of the RL concentration (logCRL).
Figure S5. A plot of the Gibbs concentration (Γ) of TX165 as well as the Frumkin concentration (Γ) of
TX165, RL and their sum at the constant RL concentration equal to 0.01 mg/dm3 (a), 0.5 mg/dm3 (b),
5 mg/dm3 (c) and 20 mg/dm3 (d) vs. the logarithm of the TX165 concentration (CTX165). Figure S6. A
plot of the Gibbs concentration (Γ) of TX165 as well as the Frumkin concentration (Γ) of TX165, ET and
their sum at the constant ET concentration equal 1.07 mol/dm3 (a), 3.74 mol/dm3 (b), 6.69 mol/dm3

(c) and 10.27 mol/dm3 (d) vs. the logarithm of the TX165 concentration (CTX165). Figure S7. A plot
of the Gibbs concentration (Γ) of TX165 as well as the Frumkin concentration (Γ) of TX165, RL, ET
and their sum vs. the logarithm of the TX165 concentration (CTX165) at the constant RL concentration
equal to 0.01 mg/dm3 and constant ET concentration equal to 1.07 mol/dm3 (a), 3.74 mol/dm3 (b),
6.69 mol/dm3 (c) and 10.27 mol/dm3 (d). Figure S8. A plot of the Gibbs concentration (Γ) of TX165
as well as the Frumkin concentration (Γ) of TX165, RL, ET and their sum vs. the logarithm of the
TX165 concentration (CTX165) at the constant RL concentration equal to 0.5 mg/dm3 and constant ET
concentration equal to 1.07 mol/dm3 (a), 3.74 mol/dm3 (b), 6.69 mol/dm3 (c) and 10.27 mol/dm3 (d).
Figure S9. A plot of the Gibbs concentration (Γ) of TX165 as well as the Frumkin concentration (Γ) of
TX165, RL, ET and their sum vs. the logarithm of the TX165 concentration (CTX165) at the constant
RL concentration equal to 5 mg/dm3 and constant ET concentration equal to 1.07 mol/dm3 (a),
3.74 mol/dm3 (b), 6.69 mol/dm3 (c) and 10.27 mol/dm3 (d). Figure S10. A plot of the Gibbs concen-
tration (Γ) of TX165 as well as the Frumkin concentration (Γ) of TX165, RL, ET and their sum vs. the
logarithm of the TX165 concentration (CTX165) at the constant RL concentration equal to 20 mg/dm3

and constant ET concentration equal to 1.07 mol/dm3 (a), 3.74 mol/dm3 (b), 6.69 mol/dm3 (c) and
10.27 mol/dm3 (d). Figure S11. A plot of C

XS and a for TX165 (a), RL (b) and ET (c) vs. the logarithm
of the TX165 concentration (CTX165). Figure S12. A plot of C

XS and a for TX165 (a), RL (b) and ET (c)
vs. the logarithm of theTX165 concentration (CTX165). Figure S13. A plot of the standard Gibbs free
energy of adsorption (∆G0

ads) calculated from Equation (19) for TX165 (a), RL (b) and ET (c) vs. the
logarithm of the TX165 concentration (CTX165). Figure S14. A plot of the standard Gibbs free energy
of adsorption (∆G0

ads) calculated from Equation (19) for TX165 (a), RL (b) and ET (c) vs. the logarithm
of the TX165 concentration (CTX165).
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2. Lobotková, M.; Hybská, H.; Turčániová, E.; Salva, J.; Schwarz, M.; Hýrošová, T. Monitoring of the surfactants in surface waters in

Slovakia and the possible impact of COVID-19 pandemic on their presence. Sustainability 2023, 15, 6867. [CrossRef]
3. Jansen, K.; Mohr, C.; Lügger, K.; Heller, C.; Siemens, J.; Mulder, I. Widespread occurrence of quaternary alkylammonium

disinfectants in soils of Hesse, Germany. Sci. Total Environ. 2023, 20, 159228. [CrossRef]
4. Sarubbo, L.A.; Silva, M.G.C.; Durval, I.J.B.; Bezerra, K.G.O.; Ribeiro, B.G.; Silva, I.A.; Twigg, M.S.; Banat, I.M. Biosurfactants:

Production, properties, applications, trends, and general perspectives. Biochem. Eng. J. 2022, 18, 108377. [CrossRef]
5. Drakontis, C.E.; Amin, S. Biosurfactants: Formulations, properties, and applications. Curr. Opin. Colloid Interface Sci. 2020,

48, 77–90. [CrossRef]
6. Marchant, R.; Banat, I.M. Biosurfactants: A sustainable replacement for chemical surfactants. Biotechnol. Lett. 2012, 34, 1597–1605.

[CrossRef] [PubMed]
7. Marchant, R.; Banat, I.M. Microbial biosurfactants: Challenges and opportunities for future exploitation. Trends Biotechnol. 2012,

30, 558–565. [CrossRef]
8. Makkar, R.; Cameotra, S. An update on the use of unconventional substrates for biosurfactant production and their new

applications. Appl. Microbiol. Biotechnol. 2002, 58, 428–434.
9. Figueiredo, M.T.D.; Lopez, M.A.R.; Neves, H.P.; Mageste, A.B.; Ferreira, G.M.D.; Ferreira, G.M.D. Liquid-liquid equilibria of

aqueous two-phase systems formed by Triton X-100 surfactant and thiocyanate salts. J Mol. Liq. 2021, 15, 116615. [CrossRef]
10. Rub, M.A.; Azum, N.; Kumar, D.; Khan, A.; Arshad, M.N.; Asiri, A.M.; Alotaibi, M.M. Aggregational behaviour of promethazine

hydrochloride and TX-45 surfactant mixtures: A multi-techniques approach. J. Mol. Liq. 2021, 342, 117558.
11. Sharma, D.; Singh, D.; Singh, G.D.S.; Karamchandani, B.M.; Aseri, G.K.; Banat, I.M.; Satpute, S.K. Biosurfactants: Forthcomings

and Regulatory Affairs in Food Based Industries. Molecules 2023, 28, 2823. [CrossRef]
12. Singh, P.; Cameotra, S.S. Potential applications of microbial surfactants in biomedical sciences. Trends Biotechnol. 2004, 22, 142–146.

[CrossRef] [PubMed]
13. Gomaa, E.Z. Antimicrobial and anti-adhesive properties of biosurfactant produced by lactobacilli isolates, biofilm formation and

aggregation ability. J. Gen. Appl. Microbiol. 2013, 59, 425–436. [CrossRef] [PubMed]
14. Rodrigues, L.; Banat, I.M.; Teixeira, J.; Oliveira, R. Biosurfactants: Potential applications in medicine. J. Antimicrob. Chemother.

2006, 57, 609–618. [CrossRef] [PubMed]
15. Çelik, P.A.; Manga, E.B.; Çabuk, A.; Banat, I.M. Biosurfactants’ Potential Role in Combating COVID-19 and Similar Future

Microbial Threats. Appl. Sci. 2021, 11, 334. [CrossRef]
16. Markande, A.R.D.; Varjani, P.S. A review on biosurfactants: Properties, applications and current developments. Bioresour. Technol.

2021, 330, 124963. [CrossRef]
17. Ribeiro, B.G.; Guerra, J.M.C.; Sarubbo, L.A. Biosurfactants: Production and application prospects in the food industry. Biotechnol.

Prog. 2020, 36, 3030. [CrossRef] [PubMed]
18. Mendes, A.N.; Filgueiras, L.A.; Pinto, J.C.; Nele, M. Physicochemical Properties of Rhamnolipid Biosurfactant from Pseudomonas

aeruginosa PA1 to Applications in Microemulsions. J. Biomater. Nanobiotechnol. 2015, 6, 64–79. [CrossRef]
19. Abalos, A.; Pinazo, A.; Casals, M.R.; García, F.; Manresa, A. Physicochemical and antimicrobial properties of new rhamnolipids

produced by Pseudomonas aeruginosa AT10 from soybean oil refinery wastes. Langmuir 2001, 17, 1367–1371. [CrossRef]
20. Semkova, S.; Antov, G.; Illiev, I.; Tsoneva, I.; Lefterov, P.; Christova, N.; Nacheva, L.; Stoineva, I.; Kabaivanova, L.; Staneva, G.; et al.

Rhamnolipid Biosurfactants—Possible Natural Anticancer Agents and Autophagy Inhibitors. Separations 2021, 8, 92. [CrossRef]
21. Mishra, S.; Lin, Z.; Pang, S.; Zhang, Y.; Bhatt, P.; Chen, S. Biosurfactant is a powerful tool for the bioremediation of heavy metals

from contaminated soils. J. Hazard. Mater. 2021, 418, 126253. [CrossRef] [PubMed]
22. Zhang, Y.; Placek, T.L.; Jahan, R.; Alexandridis, P.; Tsianou, M. Rhamnolipid Micellization and Adsorption Properties. Int. J. Mol.

Sci. 2022, 23, 11090. [CrossRef]

https://doi.org/10.3390/su15086867
https://doi.org/10.1016/j.scitotenv.2022.159228
https://doi.org/10.1016/j.bej.2022.108377
https://doi.org/10.1016/j.cocis.2020.03.013
https://doi.org/10.1007/s10529-012-0956-x
https://www.ncbi.nlm.nih.gov/pubmed/22618240
https://doi.org/10.1016/j.tibtech.2012.07.003
https://doi.org/10.1016/j.molliq.2021.116615
https://doi.org/10.3390/molecules28062823
https://doi.org/10.1016/j.tibtech.2004.01.010
https://www.ncbi.nlm.nih.gov/pubmed/15036865
https://doi.org/10.2323/jgam.59.425
https://www.ncbi.nlm.nih.gov/pubmed/24492601
https://doi.org/10.1093/jac/dkl024
https://www.ncbi.nlm.nih.gov/pubmed/16469849
https://doi.org/10.3390/app11010334
https://doi.org/10.1016/j.biortech.2021.124963
https://doi.org/10.1002/btpr.3030
https://www.ncbi.nlm.nih.gov/pubmed/32463167
https://doi.org/10.4236/jbnb.2015.61007
https://doi.org/10.1021/la0011735
https://doi.org/10.3390/separations8070092
https://doi.org/10.1016/j.jhazmat.2021.126253
https://www.ncbi.nlm.nih.gov/pubmed/34119972
https://doi.org/10.3390/ijms231911090


Molecules 2023, 28, 4987 17 of 17

23. Ikizler, B.; Arslan, G.; Kipcak, E.; Dirik, C.; Celenk, D.; Aktuglu, T.; Helvacı, S.S.; Peker, S. Surface adsorption and spontaneous
aggregation of rhamnolipid mixtures in aqueous solutions. Colloids Surf. A Physicochem. Eng. Aspects. 2017, 519, 125–136.
[CrossRef]
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47. Mańko, D.; Zdziennicka, A.; Jańczuk, B. Thermodynamic properties of rhamnolipid micellization and adsorption. Colloids Surf. B

Biointerfaces 2014, 119, 22–29. [CrossRef]
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