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There is an increasing interest in the use of biosurfactants in the development of more biocompatible and
biosustainable surfactant-based products. To optimise performance and mitigate production costs,
biosurfactants are commonly mixed with different synthetic surfactants. Understanding in detail their mixing
properties at interfaces and in solution is key to the development of optimal formulations. Reported here is a
detailed thermodynamic analysis, using the latest developments in the pseudo phase approximation, PPA, of
the mixing behaviour at the air—water interface of two glycolipid biosurfactants, rhamnolipids, RL, containing
the mono and di-rhamnose isomers R1 and R2, and the sophorolipids, SL, containing the lactonic and acidic
isomers LS and AS, with the anionic surfactant sodium dodecyl benzene sulfonate, LAS. The analysis uses the
previously reported adsorption data, from neutron reflectivity measurements, NR, for the associated binary
and ternary mixtures. The different rhamnolipid and sophorolipid biosurfactant structures and their relative
surface activities have a profound effect on their mixing properties at the air—water interface with the anionic
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surfactant LAS, due predominantly to the steric constraints of the different molecular structures. This results
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1. Introduction

An extensive variety of different surfactant structures have been
developed and synthesised for a wide range of diverse applica-
tions, and include a wide range of anionic, cationic, nonionic
and zwitterionic structures." The nature of their preferential
adsorption at different interfaces and their self-assembly in
solution are key to their applications in home and personal care
products, foods, pharmaceuticals, and a range of industrial
processes. Hence a detailed characterisation of their solution
structures and adsorption properties is an essential and impor-
tant area of research.”?

In most cases the important properties and features are
optimised and manipulated using surfactant mixtures.®
This has resulted in the treatment of the non-ideal mixing
in surfactants becoming an extensive area of established
research, and in which a number of different approaches have
been developed.®* In particular it is the pseudo phase
approximation, PPA, and the commonly used regular solution
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in different synergistic excess free energies of mixing and different optimal compositions.

approximation, RST, which are the main basis of the thermo-
dynamical treatment of the non-ideality.*” The application of
the neutron scattering techniques of neutron reflectivity, NR,
and small angle neutron scattering, SANS, in combination with
deuterium/hydrogen, D/H, isotopic labelling, has transformed
our ability to probe in detail the surfactant mixing in micelles
and at surfaces; and this has led to further developments and
applications of the PPA."™*

Although there is an extensive range of synthetic surfactants
available, there is an increasing interest in using surfactants
derived from natural sources, biosurfactants, which are bio-
compatible and biosustainable. There is a wide range of such
potential systems. Their origins and production have been
extensively reviewed.'*° Their applications in a variety of
products has been discussed,> % and characterisation of their
basic adsorption and self-assembly properties presented.>*™*!
Neutron and X-ray scattering methods have played an impor-
tant role in the investigation of their interfacial and self-
assembly properties,**™> and adsorption data obtained by such
methods are the focus of this paper.

As described above, to optimise performance and tailor
specific properties, surfactants are extensively used as mixtures.
For the same reasons, to mitigate production costs, and
because of the occurrence of different isomers, biosurfactants
will also be mostly used as mixtures with other biosurfactants

This journal is © The Royal Society of Chemistry 2025
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and synthetic surfactants. This has led to an extensive literature
relating to the different mixing properties and behaviour of
biosurfactant related mixtures.*”*8>3763

However there are few detailed thermodynamic analyses of the
mixing properties of multicomponent mixtures involving biosur-
factants. The focus of this paper is a detailed thermodynamic
analysis, based on surface tension and adsorption data derived
from NR, and using the latest developments in the PPA,"* ™ of the
mixing properties of the binary and ternary mixtures of rhamno-
lipid/LAS and sophorolipid/LAS mixtures. The thermodynamics of
mixing of the rhamnolipid/LAS mixtures was previously reported as
part of a study of a quinary mixture containing rhamnolipids and
three synthetic surfactants.”® This analysis is now extended here to
the sophorolipid/LAS mixture, using adsorption data previously
published.”” This has enabled a detailed comparison of the mixing
properties of the two different sets of binary and ternary mixtures to
be made. This comparison provides a detailed insight into the
impact of the different relative surface activities and the different
steric constraints due to the different molecular structures on the
mixing behaviour of two of the key biosurfactants.

2. Thermodynamics of
surfactant mixing

The non-ideal mixing of surfactant aggregates, micelles, and
surfactant adsorption at interfaces has been extensively
studied.> The resulting synergistic phenomena are frequently
described using the pseudo phase approximation, PPA,*’ and
this approach is briefly summarised here. This involves treating
the micelles and the interfacial layers as separate pseudo
phases, in which the Gibbs-Dunhem equation applies.'" It
originates from Clint’s treatment of ideal mixing,’® and was
extended to the regular solution approach, RST, for micelles by
Rubingh®” and applied to surfaces by Ingram.®® The non-
ideality in the RST approach is described by a single non-
ideality interaction parameter B, and is assumed to be symme-
trical with composition. In this model the excess free energy of
mixing for a binary mixture is then,

AGe = BRTx;x, (1)

where x; are the mole fraction of the two surfactant compo-
nents. The interaction parameter B has subscripts Bs or By,
which refer to the surface and micelle mixing, which are
frequently different. A negative B is associated with a synergistic
(attractive) interaction in which the excess free energy of mixing
is reduced, and a positive B with an antagonistic (repulsive)
interaction which is unfavourable.

In the PPA the chemical potential of the components of the
pseudo phase, micelles, interface and monomer, are assumed
to be equal at equilibrium. So, for example, equating the
chemical potential of the micelle and monomer gives rise to,

xi = Pl @)

where x; is the mole fraction of the i component in the

micelle, ¢™™® is the monomer concentration of the "
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component, f} is the activity coefficient in the micelle and ¢/
its critical micelle concentration, cmc.

For a binary mixture, and assuming the micelle mole frac-
tion equals unity, and at the cme ¢™" = o;ch. ., where o; is the
mole fraction of monomer in solution and ¢ is the mixed
eme; and derived from the Butler equation,®® the following

relationship is obtained,

1 o o
- = 3
T 2
Infl' = Buxs®  Infl' = Buxi® (4)

In the regular solution approximation eqn (1) to (4) combine
to produce,

xpcfton
Bm(x]fxz) —In {W} =0 (5)

Eqn (5) can be solved iteratively to provide a value for the
interaction parameter By,, the micelle composition and mono-
mer composition. In some cases the micelle composition can
be determined by SANS,”® and this provides an important
additional constraint to the solutions of eqn (5).

A version of eqn (4) can be applied to the surface, and ¢ is
replaced by ¢, where ¢} is the concentration at which the surface
pressure 7 is obtained. From surface tension measurements at a
fixed © but different compositions the surface interaction Bs, which
can be different to By, and the surface composition can be
obtained. The surface composition can be measured directly above
and below the cmc by NR? and this provides an important addi-
tional constraint in determining the surface interaction parameter.

This approach results in a set of equations that can be
solved iteratively to provide the micelle and surface interaction
parameters, and the variation in the micelle, surface and
monomer compositions with solution composition and
concentration. This was initially extensively exploited on the
basis of surface tension data.*'® More recently the additional
information and constraints of the micelle and surface compo-
sitions determined by SANS and NR make a more comprehen-
sive and detailed evaluation of binary surfactant mixing
possible.*™® Using the approach of Redlich and Kister’" this
has been extended to ternary and quinary mixtures.>®”?

These studies, and in particular the NR data, have shown that
the RST symmetrical approach to describe non-ideality is fre-
quently inadequate and that the mixing is intrinsically asymme-
trical. The asymmetry results from the competing impact of the
electrostatic and steric interactions. This can be accounted for by
an expansion of the excess free energy of mixing (eqn (1)), by
including higher order terms in a way consistent with the Gibbs-
Duhem relationship, to give for a binary mixture,

AGe = x13,B + x1%,(x; — X3)C + x12%5(%; — %,)°D  (6)

where B, C and D are the interaction parameters quantifying the
quadratic, cubic and quartic terms (where B, Cs, D; refer to the
surface mixing and By,, Cyn, Dp, refer to the micelle mixing, and
are frequently different).
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In the RST approach only B is non-zero and the excess free
energy of mixing is symmetrical with composition. Introducing
a non-zero C parameter allows for the minimum in the excess
free energy of mixing to be asymmetrical, not at a 50:50
composition. For example, in a nonionic/ionic mixture at the
surface with hexagonal symmetry, this minimum should occur
ata 2:1 composition ratio. A non-zero quartic term, D, provides
some refinement to the shape of the excess free energy curve. In
the analysis presented here the quartic term is not required.

This approach has been recently applied to the mixing
properties of the rhamnolipids R1 and R2 and LAS
mixtures.’® Here the same approach is applied to the sophoro-
lipid AS and LS and LAS mixtures. Although the mixing proper-
ties of the sophorolipid/LAS mixtures, as determined by NR,
have been previously reported,””*® a detailed thermodynamic
analysis has not been previously made. Here the contrasting
behaviour of the two sets of binary and ternary mixtures are
compared and discussed in the context of the different mole-
cular structures and surface activities.

3. Analysis of mixing properties of
RL/LAS and SL/LAS mixtures
3.1 RL/LAS

In this section the adsorption and self-assembly data presented
and the discussion of that data are taken from ref. 42 and 43,

(a) Rhamnolipids, R1, R2

Hoi‘ 3
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and the detailed thermodynamic analysis of the mixing is from
ref. 58.

The predominant molecular structures of the rhamnolipids,
R1 and R2, and LAS are shown in Fig. 1.

The nature of the adsorption of the R1 and R2 rhamnolipids,
their mixtures, and their mixtures with LAS at the air-water
interface were previously determined using NR.*>** The mix-
tures were measured at a fixed solution concentration of 1 mM,
above the mixed cmc, and in buffer (0.023 M borax and 0.008 M
HCI) at pH 9. The key parameters which indicate their relative
surface activities are summarised in Table 1.

The key features from the studies of Chen et a
summarised in the following paragraphs.

The adsorption isotherms for R1 and R2, and the insensi-
tivity in the adsorption with pH, are consistent with
both surfactants being relatively weakly anionic, and can be
considered as nonionic.*> R1 is more surface active than
R2. In the R1/R2 mixtures R1 dominates the adsorption,
predominantly because of the greater steric and packing

1L***3 are

Table 1 Key surface activity parameters for the rhnamnolipids and LAS

Area/molecule at cmce Surface tension at
Surfactant  saturation (+2 A%) (£0.02 mM) cmc (£0.05 mN m™?)
R1 60 0.36 31
R2 88 0.18 37
LAS 48 0.34 28

R2

LS

SO0, Na*

(c) Sodium dodecyl benzene sulfonate. :LAS

Fig. 1 Molecular structures of (a) rhamnolipids, (b) sophorolipids and (c) LAS.
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constraints associated with the bulkier R2 headgroup and
its greater relative hydrophobicity.*> In the mixing of LAS
with R1 and R2, LAS adsorbs more strongly than R1 and R2,
due to the greater surface activity of LAS.*® In the ternary
mixtures the LAS and R1 adsorption dominate. The total
adsorption is significantly enhanced due to the synergistic
interactions,*® and goes through a pronounced maximum with
composition.

As part of a more extensive study at the air-water interface at
the air-water interface of a quinary surfactant mixture compris-
ing of the R1 and R2 rhamnolipids, LAS, diethylene glycol
monododecyl ether sodium sulfate, SLES, and octaethylene
glycol monododecyl ether, C;,Es, Liley et al.®® made a detailed
thermodynamical analysis based on the PPA approach outlined
in the previous section, using the adsorption and surface tension
data presented in ref. 42, 43, and 58. The key thermodynamic
parameters from that analysis are summarised in Table 2.

The variations in the adsorbed mole fractions with composi-
tion, and the associated model fits (using the parameters in
Table 2) for the binary mixtures are shown in Fig. 2.

The variations in surface composition are well described by
the thermodynamic model using the quadratic and cubic terms
in eqn (6). In the adsorption data the variation from that
expected for ideal mixing shows that the surface mixing is
non-ideal. The values of the interaction parameters in Table 2
indicate that the non-ideal mixing is asymmetrical and syner-
gistic (attractive). The R1/R2 interaction is the strongest and the
LAS/R1 and LAS/R2 interactions are comparable. For ionic/
nonionic mixtures the optimal composition (corresponding to
the minimum in the excess free energy of mixing) to minimise
interactions is 2:1 nonionic/ionic, and although the rhamno-
lipids are only weakly ionic this might still be expected here.
For the R1/R2 and LAS/R2 mixtures the optimal composition is
close to 0.67 (mole fraction LAS), and reflects the greater steric
hindrance associated with the R2 headgroup structure. For
LAS/R1 the optimal composition is 0.45 (mole fraction LAS),
due to the balance between the steric and electrostatic con-
tributions to the interaction.

The binary mixing parameters describe well the ternary
mixing,*® without any further adjustment, and confirm the
pair-wise nature of the interactions. This is shown by the
variations in the ternary mixture adsorption and the compar-
ison with the model calculations using the parameters in
Table 2 in Fig. 3.

In the ternary mixtures the strongest R1/R2 interaction
dominates, and this results in a slight reduction in the LAS
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Fig. 2 Variation in adsorbed mole fraction with bulk mole fraction for the
binary mixtures (a) LAS-R1, (b) LAS-R2, and (c) R1-R2, using data from
ref. 58. Solid line is calculated using the parameters in Table 2, and the
dashed line is for ideal mixing.

adsorption. This is a phenomena which is consistent with
other recent studies®®”*>”? on ternary mixtures, which showed
that if one of the binary interactions is much stronger their
composition at the surface is enhanced compared to the third
component. However due to their greater surface activities
R1 and LAS compete most effectively for the surface, and
the R2 adsorption is slightly reduced. This gives to the optimal
packing that results in the adsorption maximum described
earlier.

Table 2 Key thermodynamic parameters for R1, R2 and LAS mixing at the air—water interface and in micelles (reproduced from ref. 58), where x, is the
mole fraction of component 1 corresponding to the minimum in the excess free energy of mixing, and AGei, is the minimum in the excess free energy

of mixing

Micelles Surface
Surfactant mixture B, +0.4 Cp +0.4 AGepin (KT) X1 Bg £0.3 Cs 0.3 AGenmin (KT) X1
LAS/R1 —-0.3 0.0 —0.08 0.5 —1.2 0.2 —-0.3 0.46
LAS/R2 0.0 0.0 — — —0.8 —0.8 —0.24 0.67
R1/R2 —-0.5 0.0 —0.13 0.5 —1.7 —1.4 —0.48 0.65

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Variation in adsorbed mole fraction with bulk mole fraction of LAS,
for each of the ternary mixtures (a) LAS/2:1 R1/R2, (b) LAS/1:1 R1/R2, and
(c) LAS/1:2 R1/R2, using data from ref. 58. The data points are (black) LAS,
(red) R1, and (blue) R2, and the solid lines are calculated curves using the
parameters in Table 2.

In contrast, as illustrated in Table 2, from the cmc variation,
the micelle mixing is ideal or relatively close to ideal, and hence
the optimal composition is close to equimolar. This implies
that the packing constraints in the micelles are more relaxed
than at the surface. Chen et al.*>** and Liley et al.>® studied the
solution self-assembly of R1, R2, and LAS, and their binary and
ternary mixtures using SANS. In solution, at relatively low
surfactant concentrations, the rhamnolipids R1 and R2 are
initially micellar, and R1 becomes lamellar at higher concen-
trations. LAS is micellar at low concentrations and lamellar at
higher concentrations. In their binary mixtures LAS/R2 is
primarily micellar and in the R1/R2 and LAS/R1 mixtures the
lamellar phase dominates. In the ternary mixtures this results
in a more complex evolution in structures from micellar to

3538 | Soft Matter, 2025, 21, 3534-3546
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lamellar. At even higher concentrations Motta et al>> have
interpreted small angle X-ray scattering data in terms of a
wider range of elongated and planar aggregates. However at
the concentration close to that used for the adsorption mea-
surements the solutions are micellar, and the changes in self-
assembly have no significant impact upon the surface thermo-
dynamical parameters in Table 2.

3.2 SL/LAS

In this section the adsorption and self-assembly data and the
initial discussion of that data is taken from ref. 47 and 48.
However the detailed thermodynamic analysis of that data and
subsequent discussion of that data are newly presented here.

The predominant molecular structures of the sophorolipids,
AS and SL, are shown in Fig. 1.

The adsorption of the acidic and lactonic sophorolipids,
their mixtures and their binary and ternary mixtures with LAS,
at the air-water interface was previously investigated using NR
by Chen et al.*’ The measurements were made at a fixed
concentration of 1 mM at the air-water interface. The mixed
surfactant solutions were mostly at concentrations above the
cme, except for the solutions rich in LAS, with a solution mole
fraction of LAS > 0.9. As discussed later, for the LAS and AS
rich compositions the relative proximity to the mixed cmc will
have some consequences. This is in contrast to the rhamnoli-
pid/LAS mixtures which were all at concentrations much
greater than the mixed cmc, and results from the latter being
measured in buffer. In a complementary study Chen et al.*®
also characterised the self-assembly of the LAS/sophorolipid
mixtures at low surfactant concentrations using SANS. Their
respective key surface activity parameters are summarised in
Table 3.

The LS sophorolipid was in the form of the diacetyl version,
whereas the AS sophorolipid was in the diacetyl form for the NR
measurements, but in the non-acetyl form for the ST measure-
ments, Chen et al®’ showed that the acetylisation had a
minimal impact upon the cmc and surface coverage.

The main observations from the study by Chen et al.*” are
summarised as follows. The more hydrophobic LS has the
lowest cmc and is more surface active than the AS sophorolipid.
The AS sophorolipid is more ionic than the LS, and this in part
contributes to the larger area/molecule at saturation for the AS
sophorolipid. However the different structures would imply
greater packing constraints for the LS, but this does not impact
greatly upon its saturation adsorption.

In the binary mixtures, involving LS, LAS/LS and LS/AS, there
is a pronounced partitioning at the surface in favour of the LS

Table 3 Key surface activity parameters for the acidic, lactonic sophor-
olipids and LAS

Area/molecule at cmc Surface tension at

Surfactant saturation (+2 A%) (40.02 mM) cmec (£0.5 mN m )
Acidic SL, AS 86 0.67 39
Lactonic SL, LS 73 0.06 36
LAS 54 1.60 34

This journal is © The Royal Society of Chemistry 2025
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component. Whereas the LAS/AS mixture has a surface compo-
sition close to the solution composition over the concentration
and composition range studied. In the ternary mixtures, LAS/
AS/LS, the surface composition is dominated by the LS compo-
nent. For the solutions richer in the AS component, the surface
composition implies that the presence of the AS component
eases the packing constraints.

Chen et al.*’ measured the surface tension variations for the
AS and LS sophorolipids, the LS/AS mixtures and the LAS/AS
and LAS/LS mixtures, The variation in the cmc for the three
mixtures are shown in Fig. 4, and the associated thermody-
namic parameters, based on the analysis of that data alone, are
summarised in Table 4.

The large difference in the LAS and SL cmc values dominates
the cmc variation with composition, and this results in a

0.0 1 1 1 1

10

CMC/mM

05

(c)

0.8 |

0.4

0.0
0.0 mole fraction 1.0

Fig. 4 Variation in cmc with solution composition for (a) LAS/AS, (b) LAS/
LS and (c) LS/AS mixtures. The solid lines are model calculations using the
PPA approach outlined earlier and for (black line) the parameters in
Table 4, (red dotted line) parameters in Table 6, and (dashed line) ideal
mixing.

This journal is © The Royal Society of Chemistry 2025
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Table 4 Key thermodynamic parameters for LAS/AS, LAS/LS and LS/AS
micelle mixing, where x; is the composition (in mole fraction of compo-
nent 1) corresponding to the minimum in the excess free energy of mixing,
and AGenn is the minimum in the excess free energy of mixing

Surfactant mixture By, (£0.4)  Cp, (£0.4)  AGepin (KT) X3

LAS/AS -1.3 0.3 —0.33 0.45
LAS/LS —-1.4 —0.2 —0.33 0.45
LS/AS 0.6 0.5 0.17 0.65

greater uncertainty in the evaluation of the thermodynamic
parameters.

From the analysis of the emc data only the micelle mixing
parameters are broadly similar to those reported earlier (see
Table 3) for the rhamnolipid/LAS mixtures, in that they are
relatively weak. The LS/AS micelle mixing is slightly non-ideal
and antagonistic (repulsive), with an optimal composition
dominated by the LS component. The LAS/AS and the LAS/LS
micelle mixing is synergistic (attractive). The optimal composi-
tion is close to equimolar, due to the balance between the steric
constraints and the electrostatic contributions to the inter-
action. In the subsequent analysis of the surface data, which
provides a more accurate description of the mixing properties,
the cmc derived parameters require some adjustment, and this
will be discussed in more detail in the subsequent discussion
later in the paper.

The different sophorolipid structures result in a rather
different pattern of self-assembly compared to the rhamnoli-
pids, as illustrated by Chen et al*® The AS sophorolipid is
micellar at the relatively low surfactant concentrations studied,
and this contrasts with the LAS self-assembly which evolves
from micellar to lamellar. However the rather different LS
molecular structure results in the formation of nano-vesicles
which evolve into larger vesicles and a sponge phase at higher
concentration. In the binary mixtures involving the AS sophor-
olipid, LAS/AS and AS/LS, the micellar structure dominates. In
the LAS/LS binary mixtures and in the ternary mixtures more
planar structures dominate, with an interplay between lamellar,
vesicular and nano-vesicle formation, depending upon the
solution composition and concentration.

Following the initial analysis of the micelle mixing a detailed
thermodynamical analysis of the adsorption data derived from
NR and surface tension data for the AS, LS and LAS binary and
ternary mixtures, following the procedures outlined earlier and
described in more detail elsewhere,”®”*”* was made. The key
thermodynamic parameters from the analysis are summarised
in Table 5.

Table 5 Key thermodynamic parameters for AS, LS and LAS mixing at the
air—water interface, where x; is the composition (in mole fraction of
component 1) corresponding to the minimum in the excess free energy
of mixing, and AGen,in is the minimum in the excess free energy of mixing

Surfactant mixture By(+0.3) Cs (£0.3) AGein X1

LS/AS —2.1 0.0 —0.53 0.50
LAS/AS —-1.9 —-0.9 —0.50 0.55
LAS/LS —1.8 0.4 —0.45 0.45

Soft Matter, 2025, 21, 3534-3546 | 3539
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The corresponding variations in the surface composition
with solution composition for the three binary mixtures are
shown in Fig. 5.

The variation in the surface mole fraction with solution
mole fraction for the three binary mixtures at the air-water
interface is well described by the PPA thermodynamic model
described earlier, and in general requires the quadratic, and
cubic terms in eqn (6). The surface mixing is non-ideal and
asymmetrical with solution composition. The mixtures all have
synergistic (attractive) interactions. The interactions between
each pair of components is broadly similar, and the optimal
composition is approximately equimolar. This implies that the
reduction in the electrostatic interaction and the steric con-
straints are broadly similar for all three mixtures.

The evaluation of the micelle mixing, based on the cmc
variation, is dominated by the relatively large difference
between the cmc of LAS and the sophorolipids, see Table 3.

— s
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LAS surrface mole fraction
\
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OA 1 1 1 1
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Fig. 5 Variation in adsorbed mole fraction with bulk mole fraction for the
binary mixtures, (a) LAS/AS, (b) LAS/LS, and (c) LS/AS. The solid lines are
calculated using the parameters in Tables 5 and 6. The dashed lines are
curves corresponding to ideal mixing.
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This results in a relative insensitivity of the cmc data to the
mixing parameters, and result in the best fits shown in Fig. 4
and summarised in Table 4. This was not the case for the
equivalent variations for the LAS/rhamnolipid mixtures.
Furthermore cmc measurements were, as stated earlier, made
using the non-acetylated AS, whereas the NR measurements
used the diacetylated versions. Although the cmc’s and surface
coverage were similar it may well have some impact upon the
interactions. These factors result in the requirement to adjust
the micelle mixing parameters to best fit the surface data,
which then provide a much more accurate description of the
mixing properties. This was done by refining the model fits to
the cmc and adsorption data simultaneously. The result of this
adjustment is summarised in Table 6 below, and the calculated
variation in the cmc for the three binary mixtures is also shown
in Fig. 4.

Fig. 4 shows the relative insensitivity of the cmc variation
with composition to the different thermodynamic parameters
summarised in Tables 4 and 6, and illustrates the importance
in this case of refining the model parameters using the cmc and
surface composition data.

Comparing Table 6 with Table 4 shows that there is a
relatively small adjustment required for the LAS/AS and LAS/LS
mixing, in which the interaction is relatively strong. For the
LS/AS mixing the change is more significant, and now the
micelle mixing is much more strongly non-ideal and synergistic.

The micelle mixing for the LAS/LS and LAS/AS mixtures is
less non-ideal than for the surface. However the micelle and
surface mixing for the LS/AS mixture is similar, and imply
similar packing constraints in the micelles and at the surface.

The variations in the ternary, LAS/AS/LS, mixture adsorption
are shown in Fig. 6.

The greater sensitivity of the surface mixing data requires
that the thermodynamic parameters are refined for the cmc
variations, and the binary and ternary surface mixture adsorp-
tion simultaneously. This was not the case for the LAS/rham-
nolipid mixtures, where the micelle and surface mixing was
analysed separately, and the ternary mixture behaviour could
be predicted based only on the binary properties. However the
model parameters, summarised in Tables 5 and 6, do describe
well the variations in the binary and ternary surface mixing, as
seen in Fig. 6. The deviations are greatest for the LAS and AS
rich solutions, where the closer proximity to the cmc has an
impact on the variation in the monomer and micelle composi-
tion and concentration which drive the adsorption.

Table 6 Micelle mixing parameters adjusted from the surface mixing
analysis (see Table 4 for those derived from the cmc data only), where x;
is the composition (in mole fraction of component 1) corresponding to the
minimum in the excess free energy of mixing, and AGe;, is the minimum
in the excess free energy of mixing

Mixture B, (£0.4) Cp (£0.4) AGe Xy

LS/AS —2.3 0.0 —0.58 0.50
LAS/AS —-0.9 —-1.0 —0.26 0.45
LAS/LS —0.8 0.4 —0.21 0.40

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Variation in adsorbed mole fraction with bulk mole fraction of LAS
for (a) LAS/2: 1 LS/AS, (b) LAS/1:1 LS/AS, (c) LAS 1:2 LS/AS, using data from
ref. 46. The data points are (black) LAS, (red) LS, and (blue) AS, and the solid
lines are model calculations, as described in the text using the parameters
in Tables 4 and 5.

Although the three binary interaction parameters are
broadly similar, the adsorption in the ternary mixtures is
largely dominated by the LS component, due to its greater
surface activity. The LAS competes least favourably for the
surface, apart from in the AS richer solutions. The packing
constraints are such that unlike the rhamnolipid/LAS mixtures,
the LAS/sophorolipid mixtures do not result in as enhancement
in the total adsorption.

4. Discussion

The micelle mixing for both the rhamnolipid/LAS and sophoro-
lipid/LAS mixtures is closer to ideal mixing than the equivalent
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surface mixing. For the rhamnolipid/LAS mixtures the micelle
mixing is closer to ideal than the sophorolipid/LAS mixtures.
The presence of buffer for the rhamnolipid/LAS mixtures will
further reduce the already weakly ionic nature of the rhamno-
lipids and hence the electrostatic contribution to the inter-
action, and the slight departure from ideality further implies
that the steric constraints are minimal. The sophorolipid/LAS
mixtures had no additional electrolyte to screen the electro-
static interactions, but the weakly ionic sophorolipids will
reduce the impact of the charge on the LAS molecules. Further-
more the LAS appears to ease the packing constraints. However
the greatest impact on the packing constraints is seen in the LS/
AS mixtures.

In the LAS/rhamnolipid surface mixing the R1/R2 mixture
has the strongest departure from ideal mixing at the surface,
whereas that for the LAS/R1 and LAS/R2 mixtures are broadly
comparable and weaker. This suggests that the LAS/R1 and
LAS/R2 interactions are a balance between the electrostatic and
steric contributions, whereas for the R1/R2 mixture the steric
constraints dominate. For the sophorolipid/LAS mixtures the
departure from ideal mixing is equally strong for all three of the
binary mixtures. This implies that the electrostatic contribution
is minimal and that the steric constraints dominate and reflect
the greater packing constraints associated with both sophor-
olipid components. All the three interactions involving the SL’s
are as strong as the R1/R2 interaction. In the rhamnolipid/
LAS mixtures the dominance of the R1/R2 interaction and the
greater surface activities of R1 and LAS results in R1 and LAS
dominating the adsorption trends in the ternary mixtures. In
the sophorolipid/LAS mixtures all the binary surface mixing
interactions are very similar, and the greater surface activity of
the LS component dominates the ternary adsorption trends.
Comparing the rhamnolipid/LAS and the sophorolipid/LAS
ternary mixtures, the different relative strengths of interaction
result in different patterns of adsorption, and this suggest that
a different composition is required to optimise the adsorption
for the required application.

The micelle mixing shows a different pattern of behaviour
for both the rhamnolipid/LAS and the sophorolipid/LAS mix-
tures. For the rhamnolipid/LAS mixtures the departure from
ideal mixing is much reduced compared to the surface mixing,
and implies that the packing constraints are much less severe
for the micelles. Indeed the evolution in the self-assembly
structures is a balance between the preferred curvature of LAS
and R1 tending towards planar structures and of R2 towards
more globular micellar structures. As such there is an evolution
from globular to lamellar structures depending upon surfactant
concentration and composition.*>**>° For the sophorolipid/
LAS mixtures the micelle mixing is closer to ideal for the LAS/LS
and LAS/AS mixtures than for the surface, and implies that the
LAS reduces the packing constraints in the micelles compared
to the surface. However for the LS/AS mixture the departure
from ideality is similarly strong in the micelles and at the
surface, and implies similarly strong packing constraints. This
is also manifest in the solution self-assembly, where the LS
sophorolipid favours a range of vesicle-like structures and the
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AS sophorolipid micellar structures; whereas in the LS/AS
mixtures micellar structures dominate. This more complex
evolution reflects the greater degree of packing constraints
associated with the sophorolipid molecular structures.

At the interface for the rhamnolipid/LAS mixtures the
broadly similar dialkyl chain structures for R1 and R2 and
LAS imply relatively favourable packing. The disparity in the R2
headgroup size compared to R1 and LAS is responsible for the
greater packing constraints associated with mixtures involving
R2. This also implies the greatest impact on the R1/R2 mixing.
In buffer and as a result of the weakly ionic nature of the
rhamnolipids, the electrostatic contributions are minimal. For
the sophorolipid/LAS mixtures, although the LS and AS mole-
cular structures are different, they impose similar packing
constraints on all three binary mixtures. Although the sophor-
olipid/LAS measurements were not in buffer, the weakly ionic
nature of the sophorolipids at neutral pH means that electro-
static contribution may be slightly higher than for the rham-
nolipid/LAS mixtures, but will not be significant. The different
pattern of interactions for the sophorolipid/LAS and rhamno-
lipid/LAS mixtures reflect a different balance between these
relative contributions. Without detailed measurements at dif-
ferent levels of added electrolyte and pH it is difficult to further
separate those relative contributions.””

From a series of NR measurements in which both the
contrast of the surfactants and solvent are varied it is possible
to determine the structure of the surface layer in terms of of the
distribution of the different components perpendicular to the
surface.® Hence the surfactant and solvent distributions nor-
mal to the surface and their overlaps obtained can provide
some insights into the packing and the changes in packing on
mixing. This was done by Chen et al.*** for the rhamnolipid/
LAS and sophorolipid/LAS mixtures for a limited range of
combinations.

Chen et al.** determined the structure of R1, R2 and the R1/
R2 mixtures. The significant feature is the width of the solvent
distributions. The solvent distribution is narrower for R2
compared to R1, and is broadest for the R1/R2 mixture.
Furthermore the position of the surfactant distribution relative
to the solvent distribution is unaltered for R1, R2 and the R1/R2
mixture. As the width of the solvent distribution is predomi-
nantly associated with the headgroup, this implies that the
larger R2 headgroup has a different conformation to R1 result-
ing in a less efficient lateral packing and hence the larger area/
molecule. In the mixture the broader distribution shows how
the optimal packing results in some disorder or a staggered
conformation of the two headgroup, but does not significantly
affect the alkyl chain distributions. These observations are
consistent with the main contributions to the interactions on
mixing being due to changes in the headgroup packing and
hydration.

Similar structural measurements were made for the sophor-
olipids, and specifically for the LS and AS sophorolipids and for
the LS/AS and LS/LAS mixtures by Chen et al.*® The structural
measurements give significantly different surfactant distribu-
tions widths, and this implies different surface conformations
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for the AS and LS components, in which it is narrower for the LS
than for the AS component. Furthermore the solvent distribu-
tions are narrower compared to the RL’s and is the most narrow
for the more hydrophobic LS component. This is consistent
with the greater hydrophobicity for both components and
especially for the LS component. The position of the surfactant
distribution relative to the solvent distribution is similar for the
AS and LS, and this implies that AS and LS occupy similar
positions at the interface. The mixed structure was measured
for LS/AS and LS/LAS mixtures. The LS component dominates
the structure with a narrower solvent distribution, and the
greater hydrophobicity of the LS reduces the hydration of the
mixed layer. These distributions and the more rigid surfactant
structure arising from the double bond and in the case of the
LS component the lactone ring, imposes more rigid packing
constraints when mixed with other components.

Studies on a number of biosurfactant/surfactant and biosur-
factant mixtures have also been reported in the recent literature,
in addition to those reported by the authors in studies directly
related to and preceding this paper.*>34748:58:59.7275 Thege
broader related studies involve mixtures closely but not directly
related to the ternary mixtures reported here, and for complete-
ness they are summarised briefly here. They do not in general
provide a comparable thermodynamic analysis, and mostly
use commercial surfactants of uncertain composition and
purity;>6>%10:33:36.60-64 byt nevertheless provide some supporting
complementary insights. Esposito et al®® reported non-ideal
antagonistic interactions in rhamnolipid/SLES (sodium lauryl
ether sulfate), based on surface tension and dynamic light
scattering, DLS, evaluation of mixed micelle formation. Manko
et al.,** in contrast, reported synergistic adsorption and micelli-
zation in RL/SDS (sodium dodecyl sulfate) mixtures, from sur-
face tension and viscosity measurements, but with no
quantification of the magnitude of the synergy. Lui et al.>® and
Rekiel et al.®” reported synergistic interactions in the adsorption
and micellization of impure RL mixtures with the nonionic
surfactants Triton X-100 and Triton X-165 respectively. The
thermodynamic analysis, based on RST, showed an interaction
parameter which varied with solution composition, consistent
with some asymmetry in the interactions. Xu et al.®® and Zhou
et al.®® used predominantly rheological measurements to iden-
tify synergistic interactions in RL/SLES/CAPB (cocamidopropyl
betaine) and RL/SL/CAPB. However no quantification of the
extent of the departure from ideal mixing was provided, and
both the RL and SL biosurfactants were impure commercial
mixtures. Song et al.>® studied R2/lactonic SL mixtures and
reported synergistic interactions from ST and DLS/cryoTEM
data. The extent of the interaction was shown to vary with
composition, using the RST approach, again implying asymme-
try in the interactions. They also report micelle growth, from
micelles to larger aggregates resulting from the synergy, but with
aggregation numbers at variance with other reported values in
the literature. Ngygen et al.?® studied the interfacial tension
variation in a commercial mixtures of RL’s without further
purification with an alkyl propoxyl ethoxy sulfate surfactant.
They reported that the development of ultra low interfacial
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tension was enhanced on mixing, and on its relationship to
environmental remediation. Ikizler et al.>* studied the adsorption
and self-assembly of R1/R2 mixtures by ST, DLS, Turbidity and
SEM. No quantification of the mixing was reported, and the
structural evolution reported is at variance with the current litera-
ture. Imura et al.*® reported synergistic mixing in the Langmuir
monolayers of the LS and AS sophorolipids, and again the extent of
the synergism was not quantified. Onaizi et al.*" reported non-ideal
mixing, based on ST data, in surfactin/LAS mixtures. They reported
attractive interfacial and repulsive solution interactions.

Although not directly comparable to the studies reported in
this paper, the studies summarised in the previous paragraph
all report some degree of non-ideal mixing and imply some
asymmetry in the mixing. They report variations that depend
upon the surfactant structures, and differences in the mixing at
the surface and in self-assembly in solution. However they do
highlight the need for systematic studies with well defined
components and a detailed thermodynamic analysis which
goes beyond the symmetrical RST approach. This has been
the approach for the results presented here for the rhamno-
lipid/surfactant and sophorolipid/surfactant mixtures and the
comparison between the two systems, and this has provided an
insight into the key factors affecting the mixing behaviour.

5. Conclusions

In their widespread use in a range of applications of surfactants,
mixtures are invariably used to optimise particular features and
properties.>>?>2° This is especially relevant for applications
involving biosurfactants, where their mixture with different
synthetic surfactants will be important.>*"®® Characterising and
understanding those mixing properties in self-assembly and at
interfaces is hence of central importance.> "' ™* Here a detailed
thermodynamical analysis has been presented, using the latest
developments in the applications of the pseudo phase
approximation,'*™"* of the surface mixing behaviour of rhamno-
lipid/LAS and sophorolipid/LAS binary and ternary mixtures.

The departure from ideal mixing in both mixtures is syner-
gistic and asymmetrical with composition. The non-ideality in
both mixtures results primarily from the relief on mixing of the
packing constraints due to the different molecular structures of
the different component surfactants. The asymmetry arises from
the balance between the packing constraints and electrostatic
interactions. That balance is different for the two different
mixtures, and results in different optimal compositions corres-
ponding to the minimum in the excess free energy of mixing.

In the rhamnolipid/LAS mixtures this is primarily due to the
packing constraints associated with the larger R2 headgroup. In
the sophorolipid/LAS mixtures the surface mixing is more
strongly synergistic due to the greater steric constraints asso-
ciated with the structure of the LS and AS sophorolipids. These
differences result in different synergistic excess free energies of
mixing and different optimal compositions.

This detailed approach provides important insights into
how to optimise the mixing properties of complex multi-
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component mixtures involving biosurfactants and to their
potential applications. The more optimal packing for the
rhamnolipid/LAS mixtures results in a maximum in the adsorp-
tion with composition, and is a key factor in the potential
applications in areas such as detergency and remediation. The
impact of the greater packing constraints associated with the
sophorolipid on the adsorption and self-assembly/LAS mixtures
point to a greater opportunity to manipulate and optimise these
properties with different mixed systems. The results also sug-
gests applications where the solution structures are more
important and maximising the adsorption less important, such
as pharmaceuticals and cosmetics.
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