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The use of small angle neutron scattering, SANS, neutron reflectivity, NR, and surface tension to study the mixing
properties of the biosurfactant rhamnolipid with a conventional anionic surfactant, sodium dodecyl 6-benzene
sulfonate, LAS, is reported. The monorhamnose rhamnolipid, R1, mixes close to ideally with LAS at the air—water
interface, whereas for mixtures of LAS with the dirhamnose rhamnolipid, R2, the LAS strongly partitions to the
air—water interface relative to R2, probably because of the steric hindrance of the larger R2 headgroup. These trends in
the binary mixtures are also reflected in the ternary R1/R2/LAS mixtures. However, for these ternary mixtures, there is
also a pronounced synergy in the total adsorption, which reaches a maximum for a LAS/rhamnolipid mole ratio of
about 0.6 and a R1/R2 mol ratio of about 0.5, an effect which is not observed in the binary mixtures. In solution, the
R1/LAS mixtures form relatively small globular micelles, L, at low surfactant concentrations ( <20 mM), more planar
structures (lamellar, L, unilamellar/multilamellar vesicles, ulv/mlv) are formed at higher surfactant concentrations for
R1 and LAS rich compositions, and a large mixed phase (L,/L; and L;/L,) region forms at intermediate surfactant
compositions. In contrast, for the R2/LAS mixtures, the higher preferred curvature of R2 dominates the phase behavior.
The predominant microstructure is in the form of small globular micelles, except for solution compositions rich in LAS
(>80 mol % LAS) where more planar structures are formed. For the ternary mixtures, there is an evolution in the
resulting phase behavior from one dominated by L; (R2 rich) to one dominated by planar structures, Ly, (R1, LAS rich),

and which strongly depends upon the LAS/rhamnolipid and R1/R2 mole ratio.

Introduction

There is an increasing interest in the study of biosurfactants
because of their potential for exploitation in a wide range of diverse
products that are biosustainable and biodegradable.' They are
being applied to or considered for an increasingly wide range of
applications, which include enhanced oil recovery,” bioremedia-
tion,” and some specialized healthcare and cosmetic applications
which particularly exploit their antimicrobial and/or antifungal
properties.* A wide variety of different types of biosurfactant are
synthesized by many different micro-organisms. One of the more
commonly studied categories is the glycolipids,” such as the
rhamnolipids, sophorolipids, and trehalolipids. The glycolipids
are dissacharides that are aceylated by long chain fatty acids.
Compared with conventional surfactants, they have lower toxicity,
higher biogradability, and higher tolerance to pH, temperature,
and salinity, and can be synthesized from a variety of non-
petrochemical based sources. Although the rhamnolipids are one
of the more extensively utilized and studied biosurfactants,® the
greater difficulty of large scale production and purification com-
pared with conventional surfactants has hindered their wider
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exploitation. Although there has been a number of studies’ ' this
wider exploitation is further hindered by a lack of fundamental
physicochemical characterization of biosurfactant properties and
especially of mixtures of biosurfactants with conventional
surfactants.

The rhamnolipids are rhamnose containing glycolipid surfac-
tants, which are produced by different strains of the bacteria
Pseudomonas aeruginosa.> They generally exist as one or two
molecules of rhamnose linked to one or two molecules of
fB-hydroxydecanoic acid. The most common forms and major
components are L-rhamnosyl-L-rhamnosyl-3-hydroxydecanoyl-
p-hydroxydecanoate (Rha2C;(C;y, R2) and r-rhamnosyl-
fB-hydroxydecanoyl--hydroxydecanoate (RhaC,,C,o, R1). In
practice, a variety of other components (as minority components), of
different alkyl chain length combinations, which depend upon
carbon source and bacterial strain, exist. A number of recent
publications have reported details of rhamnolipid production,
purification, and characterization.”®!"! They have addressed
different aspects of rhamnolipid surface adsorption and self-
assembly, using predominantly surface tension measurements
and some limited X-ray, light, and neutron scattering studies.
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More recently, we'* have used neutron reflectivity (NR), small
angle neurton scattering (SANS), and surface tension to investi-
gate in some detail the surface adsorption and solution self-
assembly of the rhamnolipids R1 and R2, and their mixtures. At
the air—water interface, R1 and R2 exhibit Langmuir-like ad-
sorption isotherms, where R1 is more surface active than R2. In
R1/R2 mixtures, there is a stronger partitioning of R1 to the
surface than would be expected from their relative surface
activities. R2 competes less favorably due to the packing con-
straints associated with the bulkier R2 headgroup, analogous
to the behavior reported for the nonionic surfactant mixture
of C]2E3/C|2E8.15’1(’ In solution, R1 and R2 both form small
globular micelles in dilute solution. At higher surfactant concen-
trations, R1 transforms to predominantly planar structures
(lamellar, L, or unilamellar/bilamellar vesicles, ulv/blv) whereas
R2 remains as globular micelles. In R1/R2 mixtures, solutions
rich in R2 are predominantly micellar and those rich in R1 have
predominantly planar structures. At intermediate R1/R2 compo-
sitions, lamellar/micellar coexistence exists, but the higher curva-
ture associated with R2 dominates the R1/R2 mixing behavior.

The diverse range of applications of surfactants, such as home
and personal care products, usually involve mixtures of different
surfactants.'™'® This is because mixtures provide a synergistic
enhancement of many aspects of performance and functionality,
which gives greater flexibility for processing and formulation,
and because many commercially used surfactants are inherently
mixtures. In recent years, modern analysis techniques, but espe-
cially neutron scattering (NR and SANS) in combination with D/
H isotopic substitution, have provided the experimental tools to
enable substantial advances in our ability to probe surfactant
mixing at interfaces and in solution."”” This has considerably
advanced our understanding of the behavior of mixed surfactants
in a wide range of systems and conditions."

In the immediate future, the most effective exploitation of bio-
surfactants is likely to be as mixtures with conventional surfac-
tants. Hence, there is a strong and urgent need to understand the
fundamental properties of biosurfactants mixed with conven-
tional surfactants, and that is the focus of this paper. We report
here the use of surface tension, NR, and SANS to study the
surface adsorption and solution self-assembly of R1/LAS, R2/
LAS, and R1/R2/LAS mixtures over a wide range of solution
compositions and concentrations.

Experimental Details

i. Materials. The hydrogeneous rhamnolipids were obtained
from Jeneil Biosurfactant Co. and separated into the pure R1 and
R2 components (abbreviated as h-R1, h-R2) as described previ-
ously."® The deuterated rhamnolipids were grown in a Pseudomonas
aeruginosa culture and fed with D,O and d-glycerol, and the
procedure for production and initial extraction and purification is
described in detail elsewhere."* The pure R1 and R2 components
(abbreviated as d-R1, d-R2) were separated and characterized as
described in detail elsewhere'* and were ~90% deuterated. The
sodium 6-dodecyl benzene-4 sulfate, LAS (6-phenyl isomer), was
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synthesized and used in two forms, with and without the dodecyl
chains and phenyl rings deuterium labeled (d-LAS, h-LAS).
The preparation, purification, and characterization of the LAS is
described in detail elsewhere.”

The aqueous solutions of the rhamnolipid/LAS mixtures were
prepared by molar concentration in UHQ water (for the surface
tension measurements), in D,O (for the SANS measurements),
and in null reflecting water (nrw, a 92 mol % H,0/8 mol % D,O
mixture, for the NR measurements and also in D,O for some of
the structural NR measurements). The surface tension, NR, and
SANS measurements were all made at pH 9. The pH 9 buffer
consisted of 0.023 M borax and 0.008 M HCIl.

ii. Surface Tension. The surface tension measurements were
made using a Kruss K10 maximum pull tensiometer with a Pt/Ir
du Nouy ring. The tensiometer was calibrated by measurements
in pure water before each set of measurements. The measure-
ments were carried out at 30 °C and were made after dipping the
Pt/Ir ring in the solution and keeping at the surface for 15 min to
establish equilibrium conditions. The average of three repeated
measurements was taken, and the experimental deviation was of
order 0.5 mN m ™ '. The Pt/Ir ring and all associated glassware
were washed in chromic acid, deionized water, and acetone. In
addition, the platinum ring was flamed immediately before use.

iii. Neutron Reflectivity. The neutron reflectivity measure-
ments were made on the SURF reflectometer at the ISIS pulsed
neutron source.”' The measurements were made using a single
detector at a fixed angle, 6, of 1.5° and for neutron wavelengths, 4,
in the range 0.5—6.8 A to provide a wave vector transfer, Q (Q =
(4st/A)sin 6, where 6 is the grazing angle of incidence), range of
0.048—0.5 A~'. The absolute reflectivity was calibrated with
respect to the reﬂectivity of D,0, and the background determined
from the reflectivity at the limit of high Q, using now well-established
experimental procedures.”” In the kinematic approximation,'” the
specular reflectivity is related to the square of the Fourier trans-
form of the scattering length density profile, p(2),

167>

o / p(z) e % dz

where r(z) = Zn{z)b;, n(z) is the number density of the ith nucleus
at a distance of z from the interface, and b; is its scattering length.
Application of this technique to the study of surfactant adsorp-
tion relies on the ability to manipulate p(z) by hydrogen/deuterium
(H/D) isotopic substitution, and this has been extensively exploited
at the air—water interface for a range of surfactants and mixed
surfactants.'” Analysis of the reflectivity data proceeds using eq 1
or the more complete optical matrix method'® to calculate the
reflectivity from appropriate models.

iv. SANS. The SANS measurements were made on the D11
and D22 diffractometers at the ILL, France?® and on the LOQ
diffractometer at ISIS, U.K.** On D22, the measurements were
made at a neutron wavelength, A, of 8 A, a A4/A of 10%, and two
different sample to detector dlstances 3.5 and 16.5 m, to cover a
scattering vector, Q, range of 0.002—0.2 A ! (where the scattering
vector, Q, is defined as Q = 4sr/Asin(6/2), and 0 is the scattering
angle). The DI] measurements were made at a neutron wave-
length, 1, of 6 A, a AA/A of 10%, and three sample to detector
distances, 1.1, 5.0, and 16 5 m, to cover a scattering vector, Q,
range of 0. 003 0.25A7".0n LOQ the measurements were made
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using the white beam time-of-flight method, using neutron wavelengths
in the range 2—10 A and a sample to detector distance of 4 m to
cover a Q range of 0.008—0.25 A", All the LOQ measurements
were made with a 8 mm diameter beam, and on D11 and D22
using a beam of 7 x 10 mm. The data were corrected for back-
ground scatter, detector response, and spectral distribution of the
incident beam (for LOQ) and converted to an absolute scattering
cross section, do/dQ (in cm ™), using standard procedures.>>°

The form of the SANS scattering patterns (Q dependence) was
used qualitatively to identify the lamellar (vesicle), micellar, and
mixed phase regions of the overall phase behavior. In the purely
micellar regions, a detailed quantitative analysis was also made
using standard modeling procedures for mixed surfactant
micelles®” adapted for the rhamnolipid/LAS mixtures.

The scattering from globular surfactant micelles in aqueous
solution is described by the “decoupling approximation”, derived
by Hayter and Penfold,?’ such that,

2
)

2

+ <
where the averages denoted by (Q) are averages over particles size
and orientation, n is the micelle number density, S(Q) is the
intermicellar structure factor, and F(Q) is the micelle form factor.
The micelle structure (form factor, F(Q)) is modeled using a

standard “core and shell” model,>* where the form factor for
globular micelles is

F(Q) = Vi(py — p2) Fo(Or1) +Va(py — o) Fo(Qr2)  (3)

and ry, r» are the core and shell radii, V; = 4ar /3,
Fo(QR:) = 3j1(0Qr;)/(Qr) = 3[sin(Qr) — Qreos(0r)] /(Qr)’

p1, p2, and ps are the scattering length densities of the micelle core,
shell and of the solvent, and j;(Qr) is a first order spherical Bessel
function. The “decoupling approximation” assumes that for
interacting (finite S(Q)) globular micelles there is no correlation
between position, size, and orientation. The structure factor,
S(Q), which quantifies the intermicellar interactions/correlations,
is included using the rescaled mean spherical approximation,
RMSA, calculation®®? for a repulsive screened Coulombic inter-
micellar interaction potential, characterized by the surface charge
of the micelle, z, the Debye—Huckel inverse screening length, «gp,
(defined in the usual way), and the micelle number density, 7.

v. Light Scattering. Dynamic light scattering, DLS, mea-
surements were made using a Malvern PCS8/4700 instrument and
7132A correlator. Data were collected in triplicate with run times
of 120s and the individual autocorrelation functions obtained
were analyzed using the Contin method to obtain the particle size
distributions.’® The light scattering measurements were used
predominantly to reinforce the identification of the mixed lamellar/
micellar phase regions, and were particularly sensitive to small
levels of the larger lamellar (vesicle) component.

2
do
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Results and Discussion

i. Surface Tension. Surface tension measurements were made
for R1, R2, LAS, and R1/LAS and R2/LAS mixtures (at solution
compositions of rhamnolipid/LAS mole ratio of 30/70, 50/50, 70/
30) at pH 9 in buffer, as described in the experimental section. The
surface tension data for R1/LAS are illustrated in Figure 1 in the
Supporting Information and are typical of the measurements made.
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Table 1. Surface Tension Parameters for R1, R2, LAS, and R1/LAS
(at 30/70, 50/50, and 70/30 Mole Ratios)

surface tension, surface excess,

CMC y (£0.2 mN/m) T (+0.2 x

system (£0.02 mM) at CMC 1071° mol cm™)
R1 0.36 31.2 2.2
R2 0.18 37.4 2.1
LAS 0.34 28.5 2.9
30/70 R1/LAS 0.37 29.1 2.5
50/50 R1/LAS 0.26 29.4 2.4
70/30 R1/LAS 0.37 29.8 2.1
30/70 R2/LAS 0.31 31.4 2.6
50/50 R2/LAS 0.26 32.6 2.5
70/30 R2/LAS 0.28 34.0 2.1

0.5

0.4

s E _________ i ______ —4E

—~ ~
s 03 ~
: B
= T~
g —— -
O 02 e — ]
-3
[ ] R1/LAS
o R2/LAS
019 — ——- ideal mixing for R1/LAS
—_— ideal mixing for R2/LAS (R2 cmc 0.18 mM )

0.0 T T T T
0.0 0.2 04 0.6 0.8 1.0

Solution composition (mole fraction R1 (R2))

Figure 1. Variation in mixed CMC for (®) R1/LAS and (O) R2/
LAS. The dashed lines are calculated from eq 4 assuming ideal
mixing, as described in the text.

The critical micellar concentration, CMC, values (obtained
from the intersection of straight line fits to the surface tension data
below and above the CMC), surface tension at the CMC, and
estimates of the adsorbed amount (obtained from the slope of the
y versus In C plots, where v is the surface tension and C is the
surfactant concentration, using the Gibbs equation with a pre-
factor of 1 and assuming ideal mixing) are summarized in Table 1.

The variation in CMC with solution composition for the R1/
LAS and R2/LAS mixtures is plotted in Figure 1. Apart from two
data points which are outside the experimental error, the variation
in mixed CMC with solution composition is almost linear. From
Clint,*! the variation in mixed CMC with composition for ideal
mixing should vary as

1 a (I-a)
_ = __|_
cx G @)

where C* is the mixed CMC, C; and C, are the CMCs of
components 1 and 2 in a binary mixture, and o is the solution
composition. The dashed lines in Figure 1 are calculated from
eq 4, assuming ideal mixing, and are in broad agreement with the
measured data. The almost linear dependence arises from the
similarity of the pure R1, R2, and LAS CMC values. We will
contrast this prediction of ideal mixing, based on the surface
tension data, with the more direct measurement of the surface
adsorption and surface composition obtained from NR in the
next section.

)
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Table 2. Surfactant Component Scattering Lengths and Molecular

Volumes
surfactant scattering length (A) molecular volume (A3)
d-R1 493 %1073 813
h-R1 0.45%x 1073 813
d-R2 6.13x 1073 1052
h-R2 0.64 x 1073 1052
d-LAS 3.48x 1073 570
h-LAS 0.35x 1073 570

ii. Surface Adsorption (Neutron Reflectivity). «. Binary
Mixtures, RI/LAS, R2/LAS. Neutron reflectivity measure-
ments were made at the air—solution interface for the binary
mixtures of R1/LAS and R2/LAS at a fixed solution concentra-
tion of 1 mM and for a range of different solution compositions.
A further set of measurements were made for the R2/LAS mixture
ata fixed solution composition of 60/40 mole ratio R2/LAS overa
range of solution concentrations from 0.1 to 2 mM (from below to
above the mixed CMC). The measurements were made for the
two isotopic combinations, h-rhamnolipid/d-LAS and d-rham-
nolipid/h-LAS, in nrw. All the reflectivity data for this sequence
of measurements are consistent with a thin layer (~20 A) of
surfactant of uniform composition adsorbed at the interface. The
data for the h-rhamnolipid/d-LAS isotopic combination are
dominated by the d-LAS contribution, and the data for the
d-rhamnolipid/h-LAS are dominated by the d-rhamnolipid con-
tribution. Consistent with the well established procedure for the
analysis of such data,' the measured reflectivity data were then
fitted by comparing them (on a least-squares basis) with a
calculated profile, using the optical matrix method™ to calculate
the reflectivity for this simple structural model. The model
parameters are the scattering length density, p, and thickness, 7,
of the adsorbed layer. The adsorbed amount for each component
in the binary mixture can then be calculated from

oT = Zbl/A' + sz/Az (5)

where b; and A; are the scattering lengths and area/molecule of
each surfactant component of the binary mixture, respectively.
From the reflectivity data and model fits for the two complemen-
tary isotopic combinations, dh and hd, eq 5 can be solved to
obtain A, and A,. Typical model parameters and derived values of
adsorbed amount and surface composition are summarized in
Table 3 for the R1/LAS mixture (the scattering lengths for the
different surfactant components are listed in Table 2).

The parameters from the analysis of the reflectivity data for the
R2/LAS and R1/R2/LAS mixtures are summarized in Tables 1 —5
in the Supporting Information. For the binary surfactant mix-
tures, the mean thickness of the mixed surfactant layeris 23+ 2 A,
which is thicker than the values previously reported for R1 and
R2,' but the same as measured for the R1/R2 binary mixtures.
For comparison, the equivalent thickness obtained in a previous
study20 for LAS and LAS/C,Eg mixtures was 19+ 1 A. This
difference in the thickness of the adsorbed layer is attributed to the
longer alkyl chain length of R1 and R2 compared with the LAS-6
isomer, where the alkyl chain is effectively divided into two by the
phenyl group and the relatively large headgroups of R1 and R2.

The adsorption data for the R1/LAS mixture at a fixed sur-
factant concentration of 1 mM (> CMC) are plotted in Figure 2a.
As the solution composition varies from LAS rich to R1 rich, the
amount of LAS at the interface decreases and the amount of R1 at

(32) Penfold, J. In Neutron, x-ray and light scattering; Lindner, P., Zemb, T., Eds.;
Elsevier: North Holland, 1991.
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the interface increases. The total amount adsorbed (LAS + R1)
decreases, from LAS rich to R1 rich, with an approximately linear
dependence, reflecting the relative surface activities of the pure
R1 and LAS components. Similar adsorption data for the other
binary mixture, R2/LAS, are plotted in Figure 2 in the Supporting
Information. In Figure 2b, the variation in the surface composi-
tion with solution composition is plotted for the R1/LAS mixture.
Opver the entire composition range measured, the surface compo-
sition is close to the solution composition. The variation in the
total adsorption and in the surface composition with solution
composition is broadly consistent in this case with ideal mixing
between the R1 and LAS. At this surfactant concentration
(~3 times the mixed CMC), the R1/LAS mixture shows no
synergistic enhancement in the total adsorption or any strongly
preferential adsorption of one of the components to the interface.
The interpretation of the surface tension measurements described
earlier is consistent with the NR data.

The overall trends in the adsorption data for the R2/LAS
mixture (shown in Figure 2 in the Supporting Information) are
qualitatively broadly similar to those for R1/LAS. However, the
variation in surface composition with solution composition is
markedly different, as illustrated in Figure 3a.

Although the surface tension data (see Figure 1) imply ideal
mixing, the variation in the surface composition deviates sub-
stantially from the corresponding solution composition, such that
for R2 rich solution compositions the surface is dominated by the
LAS adsorption. This is similar to what has been previously
reported for the adsorption of R1/R2 mixtures'* and for the
nonionic surfactant mixture of C12E3/C12Eg.'5’16 The departure
from ideality reported here is more extreme than would be readily
accounted for in the pseudophase approximation approach to
nonideal mixing, such as regular solution theory, RST,* using the
measured values of CMC and surface pressure. However, we
attribute the dominance of LAS over R2 at the surface to the steric
hindrance (or packing constraints) imposed by the larger R2
headgroup, as was discussed in the context of R1/R2'*and C;,E;/
C1-E">'® surfactant mixing.

The neutron reflectivity measurements described above were
all made at a fixed surfactant concentration of 1 mM. This is on
average 3 times the mixed CMC (see Table 1). A further set of
measurements were made at a fixed composition (60/40 mol ratio)
for the R2/LAS mixtures to evaluate the variation of the mixed
adsorption with concentration. Figure 3b shows the variation in
the mole fraction of R2 at the interface for surfactant concentra-
tions from below the CMC to 6 times the CMC (the correspond-
ing adsorbed amounts are shown in Figure 3 in the Supporting
Information). There is a modest variation in the surface composi-
tion with surfactant concentration, and from below the CMC to
above the CMC the amount of R2 at the surface decreases (from a
mole fraction of ~0.49 decreasing to a constant value of ~0.35,
for concentrations ~6 times the mixed CMC). This rather modest
variation in the surface composition with surfactant concentra-
tion is expected from the small variation in the mixed CMC with
composition (see Figure 1), and further reinforces the assump-
tions of ideal mixing in the discussion of the composition varia-
tion shown in Figure 2b. It is also consistent with trends that
would be predicted from the pseudophase approximation, and in
particular for RST.** From this approach, it is expected that the
micelles and surface adsorbed layer that form at the CMC are rich
in the more surface active component (component with lowest
CMC), and as the solution concentration increases, the surface/
micelle compositions will evolve toward the solution composition.

(33) Holland, P. M. Colloids Surf., A 1986, 19, 171.
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Table 3. Key Model Parameters from Analysis of Reflectivity Data for R1/LAS Mixture at a Surfactant Concentration of 1 mM

Chen et al.

solution composition contrast T o ) A r surface composition
(mole fraction R1) combination (1 A)  (£0.2 x 10°A?) (A% (0.1 x 10" molem™®) T (£0.02 mol fraction R1)
0.7 dh 23 2.2 96+4 1.73 2.9 0.59
hd 30 0.8 141 +£8 1.18
0.6 dh 23 2.0 111+6 1.5 3.0 0.51
hd 23 1.3 114+6 1.46
0.5 dh 24 1.8 119+ 7 3.0 0.46
hd 25 1.4 102+6
0.4 dh 25 1.3 129+7 .29 3.1 0.41
hd 21 1.8 90+4 84
0.3 dh 23 1.2 173+ 10 0.96 3.2 0.3
hd 21 2.2 7643 2.19
0.2 dh 23 1.0 211+ 10 0.79 3.6 0.22
hd 23 2.4 6242 2.68
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Figure 2. (a) R1/LAS adsorption and (b) R1/LAS surface com-
position for R1/LAS mixture at 1 mM and pH 9. See legend for
details.

These trends have been observed in a number of different
surfactant mixtures by SANS and NR.'>**737 This is what is
broadly observed here, except as was discussed earlier, because of

(34) Staples, E.; Thompson, L.; Tucker, I.; Penfold, J.; Thomas, R. K.; Lu, J. R.
Langmuir 1993, 9, 1651.

(35) Penfold, J.; Staples, E.; Thompson, L.; Tucker, I.; Hines, J.; Thomas, R. K.;
Lu, J. R. Langmuir 1995, 11, 2596.

(36) Penfold, J.; Staples, E.; Cummins, P.; Tucker, I.; Thompson, L; Thomas,
R. K.; Simister, E. A.; Lu, J. R. J. Chem. Soc., Faraday Trans. 1996, 92, 1773.

(37) Hines, J. D.; Thomas, R. K.; Garrett, P. R.; Rennie, G. K.; Penfold, J.
J. Phys. Chem. B 1997, 101, 9215.
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Surfactant concentration (mM)

Figure 3. (a) R2/LAS surface composition versus solution com-
position at a surfactant concentration of 1 mM and (b) R2/LAS
surface composition versus surfactant conecntration at fixed solu-
tion composition of 60/40 mol ratio R2/LAS.

the packing constraints of the larger R2 dirhamnose headgroup,
the surface composition does not eventually evolve to the solution
composition. That is, for concentrations > CMC, the surface
remains dominated by the LAS adsorption, even though R2
has a lower CMC than LAS. The lower CMC would normally
imply an intrinsically greater surface activity, as observed in
the general trend in the surface composition with increasing
solution concentration.
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versus solution composition (mole fraction of rhamnolipid) for
R1/R2 2:1/LAS ternary mixture at 1 mM. See legend for details.

b. Ternary Mixtures, RI/R2/LAS. Neutron reflectivity
measurements were also made for the R1/R2/LAS ternary
mixtures at a fixed surfactant concentration of 1 mM and for
three different R1/R2 compositions (2:1, 1:1, and 1:2). Here the
measurements were made for the three different contrasts d-R1/
h-R2/h-LAS, h-R1/d-R2/h-LAS, and h-R1/h-R2/d-LAS. By
extending eq 5 to incorporate a third component, the adsorbed
amount for each of the three components can be obtained. The
adsorption data for the R1/R2 (2:1)/LAS mixture are shown in
Figure 4.

Similar data for R1/R2 compositions of 1:1 and 1:2 are
illustrated in Figures 4 and 5 in the Supporting Information.
The associated model parameters for all the ternary mixtures are
summarized in Tables 3—5 in the Supporting Information. The
data shown in Figure 4 are typical of those obtained for all three of
the R1/R2 compositions studied. For solution compositions
progressively richer in rhamnolipid (R1+R2), the amount of
R1 and R2 at the surface increases, with the increase in R1 being
more pronounced. In conjunction with this, the amount of LAS
at the surface decreases. However, at rhamnolipid/LAS com-
positions away from 100% rhamnolipid or 100% LAS, the total
adsorption is greater than that of the rhamnolipid or LAS alone.
This implies some synergy in the ternary adsorption, and we will
return to this important point later in the discussion.

In Figure 5, the variation in surface composition with solution
composition for the individual components of the R1/R2/LAS
ternary mixtures is plotted for R1/R2 compositions of 2:1, 1:1,
and 1:2. Although in detail quantitatively different, the overall
trends are broadly similar for all three of the R1/R2 compositions
studied. That is, the surface behavior of the R1/R2/LAS ternary
mixtures broadly reflects the trends observed in the binary
mixtures of R1/R2, R1/LAS, and R2/LAS. For all three R1/R2
compositions, the LAS component dominates the surface over
most of the solution composition range studied and has a surface
composition which is higher than its equivalent solution composi-
tion. In contrast, the contribution of the R1 component is close to
its solution composition, such that for the 2:1 R1/R2 mixture the
R1 surface mole fraction is only slightly but systematically lower
than its solution mole fraction, for the 1:1 R1/R2 mixture the
surface and solution R1 mole fractions are identical, and for the
1:2 R1/R2 mixture the surface mole fraction of R1 is slightly and
systematically higher than the corresponding solution mole frac-
tion. For all three R1/R2 solution compositions, the R2 compo-
nent is partially depleted from the surface compared with the

Langmuir 2010, 26(23 ), 17958—17968
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Figure 5. R1/R2/LAS surface composition versus solution com-
position for different R1/R2 compositions (a) 2:1 R1/R2, (b) 1:1
R1/R2, and (c) 1:2 R1/R2. See legend for details.

solution composition. Hence, the LAS component dominates the
adsorption of the ternary mixtures, R1 competes favorably with
the LAS, and R2 competes less favorably with either the LAS or
R1 components. The dominance of the LAS adsorption is further
demonstrated in Figure 6, where the surface mole fraction of LAS
is plotted against the LAS/rhamnolipid solution composition.
The similarity of the three curves for R1/R2/LAS (for R1/R2
compositions of 2:1, 1:1, and 1:2) also illustrates the dominance of
the LAS component, and demonstrates that the composition of
the R1/R2 mixtures at the surface adjusts to a roughly constant
rhamnolipid contribution independent of the solution R1/R2
composition.
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A major feature of the adsorption behavior of the ternary
R1/R2/LAS mixtures is the variation in the total adsorption
(R1+R2+LAS) with R1/R2 and rhamnolipid/LAS composi-
tions. Compared with the pure individual R1, R2, and LAS
components and the binary RI1/R2, RI/LAS, and R2/LAS
mixtures, the total adsorption shows a significant enhancement
in the total adsorption, and this is illustrated in Figure 7.

In Figure 7, the total adsorption is plotted as a function of the
R1/R2 composition for different LAS/rhamnolipid composi-
tions. The adsorption data show a clear maximum in the adsorp-
tion at an equimolar R1/R2 composition, which is, within error,
broadly independent of the LAS/rhamnolipid composition. A
broadly similar trend is illustrated in Figure 6 in the Supporting
Information, where the total adsorption is plotted as a function
of LAS/rhamnolipid solution composition for different R1/R2
compositions. The associated adsorbed amounts are summarized
in Table 6 in the Supporting Information. Compared with the
adsorbed amounts of the pure R1, R2, and LAS components (2.9,
1.9, and 3.1 x 10~ ""mol cm ™ respectively), the maximum adsorp-

tion for the R1/R2/LAS ternary mixture is ~3.9 x 10~ molcm 2,
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a fractional increase of 1.33, 2.02, and 1.24 compared with the
adsorption of the corresponding pure components.

¢. Discussion. Most experimental and theoretical studies
on surfactant mixing have focused on binary mixtures.'”18-3%3
However, the pseudophase approximation*® approach to non-
ideal mixing and the regular solution approximation® are impli-
citly multicomponent and can be extended to three components in
a straightforward way.*' Shiloach and Blankschtein*® have also
extended their molecular-thermodynamic theory approach to
consider the nonideal mixing of ternary surfactant mixtures. Some
recent studies based on surface tension measurements have used
different aspects of the pseudophase approximation to probe the
behavior of a range of different ternary surfactant mixtures.**~*¢
However, they rely entirely upon theoretical treatments for their
interpretation and provide no direct information about the
adsorption above the CMC. The potential difficulties of this
approach and the need for more direct measurements have been
highlighted elsewhere.'® It has now been extensively demon-
strated that NR can provide that adsorption information directly,
both above and below the CMC."? This has been done for a range
of different binary surfactant mixtures'>**~*7 and has in partic-
ular highlighted some of the difficulties and deficiencies asso-
ciated with applying the pseudophase approximation.®’

NR has also been applied to the study of the adsorption of
multicomponent surfactant mixtures.*"*” Staples et al.*’ studied
the adsorption of mixed nonionic/SDS surfactant mixtures at the
air—water interface, exploring the role of dodecanol and the
evolution of the nonionic/SDS adsorption above the CMC in
ternary mixtures. Hines et al.*! studied the adsorption (below the
CMC) of the ternary surfactant mixture of SDS/betaine/maltoside,
comparing the results from surface tension and NR. In particular,
they compared the surface tension derived area per molecule,
using a multicomponent extension of the pseudophase approxi-
mation for nonideal mixing in the ternary mixture, with the
directly measured values from NR. The failure of the pseudo-
phase approximation approach here was associated with the
failure to predict the correct mixing behavior in the binary
SDS/betaine mixture. This was in turn attributed to an excess
entropy of mixing term arising from hydration changes on
mixing. However, they were able to demonstrate that, by using
interaction parameters derived from the NR data, the ternary
mixing behavior can be predicted on the basis of the mixing
behavior of the binary mixtures.

These observations by Hinesetal.” are broadly consistent with
the observations reported here for the rhamnolipid/LAS surfac-
tant mixtures. That is, the general trends observed in the ternary
R1/R2/LAS mixtures are consistent with the observations for the
R1/R2,'* R1/LAS, and R2/LAS mixtures. However, the varia-
tions in surface adsorption (as discussed earlier) are not quantita-
tively consistent with the pseudophase approximation approach

1.41

(38) Hill, R. M. In Mixed surfactant systems; Ogino, K., Abe, M., Eds.; Surfactant
Science Series; Marcel Dekker: New York, 1993; Vol. 46, Chapt. 11

(39) Holland, P. M.; Rubingh, D. N., Eds. Mixed surfactant systems; ACS
Symposium Series; American Chemical Society: Washington, DC, 1992; Vol. 501.

(40) Rubnigh, D. N. In Solution Chemistry of surfactants; Mittal, K. L., Ed.;
Marcel Dekker: New York, 1979; Vol. 1, p 337.

(41) Hines, J. D.; Thomas, R. K.; Garrett, P. R.; Rennie, G. K.; Penfold, J.
J. Phys. Chem. B 1998, 102, 9708.

(42) Shiloach, A.; Blankschtein, D. Langmuir 1998, 14, 4105.

(43) Ghoulam, M. B.; Moatadid, N.; Graciaa, A.; Lachaise, J.; Manon, G.;
Schechter, R. S. J. Colloid Interface Sci. 1998, 200, 74.
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2008, 322, 572.
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(46) Szymcezyk, K.; Janczuk, B. Langmuir 2010, 26, 2491.
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based on the surface tension data, and hence, a more detailed
quantitative thermodynamic evaluation has not been made.

A significant difference between the behavior of the binary
mixtures of R1/R2' and of R1/LAS and R2/LAS reported here
compared with the ternary R1/R2/LAS mixtures is that for the
binary mixtures no synergy in the total adsorption is observed.
However, as demonstrated in Figure 7, the ternary mixtures give
rise to a synergistic enhancement of the total adsorption. An
insight into the mechanism for this synergistic enhancement is
illustrated in Figure 6. The surface composition, expressed in mol %
LAS, as a function of solution composition (mol % LAS) is
plotted for the R2/LAS and the R1/R2/LAS (for R1/R2 of 1:2,
1:1,and 2:1 compositions) mixtures. For all the mixtures, the LAS
adsorption dominates the surface adsorption over the entire
composition range, from rhamnolipid to LAS rich solution
compositions. For the three different R1/R2 compositions, the
departure from ideal mixing in the adsorption behavior of the
R1/R2/LAS mixtures is essentially independent of the R1/R2
composition. However, for the R2/LAS mixture, the departure
fromideality, in favor of the LAS adsorption, is significantly more
pronounced. Furthermore, the preferential adsorption at the
surface in favor of R1 for the R1/R2 mixture'* is very similar
to that presented here for R2/LAS. Hence, it seems that in the
ternary mixture the headgroup interactions and packing con-
straints associated with R1, R2, and LAS partially mitigate the
unfavorable interaction/packing observed in the binary R1/R2
and R2/LAS mixtures. Thus, it is probably the reduction in that
unfavorable interaction that is responsible for the synergistic
enhancement in the total adsorption observed in the ternary
mixtures. It is evident from the data that both R1 and R2 are
required and that the maximum effect with LAS occurs at a 50/50
mole ratio of R1 and R2

iii. Solution Self-Assembly. «. Binary (RI1/LAS, R2/LAS)
and Ternary (R1/R2/LAS) Mixtures. The solution self-assembly
properties and phase behavior of the R1/LAS, R2/LAS, and
R1/R2/LAS mixtures at relatively low surfactant concentrations
(<100 mM) and in buffer at pH 9 have been determined using
SANS and complemented by some DLS measurements.

Measurements were made for the R1/LAS and R2/LAS mix-
tures over a wide composition range and in the concentration
range of 20—100 mM, a regime where SANS has previously
proved to be an appropriate technique to quantify directly the
phase behavior in such systems.**** Some typical SANS data for
the R2/LAS and R1/LAS mixtures, which illustrate the key
features and trends, are shown in Figure 8.

The SANS data in Figure 8a show the evolution in the
scattering for the R2/LAS mixture as the solution composition
varies from R2 to LAS rich compositions at a fixed surfactant
concentration of 50 mM. The data illustrated in the figure are for
R2/LAS mole ratios of 100/0, 80,20, 10/90, and 0/100 (the plots
are shifted vertically as indicated in the caption for clarity) and
show the evolution in microstructure from micellar to micellar/
lamellar coexistence and ultimately a planar (lamellar) structure.
In Figure 8b, a complementary sequence of SANS data for the
R1/LAS mixtures is presented. Here the data presented are for a
fixed solution composition, R1/LAS mole ratio of 50/50, and for
solutions of increasing concentration, at 20, 50, 60, and 80 mM
(the different plots are again shifted vertically for improved clarity
of presentation).

For the R2/LAS mixture (Figure 8a), the SANS data for the R2
rich solution compositions (80/20 and 100/0) are consistent with

(48) Tucker, I.; Penfold, J.; Thomas, R. K.; Tildesley, D. J. Langmuir 2009, 25,
3924.

Langmuir 2010, 26(23), 17958-17968

Article
@
P @ 0/100

100 - LY ® 10/90
) ... [°]
: o,
£ o
g 10
B
b
1]
8
5 1
o
(=
H
=
S 01

0.01

Wave vector transfer. Q (A™)
(b) s
°
1000 4 g, gomM

10 4

Scattering cross section (cm")

=]
a
L

0.01 T
0.01 0.1

Whvae vector transfer, Q (A™")

Figure 8. SANS data for (a) 50 mM R2/LAS for R2/LAS com-
positions of 0/100, 10/90, 80/20, and 100/0, and (b) 50/50 mol ratio
RI1/LAS at 20, 50, 60, and 80 mM. The solid lines are model fits as
described in the text and for the model parameters summarized in
Table 4 and in the Supporting Information. The different curves
are shifted vertically for clarity. See legend for details.

relatively small globular micelles. In contrast, the SANS data for
the LAS rich compositions (0/100) have a Q™2 dependence, and
this is consistent with the formation of predominantly planar
structures. The lack of pronounced features in the Q™2 depen-
dence of the scattering is consistent with the formation of
relatively flexible membrane structures and hence large polydis-
perse unilamellar, ulv, or bilamellar, blv, vesicles. The SANS
data for the solution composition of 10/90 has a different form.
The scattering at high Q (>0.02 A™") is consistent with small
globular micelles, whereas the upturn in the scattering at low Q
(<0.01 A™"y implies significant growth. We attribute this to the
coexistence of micelles and planar (vesicle) structures, where in
this case the micellar contribution to the scattering dominates.
The micellar scattering (for 80/20 and 100/0 solution R2/LAS
compositions) shows an almost flat Q dependence in the scatter-
ing at low Q, and this is consistent with relatively weakly inter-
acting nonionic surfactant micelles, as was previously reported
for R2 and R1/R2 mixed micelles.'* The SANS data for the 10/90
mole ratio R2/LAS mixture exhibits a broad peak in the micellar
scattering contribution at high Q, and this arises from the inter-
micellar interaction/correlations due to the screened Coulombic
interaction between the more highly charged LAS rich mixed
micelles.

For the R1/LAS mixture (Figure 8b), a slightly different
evolution in the form of the SANS scattering data is observed.

DOI: 10.1021/1a1031834 17965



Article

Table 4. Micelle Model Parameters for 50 mM R2/LAS

solution aggregation  surface
composition  number, charge, RI, R2 ext ee
(R2/LAS) v (£4) z(£0.5) (£1A) (£1A) (£0.5) (£0.1)

10/90 134 15 14.5 17.5 1.12 4.7
20/80 105 5 14.5 17.5 1.11 3.8
40/60 82 4 13.0 16.5 1.0 4.1
80/20 55 4 12.0 155 0.89 3.8
90/10 34 2 11.5 15.0  0.83 29

At the lower surfactant concentrations (20, 50 mM), the scattering
is in the form of relatively small globular micelles. At the higher
surfactant concentration (50 mM), the contribution to the scat-
tering from the intermicellar interactions is evident. At the higher
surfactant concentrations (60, 80 mM), the scattering has a
predominantly Q% dependence. For the higher surfactant con-
centration (80 mM), the scattering is now entirely O~ and is
associated with planar (lamellar) structures. Consistent with the
previous discussion for the R2/LAS mixtures, the scattering arises
from large polydisperse vesicles, ulv/blv. At a surfactant concen-
tration of 60 mM, the scattering is consistent with lamellar/planar
coexistence, but with the lamellar/planar contribution dominat-
ing the scattering.

A quantitative analysis of the micellar regions and the pre-
dominantly micellar parts of the micellar/lamellar coexistence
regions has been made using a standard model for interacting
globular micelles,”” as described in the experimental section by
eqs 2 and 3. The micellar component to the scattering in the mixed
micellar/lamellar regions was analyzed by restricting the analysis
to data for Q values > (.02 A, in order to minimize the effects
due to the contribution of more planar structures at lower Q. A
core + shell form factor was used to describe the micelle geometry,
in which molecular constraints were incorporated. The inner core,
radius ry, containing the alkyl chains, was constrained to have a
maximum dimension of the fully extended alkyl chain length, £,
which was taken here to be 14.0 A for R1, R2 and as 12.9 A for
LAS. This was modified by an additional factor, ext, which allows
for additional packing constraints, some alkyl chain/headgroup
mixing, and uncertainties in the actual alkyl chain/headgroup
interface, and in this study ext varies between 0.85 and 1.20. The
outer radius r, is defined by the outer shell which is determined by
space filling the shell volume with the headgroups and their
associated hydration. For aggregation numbers, v, greater than
can accommodated in a molecular volume defined by a radius,
I x ext, growth is accommodated by allowing the micelle shape to
become elliptical and the ellipticity was defined by the parameter
ee. Hence, the overall dimensions are r,, 15, ee X r,. In this study,
the aggregation number is such that the globular micelles are
elliptical with ee > 2.0. For the R1/LAS, R2/LAS, and R1/R2/
LAS mixtures, ideal mixing in the aggregates was assumed. From
known molecular volumes, scattering lengths (see Table 2), and
the total surfactant concentration, all the parameters required for
egs 2 and 3 can be calculated. The refinable model parameters are
then v, the surface charge, z (which along with the micelle number
density, n, defines the strength of the intermicellar interaction),
and ext.

Typical model parameters from the analysis of the 50 mM R2/
LAS SANS micelle data (for R2/LAS solution compositions from
10/90 to 100/0 mol ratio) are presented in Table 4.

For the R2/LAS mixture and for the ternary R1/R2/LAS
mixtures (at R1/R2 composition ratios of 1:2 and 1:1), the
micellar and micellar/lamellar regions where a quantitative anal-
ysis of the micellar structure is possible and is sufficiently exten-
sive that the evolution in the micelle structure with solution

17966 DOI: 10.1021/1a1031834
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Figure 9. Variation in micelle aggregation number for (a) R2/
LAS, (b) R1/R2 (1:2) /LAS, and (c) R1/R2 (1:1) /LAS at different
surfactant concentrations, 20, 50, and 100 mM, as indicated in the
legend.

concentration and composition can be correlated are shown
in Figure 9. A summary of all the derived micelle aggregation
numbers (where a quantitative analysis has been possible) are
listed in Table 7 in the Supporting Information.

In Figure 9a, the variation in micelle aggregation number for
the R2/LAS mixture at solution concentrations of 20, 50, and
100 mM is shown. With increasing mole fraction of LAS, the
aggregation number increases, and the increase is more substan-
tial as the total surfactant concentration increases. This is con-
sistent with the LAS preferring a lower curvature environment
compared with R2 and with the LAS surfactant being closer to a
micellar/lamellar transition in the absence of cosurfactant.”
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Figure 10. Phase behavior for (a) R2/LAS, (b) R1/LAS, (¢) R1/R2 (1:2)/LAS, (d) R1/R2 (1:1)/LAS, and (¢) R1/R2 (2:1)/LAS, derived from

SANS and DLS measurements.

The corresponding data for the R1/LAS mixture are not
plotted (a summary of the variation in micelle aggregation
numbers obtained can be found in Table 7 in the Supporting
Information) because a quantitative analysis of the micelles was
only possible over a relatively limited range of compositions
and concentrations. This further illustrates the dominance of
the preferred lower curvature of both R1 and LAS in determining
the resultant microstructure, which is now predominantly planar.

A more complex variation in the aggregation number with
surfactant composition and concentration is exhibited for the R1/
R2/LAS mixtures (see Figure 9 b and c¢). For both R1/R2
compositions plotted (1:2 and 1:1), the same general trend in
the variation of the aggregation number with solution composi-
tions is observed at the lower surfactant concentrations (20, 50
mM). For the higher surfactant concentration (100 mM), the
influence of the R1 component, which has a greater preference for
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structures with a lower mean curvature,'* is evident. For R1/R2
(1:2), this tendency of R1 for lower curvature structures, along
with the tendency of LAS to prefer an environment of lower
curvature, results in an increase in the aggregation number for
both LAS and rhamnolipid rich compositions. This is also
observed for R1/R2 (1:1) at a surfactant concentration of
50 mM. For R1/R2 (1:1), there is no equivalent data at 100 mM as
the microstructure is already predominantly planar (lamellar)
over most of the composition range. Hence, at intermediate
compositions, the higher preferred curvature associated with R2
results in this more complex evolution of the micelle aggregation
number. The corresponding data for R1/R2 (2:1) are also not
plotted here. Apart from the data at 20 mM, where there is only
a modest change in the aggregation number with composition
(see Table 7 in the Supporting Information), the extent of the data
where a quantitative analysis of the micelles scattering could be
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made is relatively limited. This again demonstrates the dominance
of the preference for planar structures dictated by R1 and LAS.

The general variations in the mixed surfactant microstructure
for the R1/LAS, R2/LAS, and R1/R2/LAS mixtures are broadly
consistent with those previously reported for R1, R2, and the
R1/R2 mixture'* and for LAS and LAS/nonionic surfactant
mixtures.’ However, a direct correlation with the data for LAS
and LAS/nonionic mixtures in the literature® is not as relevant
because those measurements were not made in buffer at pH 9.

b. Solution Phase Behavior. From the overall SANS scatter-
ing patterns and trends with both surfactant concentration and
composition (for the different binary and ternary mixtures), it has
been possible to determine the phase behavior for the different
rhamnolipid/LAS mixtures, and these are shown in Figure 10.
Some light scattering measurements were made in order to clarify
the boundaries of the mixed phase region.

In Figure 10a, the phase diagram for the R2/LAS mixture
is presented and represents the simplest of those determined.
For R2/LAS compositions up to ~30/70 mole ratio, the mixed
surfactant microstructure is entirely micellar (L). For solution
compositions richer in LAS (20/80 and 10/90), micellar/lamellar
coexistence (L;/L) is observed, but the micellar component is still
the dominant structure and the main contributor to the scattering.
The micellar/lamellar coexistence regions are subdivided into
two separate regions, L;/L, and L,/L;, where the micellar and
lamellar contributions to the scattering dominate. Here L;/L
is defined as the region where L; dominates sufficiently that a
quantitative analysis of that phase is possible. It is only for the
pure LAS and for R2/LAS at 10/90 mole ratio at the higher
surfactant concentration that the more planar structures asso-
ciated with the LAS dominate the microstructure. Hence, it is
evident that the high preferred curvature associated with R2 (due
to its large dirhamnose headgroup) dominates the R2/LAS phase
behavior. This is broadly similar to the observation for LAS/
C,,Eg mixtures® at low surfactant concentrations in the absence
and in the presence of CaCl,.

For the R1/LAS mixture (see Figure 10b), a different phase
behavior exists. It is dominated by the tendency of both the LAS
and R1 to prefer more planar structures; apart from the lower
surfactant concentration where micellar structures still exist, there
is a greater predominance of planar structures.

In Figure 10c—e, the phase behavior for the ternary mixtures of
R1/R2/LAS for R1/R2 composition ratios of 1:2, 1:1, and 2:1 is
plotted. For the R1/R2 composition of 1:2, the overall phase
behavior is relatively similar to that for R2/LAS (see Figure 10a).
The microstructure is micellar (L;) for R1/R2 rich compositions.
Itis only lamellar (L) for the pure LAS concentrations, and there
are no further L, or L/L; regions. Over much of the composition
range, the microstructure is mixed L/L,. Hence, it is evident here
that the high preferred curvature associated with R2 still domi-
nates the mixed phase behavior, although the R1 component does
induce a wider L;/L, coexistence region compared with the R2/
LAS binary mixture. This coexistence region is restricted to a
much narrower region of LAS rich compositions in the R2/LAS
mixture. The phase behavior for the R1/R2 1:1 composition with
LAS (see Figure 10d) is broadly similar to that for the 1:2 R1/R2
composition, except that the higher R1 concentration leads to a
greater Ly/L; coexistence region at the higher surfactant concen-
trations. Finally, the phase behavior for the R1/R2 2:1 composi-
tion with LAS (Figure 10e) reflects the greater R1 concentration
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present. As such, the R1/R2 (2:1)/LAS phase behavior is much
closer to that observed for R1/LAS (Figure 10b); that is, the
greater tendency of R1 and LAS to form planar structures domi-
nates the mixed phase behavior.

These general trends from micellar to planar structures, with
regions of micellar/lamellar coexistence, have been reported in
other related systems.** As discussed earlier, there are similar-
ities between the R2/LAS phase behavior and that reported for
LAS/C,E5.%° The R1/LAS and R1/R2 (for R1/R2 ratios of 2:1)/
LAS mixtures exhibit a phase behavior which is more reminiscent
of that observed for the dialkyl chain cationic/nonionic mixtures
of DHDAB/C,,Es and DHDAB/C},E;».* The notable differ-
ence is that for the DHDAB/nonionic mixtures the lower pre-
ferred curvature of the DHDAB is more dominant in the phase
behavior at the lower surfactant concentrations than is observed
in the R1/LAS mixture. However, the R1/R2 (for R1/R2 ratios of
1:2 and 1:1)/LAS mixtures have a much broader micellar/lamellar
coexistence region, and this is associated with the competing
curvature requirements of R1 and R2.

Summary

i. Surface Adsorption. Neutron reflectivity and surface
tension have been used to probe the surface adsorption of the
rhamnolipids R1 and R2 with the anionic surfactant LAS at the
air—water interface. In the binary R1/LAS mixtures, the surface
behavior is close to ideal. In contrast, in the binary R2/LAS
mixture, the surface is dominated by the LAS adsorption at a
surfactant concentration well above the CMC. This arises pre-
dominantly from the packing constraints imposed by the larger
dirhamnose headgroup of R2. In the ternary R1/R2/LAS mix-
tures, the same overall trends are observed and the LAS is pre-
ferentially adsorbed compared with R1 and R2 regardless of the
R1/R2 composition. In contrast to the binary mixtures, the ternary
mixtures show a significant enhancement in the total adsorption
compared with the pure components.

ii. Solution Self-Assembly. The corresponding solution self-
assembly and associated phase behavior at relatively low surfac-
tant concentrations (< 100 mM) show trends which reflect the
relative preferred curvatures of R1, R2, and LAS. In the R1/LAS
mixture, the predominant structure is planar (lamellar) in the
form of vesicles, ulv or blv. In the R2/LAS mixture, the pre-
dominant structure is relatively small globular micelles. In the
ternary R1/R2/LAS mixtures, the evolution in the structure from
micelles to lamellar (ulv, blv) with composition and concentration
is more complex but can be rationalized in terms of the com-
petition between the preferred relative curvatures of the three
components.

Acknowledgment. We acknowledge the provision of neutron
beam time at ISIS (SURF, LOQ) and at the ILL (D11, D22)
and the invaluable assistance of the Instrument Scientists at ISIS
and the ILL. The support of Unilever and the dti Technology
programme for the project is acknowledged.

Supporting Information Available: Additional plots of sur-
face tension data and of data on adsorbed amounts, and
tabulated model parameters from analysis of NR and SANS
data, not included in the main text. This material is available
free of charge via the Internet at http://pubs.acs.org.

Langmuir 2010, 26(23), 17958-17968



