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ABSTRACT 

The self-assembly of dilute aqueous solutions of a ternary surfactant mixture and rhamnolipid 

biosurfactant / surfactant mixtures has been studied by small angle neutron scattering.  In the 

ternary surfactant mixture of octaethylene glycol monododecyl ether, C12E8, sodium dodecyl 6-

benzene sulfonate, LAS, and sodium dioxyethylene monododecyl sulfate, SLES, small 

globular interacting micelles are observed over the entire composition and concentration range 

studied. The modelling of the scattering data strongly  supports the assumption that the micelle 

compositions are close to the solution compositions. In the 5-component  rhamnolipid / 

surfactant mixture of the mono-rhamnose, R1, di-rhamnose, R2, rhamnolipids with C12E8 / 

LAS / SLES, globular micelles are observed over much of the concentration and composition 

range studied. However, for solutions relatively rich in rhamnolipid and LAS, lamellar / 

micellar coexistence is observed. The transition from globular to more planar structures arises 

from a synergistic packing in the 5 component mixture. It is not observed in the individual 

components nor in the ternary C12E8 / LAS / SLES  mixture  at these relatively low 

concentrations. The results provide  an insight into how synergistic packing effects can occur in 

the solution self-assembly of complex multi-component surfactant mixtures, and give rise to an 

unexpected evolution in the phase behaviour. 

HIGHLIGHTS 

 Self-assembly of ternary and 5-component surfactant mixtures studied 

 In ternary mixtures, scattering data modelled as globular interacting micelles 

 In ternary mixtures, variation in aggregation number implies micelle composition close 

to solution composition 

 In 5-component mixture addition of rhamnolipid biosurfactants affects evolution in 

phase behaviour 

 For rhamnolipid rich compositions transition from micelle to lamellar / micellar co-

existence occurs 

 Transition associated with synergistic packing effects 
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INTRODUCTION 

A wide variety of different biosurfactants are produced by different bacteria. Their natural role 

has long been of some interest (1), but increasingly their use in biodegradable and 

biosustainable surfactant based products has become a focus of attention (2-6). One of the most 

commonly studied and exploited classes of biosurfactants are the glycolipids (7, 8), which are 

disaccharides that are acetylated by long chain fatty acids. The rhamnolipids are one of the 

most extensively studied and most promising biosurfactant (9). In addition to the advantages of 

bisosustainable and biodegradable products, the lower toxicity, higher tolerance to pH, 

temperature and salinity and their production from non-petrochemical based sources  enhance 

their potential for many applications. Hence they have already been exploited in niche areas 

associated with enhanced oil recovery (4), bioremediation (6), in specialised healthcare and 

cosmetics applications (7), and in some aspects of detergency (10). More widespread 

incorporation into surfactant based products is limited by the need for improved yields and 

scale up, ease of purification, and the requirement for non-pathogenic bacterial sources (11, 

12). 

One of the more immediate and promising routes to the wider use of biosurfactants, and 

especially rhamnolipids, in a wider range of surfactant based products is their incorporation 

with surfactants from conventional sources. The adsorption and self-assembly of rhamnolipids 

has been addressed in a range of recent studies (13-24), but there is relatively little information 

on their behaviour with other surfactants (25-27). In contrast, in the field of conventional 

surfactants the study of surfactant mixing is a mature activity, and many of the basic 

phenomena associated with ideal and non-ideal mixing are well established experimentally and 

theoretically (28-33).  More recently the application of new experimental methods, and 

particularly small angle neutron scattering, SANS, and neutron reflectivity, NR, to probe 

surfactant mixing in micelles and at interfaces has provided new insights (34, 35), and 

challenged some aspects of the current thermodynamic treatments of non-ideal mixing (35, 36). 

NR has been used to study the adsorption of a range of relevant binary surfactant, some ternary 

surfactant (37), and some multi-component surfactant (38) mixtures at the air-water interface 

(34). The recent studies on the adsorption of the ternary mixture C12E8 / LAS / SLES (39) and 

the 5-component mixture of R1 / R2 / C12E8 / LAS / SLES (40) are of particular relevance to 

this study. SANS studies on multi-component mixed surfactant micelles are less common, but a 
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number of recent studies are particularly relevant (25, 26, 41-44). In the absence of electrolyte 

the LAS / non-ionic (43) and SLES / non-ionic (44) mixed micelles are globular and their 

aggregation numbers are consistent with a micelle composition close to the solution 

composition. This is observed in a range of ionic / non-ionic surfactant mixtures at 

concentrations >> critical micellar concentration, cmc (41-44). At lower surfactant 

concentrations, as the cmc is approached, the micelle composition evolves and becomes richer 

in the more surface active components (34, 41, 42); as predicted for non-ideal and ideal mixing 

by the pseudo-phase approximation (30). Hence in general at concentrations well above the 

cmc the mixed micelle structures reflect the structures of the pure component micelles. In the 

examples cited above, the preferred curvature of LAS, SLES, SDS and the non-ionic 

cosurfactants C12E6, C12E8 and C12E12 favour small globular structures  at relatively low 

surfactant concentrations. LAS shows a slightly different trend at higher concentrations (≥100 

mM) and has a greater tendency towards more planar structures (43, 45); and this has an impact 

on mixed micelle structures involving LAS. Hence in such cases, the competition between the 

relative preferred curvature in different surfactant components will determine the evolution in 

the micelle structure. This is observed more acutely in the rhamnolipid based systems (24, 25). 

R1 and R2 both form globular micelles at low surfactant concentrations ≤ 20 mM. R2, with the 

larger dirhamnose headgroup, remains globular up to relatively high surfactant concentrations.  

R1, with the smaller monorhamnose headgroup, has a lower preferred curvature and forms 

planar structures (lamellar or vesicular) at concentrations > 20 mM. In R1 / R2 mixtures the 

micelles remain globular at low surfactant concentrations, ≤ 20 mM; but a higher 

concentrations an evolution in the structure from globular to planar structures results from the 

competition between the preferred curvature associated with R1 and R2 (24).  A similar tension 

is observed in R1 / LAS and R2 / LAS mixtures (25). R2 / LAS mixtures are predominantly 

globular, apart from LAS rich compositions at relatively high surfactant concentrations. R1 / 

LAS mixtures are however predominantly planar. In the R1 / R2 / LAS ternary mixture the 

evolution in the self-assembly is complex (25), and arises from the competition between the 

three different preferred curvatures. 

These recent examples highlight the potential for a complex evolution in micelle structure in 

multi-component surfactant mixtures, and which are not necessarily easily predicted. In this 

paper we have used SANS to probe the micelle structure and the role of the relative preferred 

curvature on that structure in the biosurfactant  / surfactant mixture of R1 / R2 / C12E8 / LAS / 
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SLES. The associated binary mixtures of C12E8, LAS and SLES and the ternary mixtures of 

C12E8, LAS and SLES in the absence of rhamnolipid, are also studied. The results provide an 

important insight into the evolution in the bulk structures, and have important consequences for 

the formulation of biosurfactant / surfactant mixtures. 

EXPERIMENTAL DETAILS 

(i) Small angle neutron scattering 

In small angle scattering the pattern of the scattering intensity with wave vector transfer, Q 

(where Q is defined as Q=4π/λsin(θ), λ is the neutron wavelength, and 2θ is the scattering 

angle) from a micellar solution contains information about the micelle structure and inter-

micellar interactions (46). For a solution of globular polydisperse interacting micelles the 

scattered intensity can be expressed in the ‘decoupling approximation’ as (46), 

       





 
222

)(
Q

Q
Q

QFQFQFQSnQI    (1) 

where  the average < >Q denotes averaging over micelle sizes and orientations, n is the micelle 

number density, F(Q) the micelle form factor and S(Q) the inter-micellar structure factor.  S(Q) 

is modelled using the rescaled mean spherical approximation, RMSA, calculated for a 

repulsive screened coulombic potential (47, 48). As such, S(Q) is defined by the micelle 

surface charge, z, the micelle number density, n, the micelle diameter, and the Debye-Hückel 

inverse screening length, κ
-1

 (47). 

 The SANS measurements were made on three different small angle scattering diffractometers, 

LOQ (49) and SANS2D (50) at the ISIS neutron source, and  D33 (51) at the Institute Laue 

Langevin. On LOQ and SANS2D the measurements were made using the white beam time of 

flight method. On LOQ a neutron wavelength range of 2-10 Å and a sample to detector 

distance of 4.15 m was used to cover a Q range of  0.008 to 0.25 Å
-1

. On SANS2D a Q range of 

0.01 to 0.35 Å
-1

 was  covered using neutron wavelengths of 2-12 Å and a sample to detector 

distance of 2.42 m. On D33 the measurements were made in monochromatic mode with a 

neutron wavelength of 4.6 Å (Δλ/λ ~ 10%) and two detector arrays at 2 and 12 m from the 

sample position  to cover a Q range of 0.004 to 0.3 Å
-1

. In all cases an 8 mm diameter beam 

was used, and the measurement times were ~ 10 to 20 minutes per sample for 1 mm path length 

samples. The scattering from the cell and solvent were subtracted from the data. The data were 
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normalised to the detector response and spectral distribution of the incident beam to establish 

the scattered intensity, I(Q), as an absolute scattering cross-section using standard procedures 

(52, 53). 

(ii) Materials and Measurements made 

All the surfactant solution were prepared using the hydrogeneous form of the surfactants with 

D2O as the solvent. All the solutions were measured at 25 °C and in 10
-6

 M NaOH to provide a 

nominal pH of 8. The solutions were contained in 1 mm path length Hellma quartz 

spectrophotometer cells. All cells and associated glassware used to prepare the solutions were 

cleaned in dilute (2%) Decon90 solution and rinsed in MilliQ Ultrapure water, rinsed in 

acetone and dried in an air flow. The C12E8 was obtained from Nikkol and used as supplied. 

The LAS was synthesised and purified as described elsewhere (43). The SLES was synthesised 

and purified by recrystallization from ethanol / acetone mixtures as described by Xu et al (54). 

The rhamnolipids L-rhamnosyl-L-rhamnosyl-β-hydroxydecanol-β-hydroxydecanoate, R1, and 

L-rhamnosyl-β-hydroxydecanol-β-hydroxydecanoate, R2, were obtained from Jeneil 

Biosurfactant Co and separated into pure R1 and R2 components as described elsewhere (24), 

and the structure of R1 and R2 are shown in figure 1.  

 

Figure 1. Structure of the rhamnolipids R1, and R2 
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 The binary and ternary mixtures of C12E8, LAS and SLES were measured at surfactant 

concentrations of 10, 25 and 50 mM and over a wide range of compositions. The 5-component 

R1 / R2 / C12E8 / LAS / SLES mixtures were also measured at 10, 25 and 50 mM. These 

measurements were made for a range of C12E8 / LAS / SLES compositions in which 20 or 30 

mole% of the ternary surfactant mixture is replaced by an R1 / R2 mixture. The measurements 

were made for both 1:1 and 2:1 R1 / R2 mixtures. The measurements of the mixtures of C12E8, 

LAS and SLES and the 5-component mixtures were made on LOQ and SANS2D, with the 

measurements at the lower surfactant concentrations predominantly on SANS2D. D33 was 

used for measurements of the 5-component mixtures which were rich in LAS. 

RESULTS and DISCUSSION 

For the binary and ternary surfactant mixtures of C12E8, LAS and SLES and for some of the 5-

component R1 / R2 / C12E8 / LAS / SLES mixtures the form of the self-assembly is identified 

from the scattering pattern. The data consists of regions of globular interacting micelles or a 

mixed micellar / lamellar (vesicular) phase. The data for the globular interacting micelles are 

analysed quantitatively using the standard ‘core and shell’ model for globular micelles (46) 

using equation 1. The micelle form factor, F(Q), is given by (46), 

         202210211 QrFVQrFVQF s    (2) 

         30 /cossin3 iiiii QrQrQrQrQrF     (3) 

and r1, r2 are the core and shell radii, 3/4 3

ii rV  , 1, 2 and s are the scattering length 

densities of the micelle core and shell, and of the solvent (ρi=Nibi and Ni,  bi are the number 

density and the scattering length of the i
th

 component). Molecular and packing constraints are 

used to define and constrain the core and shell model. The inner core has a radius r1 which 

contains the surfactant alkyl chains in a volume constrained to have a maximum radius equal to 

the fully extended alkyl chain length, lc, of the surfactant. A model parameter, ext, allows some 

variation in the packing constraint, and is generally in the region 1.0 to 1.3, For micelle 

aggregation numbers, ν, greater than can be accommodated in a sphere of radius lc a prolate 

ellipsoid shape is assumed, with core dimensions of r1 and r1. ee, where ee is the ellipticity 

ratio. For spherical or ellipsoidal shapes the outer shell radius, r2, is constrained to contain the 

headgroups and associated hydration.  The surfactant mixing is taken into account by using a 
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composition weighted average of the parameters associated with each surfactant and assuming 

that the micelle composition reflects the solution composition.  S(Q) is calculated using the 

RMSA, as described earlier. From the known molecular volumes and dimensions and 

associated scattering lengths, the scattering is calculated on an absolute scale, compared with 

the data and evaluated by least squares. An acceptable model requires that the functional form 

of the scattering is reproduced and the absolute scattering is predicted to within ±20%. The 

data for the mixed micellar / lamellar (vesicular) phase are not analysed quantitatively. 

(i) Binary Mixtures 

SANS measurements were made for the binary mixtures of  C12E8 / SLES, C12E8 / LAS and 

LAS / SLES at surfactant concentrations of 10, 25 and 50 mM and over a range of surfactant 

compositions. The data presented in figure 2 are for the C12E8 / SLES mixture. In figure 2a the 

data are for 0.5 / 0.5 mole ratio of C12E8 / SLES at surfactant concentrations of 10, 25, and 50 

mM. In figure 2b the data are from a 25 mM solution of C12E8 / SLES at solution compositions 

of 0.75 / 0.25, 0.5 / 0.5, 0.25 / 0.75, and 0.1 / 0.9 mole ratios. 
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(b) Wave vector transfer Q / A
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Figure 2. SANS data for (a) 0.5/0.5 C12E8 / SLES at 10mM, 25mM and 50mM, and (b)  25 mM  

C12E8 / SLES at compositions 0.75/0.25, 0.5/0.5, 0.25/0.75 and 0.1/0.9, at 25mM. See legend 

for details.  The solid lines are model calculations as described in the text and for the key 

model parameters summarised in table 1, and in table S1 in the Supporting Information. 

 

The data in figure 2 are consistent with relatively small globular interacting micelles, and are 

well described by the core and shell model of interacting micelles (46). In figure 2a the 

interaction peaks in the data shifts to lower Q values as the micelle number density increases, 

and the scattering intensity increases as the total surfactant concentration increases. In figure 2b 

the variation in the scattering pattern with composition at a fixed surfactant concentration  

reflects the change in the aggregation number and form factor from SLES to C12E8 rich 

compositions. 

 

 

 

 



  

10 

 

Table 1. Key model parameters from core and shell model analysis of SANS data for C12E8 / 

SLES mixed surfactants. 

Surfactant 

concentration 

(mM) 

Solution 

composition 

(C12E8/SLES 

mole ratio) 

ν (±5) z (±1) δ 

(±0.02) 

r1 (±1 

Å) 

r2 (± 

1Å) 

ext 

(±0.05) 

ee 

(±0.02) 

 C12E8 SLES        

10 0.5 0.5 82 16 0.20 18 23 1.10 1.42 

25 0.1 0.9 93 17 0.18 18 25 1.10 1.12 

25 0.25 0.75 92 19 0.21 18 23 1.10 1.16 

25 0.5 0.5 96 19 0.20 18 24 1.10 1.21 

25 0.75 0.25 109 15 0.14 18 25 1.10 1.37 

50 0.5 0.5 100 22 0.22 18 24 1.10 1.26 

 

At a fixed composition (see figure 2a) as the surfactant concentration increases there is a 

modest increase in the micelle aggregation number. At a fixed concentration, as the solution 

composition varies from SLES to C12E8 rich the aggregation number varies more significantly, 

but dependent upon the surfactant concentration. At a surfactant concentration of 10 mM it 

increases from 67 to 101. At surfactant concentrations of 25 and 50 mM the increase is more 

modest, and is from ~90 to 100.  These changes reflect the aggregation number of the pure 

component micelles. SLES has an aggregation number ~75 at 10 mM and ~90 at 25 mM (54). 

The aggregation number for C12E8 is ~110 and varies little with surfactant concentration in the 

concentration range measured here (43). The variation in the degree of micelle ionisation, δ, 

(where δ=z/ν) reflects the change from C12E8 to SLES rich micelles. For the C12E8 rich 

compositions the degree of ionisation is systematically lower, similar to the trend reported for 

SDS / C12E8 micelles (42). However, the degree of ionisation for the SLES rich micelles is also 

relatively low compared to other ionic surfactant micelles. δ is ~ 0.2, whereas ionic micelles in 

general have a δ ~ 0.3 to 0.35 (46). This was discussed at length by Xu et al (54, 55), where it 

was observed that SLES is only relatively weakly dissociated. 

Broadly similar data are observed for C12E8 / LAS and LAS / SLES surfactant mixtures, and 

the data are summarised in tables S2 and S3 and figures S1 and S2 in the Supporting 

Information. For both the C12E8 / LAS and LAS / SLES mixtures the SANS data are again 

consistent with globular interacting micelles. The aggregation number for the C12E8 / LAS 
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mixture varies with solution composition and concentration from ~70 to ~110; whereas  for the 

LAS / SLES mixture it varies from ~ 45 to ~90. As with the C12E8 / SLES mixture these 

variations reflect the aggregation of the pure component micelles. For LAS the aggregation 

number is ~ 30 at 109 mM, ~40 at 25 mM and ~47 at 50 mM (43). The greater variation in the 

aggregation number for the LAS containing mixtures reflect the much lower LAS aggregation 

number compared to that for SLES or C12E8. The degree of ionisation of the LAS / SLES and 

LAS / C12E8 mixtures is low compared to other charged micelles, and is ≤ 0.2. It is also 

especially low for C12E8 and SLES rich micelles, as was also observed for the C12E8 / SLES 

micelles earlier. In all three binary mixtures, C12E8 / SLES, LAS / C12E8 and LAS / SLES the 

quality of the model fits, in terms of the form of the scattering and the absolute scale of the 

scattering, are such that the assumption that the micelle composition reflects the solution 

composition is justified. Hence the variation in the micelle aggregation is a weighted average 

of the aggregation numbers associated with the pure micellar components 

Ternary Mixtures 

SANS measurements were made for the ternary mixture of C12E8 / LAS / SLES at surfactant 

concentrations of 10, 25 and 50 mM, and over a range of compositions. The compositions over 

which the measurements were made are summarised in the ternary diagram shown in figure 3. 

 

Figure 3. Ternary C12E8 / LAS / SLES diagram, showing the points at which SANS 

measurements were made;  where line 1 represents equal C12E8 and LAS mole fractions, line 2 

equal C12E8 and SLES mole fractions, line 3 equal SLES and LAS mole fractions, line 4 

differing C12E8, LAS and SLES mole fractions, and the edges of the triangle the binary 

mixtures. 
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All the SANS data for the ternary mixtures are consistent with the scattering from interacting 

globular micelles, and hence broadly similar to the data shown in figure 2. The SANS data for 

a 0.33 / 0.33 / 0.33 mole ratio mixture of C12E8 / LAS / SLES at  surfactant concentrations of 

10, 25 and 50 mM, and the variation in the SANS data with composition at a surfactant 

concentration of 50 mM are shown in figures S4a and S4b in the Supporting Information. A 

full summary of the key model parameters for the core and shell model fits to the ternary data 

can be found in table S4 in the Supporting Information.  

The key model parameters corresponding to the data shown in figures  S3 a and b are also 

summarised here in tables 2 and 3. 

Table 2. Key model parameters for core and shell model fit to SANS data for 0.33 / 0.33 / 0.33 

mole ratio mixture of C12E8 / LAS / SLES at  surfactant concentrations of 10, 25 and 50 mM. 

Surfactant 

concentration 

(mM) 

ν (±5) z (±1) δ 

(±0.02) 

r1 (±1 

Å) 

r2 (± 

1Å) 

ext 

(±0.05) 

ee 

(±0.02) 

10 65 14 0.22 17 21 1.12 1.44 

25 83 16 0.19 19 26 1.45 1.00 

50 86 18 0.21 18 23 1.17 1.31 

 

Table 3. Key model parameters for core and shell model fit to SANS data for  C12E8 / LAS / 

SLES mixture with different compositions  at  a surfactant concentration 50 mM. 

Solution composition 

(C12E8/LAS /SLES mole 

ratio) 

ν (±5) z (±1) δ 

(±0.02) 

r1 (±1 

Å) 

r2 (± 

1Å) 

ext 

(±0.05) 

ee 

(±0.02) 

C12E8 LAS SLES        

0.25 0.375 0.375 85 19 0.22 20 24 1.28 1.01 

0.33 0.33 0.33 86 18 0.21 18 23 1.17 1.31 

0.75 0.125 0.125 107 15 0.14 18 25 1.13 1.42 

 

At the fixed solution composition of 0.33 / 0.33 / 0.33 C12E8 / LAS / SLES (see table 2) the 

aggregation number increases with increasing surfactant concentration, from ~65 to ~90 at the 

highest surfactant concentration, and the degree of ionisation is relatively constant. At the fixed 

surfactant concentration of 50 mM and variable C12E8 / LAS / SLES composition (see table 3) 



  

13 

 

 

the aggregation number increases as the solution composition becomes richer in the non-ionic 

C12E8  and the degree of ionisation decreases significantly. 

The three lines or cuts through the ternary diagram shown in figure 3 are lines in which the 

composition of one of the components, SLES (line 1), LAS (line 2) and C12E8 (line 3) varies 

and the other two components have equal but varying compositions. Along the lines of 

increasing SLES or C12E8 composition the aggregation number increases, and for the line of 

increasing LAS composition it decreases; as shown in the data in table S4. As observed for the 

binary mixtures the model fits are consistent with the assumption that the micelle composition 

reflects the solution composition, and the micelle aggregation numbers are again a weighted 

average of the pure components. 

Hence, in general, in the binary and ternary mixtures the variation in the micelle aggregation 

number reflects the values of the pure component micelles of C12E8, LAS and SLES. This is 

illustrated more completely in figure 4, where the variation in aggregation number for the 

ternary mixtures as a function of solution composition over the entire composition range  and 

concentrations measured are shown as colour contour ternary diagrams. 

 

Figure 4: Variation in aggregation number with solution composition, at (a) 10 mM, (b) 25 

mM and (c) 50 mM. The legend indicates the colour scale which  ranges from 33 (purple) to 

115 (red). 

(ii)  5–component  R1 / R2 / C12E8 / LAS / SLES mixture 

SANS measurements were made for the 5-component R1 / R2 / C12E8 / LAS / SLES mixture at 

surfactant concentrations of 10, 25 and 50 mM. The measurements were made for variable 

C12E8 / LAS / SLES compositions, over a similar composition range to those used for the 

ternary mixture earlier. In the 5-component mixtures a fraction of the C12E8 / LAS / SLES 

ternary mixture is replaced by a fixed mole fraction of R1 / R2, 20 and 30 mole %, and for two 

different R1 / R2 mole ratios, 1:1 and 2:1.  



  

14 

 

Over much of the solution composition range, but especially regions which are relatively rich 

in C12E8 or SLES,  the resultant scattering is similar to that observed for  the binary and ternary 

mixtures, and is consistent with interacting globular micelles. The aggregation number and 

other key model parameters are summarised in table S5 in the Supporting Information for some 

of the data measured.  In these regions the addition of R1 / R2 has relatively little impact upon 

the form and size of the micelles. This is illustrated in table 4 for a selected region of data at a 

surfactant concentration of 50 mM. The key model parameters for four different C12E8 / LAS / 

SLES compositions are compared with those in which 30 mole % of the C12E8 / LAS / SLES 

mixture is replaced by a 1:1 mole ratio mixture of R1 / R2.  

Table 4. Key model parameters from core and shell model analysis of SANS data for 50 mM 

C12E8 / LAS / SLES at four different solution compositions (a) ternary C12E8 / LAS / SLES 

mixture, (b) 30 mole %  of ternary mixture replaced by 1:1 mole ratio R1 / R2 mixture 

(a) Ternary mixture 

Solution composition 

(C12E8/LAS /SLES mole 

ratio) 

ν (±5) z (±1) δ 

(±0.02) 

r1 (±1 

Å) 

r2 (± 

1Å) 

ext 

(±0.05) 

ee 

(±0.02) 

C12E8 LAS SLES        

0.33 0.33 0.33 86 18 0.21 18 23 1.17 1.31 

0.375 0.375 0.25 86 17 0.20 18 23 1.18 1.31 

0.375 0.25 0.325 90 19 0.21 19 25 1.34 1.00 

0.25 0.375 0.375 85 19 0.22 19 20 1.28 1.01 

 

(b) 5-component mixture 

Solution composition 

(C12E8/LAS /SLES mole 

ratio)* 

ν (±5) z (±1) δ 

(±0.02) 

r1 (±1 

Å) 

r2 (± 

1Å) 

ext 

(±0.05) 

ee 

(±0.02) 

C12E8 LAS SLES        

0.23 0.23 0.23 80 13 0.16 17 21 1.13 1.70 

0.26 0.26 0.18 81 13 0.16 17 21 1.12 1.82 

0.26 0.18 0.26 82 13 0.16 17 22 1.14 1.58 

0.18 0.26 0.26 78 13 0.17 17 21 1.12 1.74 

 

* mole fraction of total solution composition: equivalent to mole ratios in table 4a. 
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From table 4 and table S5 in the Supporting Information  the addition of the R1 / R2 mixture in 

the micellar region of the ternary C12E8 / LAS / SLES mixture has relatively little impact on the 

micelle aggregation number. However, the addition of the rhamnolipids results in a systematic 

decrease in the degree of micelle ionisation.  This is consistent with the previous observations 

(24, 25) that R1 and R2 are only weakly ionic.  Although the mean aggregation numbers are 

not greatly affected, the geometrical parameters, r1, r2 and ee the ellipticity ratio are different. 

This is due to changes in the molecular constraints in the model arising from the inclusion of 

R1 and R2; and this will be discussed in more detail later in the discussion 

However, for solutions relatively rich in LAS, the addition of R1 / R2 results in a pronounced 

change in the solution microstructure. Replacing part of the C12E8 / LAS / SLES mixture with 

R1 / R2 results in a transition from globular micelles to micellar / lamellar coexistence for LAS 

rich compositions. This is illustrated in figure 5, where the SANS data for 25 and 50 mM 0.125 

/ 0.75 / 0.125 mole ratio C12E8 / LAS / SLES is shown, in the absence and presence of 30 

mole% replacement by a 1:1 mole ratio mixture of R1 / R2. 
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Figure 5. SANS data  for 0.125 / 0.75 / 0.125 mole ratio C12E8 / LAS / SLES at 25 and 50 mM, 

in the absence  and presence of 30 mole% replacement by a 1:1 mole ratio mixture of R1 / R2. 

See legend for details. The solid lines are model fits as described in the text. 

In the absence of  the rhamnolipid the scattering from the ternary C12E8 / LAS / SLES mixture 

is consistent with globular interacting micelles, as previously presented and discussed.  At both 

surfactant concentrations the addition of the R1 / R2 mixture results in a marked change in the 
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form of the scattering. The scattering data now indicate the onset of the  formation  of lamellar 

(vesicle) structures, and the scattering is consistent with micellar / lamellar coexistance. This is 

not observed in the binary or ternary mixtures in the absence of the rhamnolipids, nor in the 

pure component micelles in this concentration range. The addition of the rhamnolipids to the 

LAS rich compositions of the C12E8 / LAS / SLES ternary mixture results in a synergistic 

impact upon the packing and relative preferred curvature of the self-assembly to promote the 

transition towards more planar structures. 

In light of this further SANS measurements were made in the LAS rich region of the ternary 

C12E8 / LAS / SLES phase diagram, see figure 6, in order to explore in more detail the role of 

the ternary composition, the R1 / R2 mole ratio, and the rhamnolipid / ternary surfactant mole 

ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Ternary diagram for C12E8 / LAS / SLES, showing compositions used for more 

detailed evaluation of the lamellar / micellar coexistence region. 
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The impact of the changing LAS compositions is shown in figure 7; where the variation in the 

SANS data for 50 mM R1 / R2 / C12E8 / LAS / SLES is shown for a 30 / 70 rhamnolipid / 

surfactant mixture with an R1 / R2 mole ratio of 1:1. The data  are taken along a line (marked 

as A) in figure 5, for LAS compositions of 0.23, 0.42, 0.53 and 0.63, with equal mole fractions 

of the remaining components. 
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Figure 7. SANS data for 50 mM R1/ R2 / C12E8 / LAS / SLES with 30 / 70 mole ratio R  / C 

(rhamnolipid / conventional surfactant ratio), and R1 / R2  1:1 mole ratio. See legend for 

details. The R1, R2 mole ratios are 0.15, 0.15, and the C12E8 and  SLES mole fractions are 

0.24, 0.14, 0.08, and 0.035 respectively. The solid line for the micellar scattering is a model 

calculation as described in the main text. 

At the lowest LAS mole fraction, 0.23, the scattering is consistent with small globular 

interacting micelles. Between the LAS mole fractions of 0.23 and 0.42 the form of the 

scattering changes, as illustrated in figure 7. The increase in the scattering at low Q values and 

the appearance of  first and second order Bragg peaks are indicative of the onset of a transition 

from micelles to more planar structures, lamellar or vesicular. The scattering then has 

components of both the micellar contribution at high Q and the lamellar component which is 

more visible at low Q, and is then consistent with micellar / lamellar (L1 / Lα) coexistence. As 

the LAS mole fraction increases to 0.53 and 0.63 the lamellar component of the scattering 

increases and the micellar component decreases; such that at the higher LAS mole fractions the 

coexistence is more dominated by the lamellar structures, and is then Lα / L1. The assignment 
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of L1 / Lα or Lα / L1 is purely qualitatively based on the relative contribution of the two 

scattering components. 

Given  that R1 like LAS has a greater tendency towards planar structures (24, 25) the 

rhamnolipid /surfactant  and R1 / R2 mole ratios should have an impact upon the transition 

from micellar to planar structures. The effect of the rhamnolipid  / surfactant ratio is illustrated 

in figure 8, for the R1 / R2 mole ratio of 2:1, a C12E8 / LAS / SLES composition of 0.125 / 0.75 

/ 0.125 mole ratio, and at  rhamnolipid / surfactant mole ratios of 20 /80 and 30 /70, and at 

surfactant concentrations of 10, 25 and 50 mM. 
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Figure 8. SANS data for R1 / R2 / C12E8 / LAS / SLES at 20 / 80 and 30 / 70 rhamnolipd / 

surfactant, at a fixed R1 / R2 ratio of 2:1, at an equivalent C12E8 / LAS / SLES solution 

composition of 0.125 / 0.75 / 0.125, at 10, 25 and 50 mM, see legend for details. 

As the mole fraction of rhamnolipid increases from 20 to 30 mole % the lamellar component to 

the scattering increases significantly. As was shown also in figure 3 the tendency towards more 

planar structures increases with increasing surfactant concentration. This was observed for both 

LAS and R1 (24, 25, 43). 

A similar trend is observed at a fixed rhamnolipid / surfactant ratio and composition of the 

C12E8, LAS and SLES components with increasing fraction of R1 compared to R2. This is 

illustrated in figure S4 in the Supporting Information. The data in figure S4 shows the SANS 

profiles for R1 / R2 / C12E8 / LAS / SLES at 25 and 50 mM for  a 30 / 70 mole ratio 

rhamnolipid / surfactant mixture and an equivalent ternary C12E8 / LAS / SLES mixture with a 

mole ratio of 0.0 / 0.75 / 0.25, for two different R1 / R2 mole ratios of 1:1 and 2:1. At the 



  

19 

 

solution concentration of 25 mM the scattering is in the form of globular micelles, whereas at 

50 mM it corresponds to L1 / Lα coexistance. However the change in the R1 / R2 composition 

to a composition richer in R1, 2:1, results in a significant increase in the lamellar component at 

a surfactant concentration of 50 mM, and the appearance of a lamellar component at 25 mM. 

At both concetrations, for the R1 / R2 mole ratio of 2:1, the scattering is consistent with Lα / L1, 

lamellar/ micellar, coexistance. 

From the range of data obtained in the LAS rich region of the C12E8 / LAS / SLES ternary 

diagram, approximate phase diagrams have been determined. These show the effect of 

changing the rhamnolipid / surfactant mole ratio and the R1 / R2 mole ratio on the formation of 

lamellar stuctures in the 5-component R1 / R2 / C12E8 / LAS / SLES mixture; and are 

illustrated in figures 9 a and b. 

 

(a) 

 

(b) 

Figure 9. Approximate qualitative phase diagrams for R1 / R2 / C12E8 / LAS / SLES surfactant 

mixtures, derived from SANS data, at 10, 25 and 50 mM, (a) variation in rhamnolipid / 

surfactant mole ratio, (b) variation in R1 / R2 mole ratio. 
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The phase diagrams illustrate the main features and parameters associated with the transition 

from micellar to lamellar structures; where L1 indicates micellar, L1 / Lα, micellar / lamellar 

coexistance where the micellar component is dominant, and, Lα / L1, lamellar / micellar 

coexistance where the lamellar component is dominant. The main features are, (i) the transition 

from micellar to lamellar occurs for the LAS rich region of the ternary C12E8 / LAS / SLES 

mixture, (ii) the transition is more pronounced as the amount of rhamnolipid increases and is 

only present when rhamnolipid is incorporated, (iii) the transition is more pronounced when the 

R1 / R2 ratio is richer in R1, and (iv) the tendency towards lamellar structures increases with 

increasing surfactant  concentration. 

(iii) Discussion 

The scattering from the binary and ternary mixtures  of  C12E8 / LAS / SLES is consistent with 

globular interacting micelles, and the data are well described by the core + shell  model of 

interacting micelles presented earlier. The consistency of the modelling supports the 

assumption that the micelle composition reflects the solution composition.  This is as expected 

(29-31, 41-43) at concentrations well in excess of the mixed cmc. The variation in the micelle 

aggregation number then reflects the aggregation number of the pure components micelles of 

C12E8 (42, 43), LAS (43) and SLES (44, 54), and is a composition weighted average of the pure 

components. 

 Typically LAS has a micelle packing parameter, pp, ~ 0.56, (where the Israelachvili, Mitchell 

and Ninham packing parameter, pp, based on geometrical packing arguments and an effective 

criterion for predicting micelle morphology, pp=v/Al, v is the alkyl chain molecular volume, l 

is the extended alkyl chain length and A is the area / molecule, such that micelles are spherical 

for pp< 1/3, elongated for 1/3<pp>1/2 and planar for pp>1/2 (56)). Although LAS micelles are 

globular at low concentrations (43, 57), at higher there is a tendency towards planar structures 

(43, 45), consistent with the pp~ 0.6. However at the concentrations studied here, up to 50 mM, 

only globular micelles are observed. C12E8, due to its relatively large ethoxylated headgroup, 

has a pp ~ 0.32; and this is consistent with globular micelles, at the transition from spherical to 

elongated structures (42, 43). SLES (44, 45) has a pp~ 0.25, and is in the form of globular 

micelles up to relatively high concentrations. The variation in the micellar geometrical 

parameters, as defined by the core and shell radii, r1 and r2, and the ellipticity, ee, reflect the 

molecular constraints associated with the pure components. r1 is largest for the C12E8 and SLES 

rich compositions as the fully extended C12 alkyl chain length is ~ 17 Å, compared to ~13 Å for 
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the di-C6 chains of LAS (the values for LAS includes the phenyl ring). r2 is largest for the 

C12E8 rich compositions, and this reflects the larger headgroup volume compared to SLES or 

LAS. The charge on the micelle, as quantified  by the degree of ionisation, δ, is relatively low 

compared to ionic surfactant micelles. It varies with micelle composition, as expected for ionic 

/ nonionic mixed surfactant micelles (41-43), and is lower for the nonionic rich micelle 

compositions. For ionic micelles, δ is typically ~ 0.3 to 0.35 (46, 58). δ has the highest value in 

the data presented here for LAS rich compositions, but is generally ≤ 0.2. It  is especially low 

for C12E8 rich compositions, as expected, but for most of the data is generally lower than that 

reported in other mixed systems, for example, C12E8 / SDS (42). This is because the the degree 

of ionisation is also anomalously low for SLES (54, 55); where it is typically ≤ 0.15. SLES is 

only weakly dissociated (54, 55), and this was previously attributed to the stronger counterion 

binding arising from a decrease in the dielectric constant associated with the ethoxylated 

environment of the headgroup. 

For the 5-component mixture of  R1 / R2 / C12E8 / LAS / SLES, over much of the composition 

range explored and at the relatively low surfactant concentrations used, ≤ 50 mM,  the mixed 

micelles are globular interacting micelles. Furthermore the micelle aggregation number reflects 

the aggregation numbers of the pure component micelles as observed in the ternary mixtures. 

The addition of R1 and R2 has little impact on the micelle aggregation number (see table 4). 

Typically the aggregation number of R1 and R2  are ~ 35-45 in this concentration range, 

similar to that for LAS (43)  and their corresponding pp values are ≥ 0.5 (24). The molecular 

constraints associated with R1 and R2 have some impact upon molecular packing and hence 

the values of r1, r2 and ee; as the fully extended alkyl chain length associated with the the di-C10 

of R1 and R2 is ~14 Å and the headgroup volumes are similar to that for C12E8. R2 with its 

larger di-rhamnose headgroup is fairly globular in this concentration range, whereas R1 has a 

greater tendency towards planar structures for concentrations ≥ 30 mM. A notable feature of 

the self-assembly of R1 and R2 and their mixtures is the relatively low degree of ionisation, 

which varies from ~ 0.1 for R2 to ≤ 0.2 for R1 rich compositions of R1 / R2 mixtures. It was 

observed in the study of the self-assembly and surface adsorption  of R1 and R2 that they are 

are only weakly ionic, and behave more like nonionic surfactants (24, 25). Hence a feature of 

the mixed micelles of  C12E8 / LAS / SLES is that the low degree of ionisation is even lower 

when part of the  C12E8 / LAS / SLES is replaced by R1 / R2. δ is then typically ~ 0.15, due to 

the effective increase in the nonionic components in the mixed micelle with the addition of R1 
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and R2. However, the most striking feature of the 5-component mixture is that for LAS rich 

compositions of the  C12E8 / LAS / SLES ternary mixture, the addition of R1 / R2 results in a 

transition towards planar lamellar / vesicular structures. Depending upon the relative amounts 

of LAS, R1 and R2, and the R1 / R2 composition the solution microstructure is in the from of 

either L1 / Lα or Lα / L1 coexistance. The tendency towards the more planar structures is greater 

at higher surfactant concentrations, greater LAS mole fractions,  and greater R1 / R2 and R1 

mole fractions. At the concentrations studied the transition is not observed in the binary or 

ternary mixtures involving   C12E8, LAS, and SLES, nor in the R1, R2 and R1 / R2 solutions at 

concentrations realtive to those in the 5-component mixtures. However it is know that LAS and 

R1 have a tendency towards the formation of planar structures, and which is most pronounced 

at higher concentrations (24, 25, 43, 45). The observations of the onset of the formation of 

planar structures in the 5-component mixtures imply that there is a synergistic packing which 

enhances the onset towards the planar structures associated with R1 and LAS. It occurs only 

for the LAS rich compositions  C12E8 / LAS / SLES and is enhanced as the amount of R1 

present increases. This is in part due to the favourable pp associated with R1 and LAS. In  ionic 

surfactants the occurrence of more planar structures is usually associated with higher surfactant 

concentrations, and this is attributed to an increased electrostatic screening as the concentration 

increases, which helps to reduce the area/molecule, A, and increase the pp value. As C12E8 is 

nonionic, and SLES, R1 and R2 are only weakly ionic, the combination of R1 / R2 / C12E8 / 

LAS / SLES is effective in increasing the intra-micellar electrostatic repulsion, and so promote 

more effective headgroup packing. 

CONCLUSIONS 

Understanding the nature of self-assembly is important in the context of the formulation and 

performance of many home and personal care products. How biosurfactants  interact with 

conventional surfactants  will have a great bearing on how they can be incorporated effectively 

into such formulations. The SANS results presented here substantially extend the exploration 

pof self-assembly in dilute multi-component surfactant mixtures (41-43), and the role of 

biosurfactants in surfactant mixing (23-27).  The SANS data show that the mixtures of C12E8, 

LAS, and  SLES, a ternary mixture which is the basis og many current formulations, are 

consistent with globular interacting micelles with sizes and aggregation numbers that reflect a 

solution composition weighted average of the pure component micelles. The relatively low 

degree of ionisation of the micelles is consistent with the presence of the C12E8 nonionic 
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surfactant and the weakly ionic nature of SLES. Upon the addition of the rhamnolipids R1 and 

R2 there is a transition towards planar structures when the solutions compositions are relatively 

rich in LAS.  This is not observed in the binary and ternary mixtures of C12E8, LAS, and  SLES 

or in the R1 / R2 mixtures at the relatively low concentrations studied here (24, 25). Such a 

transition is not widely observed, and provides an insight into the packing associated with 

multi-component surfactant mixtures, and the potential to manipulate the preferred curvature in 

such mixtures. At compositions less rich in LAS, the addition of the rhamnolipids has little 

impact, and globular micellar structures are retained. The results illustrate that synergistic 

packing effects occur and can be used to tailor or manipulate microstructure; and this is a 

potentailly riuch area for future investigations. The weakly ionic nature of the 5-component 

mixed micelles implies that the solutions will be relatively insensitive to the addition of 

electrolyte, and exhibit a high degree of tolerance to hard water; and future SANS 

measurements and complementary studies will be required to persue this hypothesis. 
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GRAPHICAL ABSTRACT 

 

Self-assembly in dilute mixtures of non-ionic, and anionic 

surfactants and rhamnolipid biosurfactants 

J. Liley, J. Penfold, R. K. Thomas, I. M. Tucker, J. T. Petkov, P. S. Stevenson, I. M. Banat, R. 

Marchant, M. Rudden, A. Terry, I. Grillo 
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