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GRAPHICAL ABSTRACT
The performance of surfactant mixtures at low temperatures
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ABSTRACT

Optimising detergency at lower temperatures is of increasing interest due to environmental and
economic factors, and requires a greater understanding of the effects of temperature on the

adsorption of surfactant mixtures at interfaces.

The adsorption properties of surfactant mixtures and biosurfactant / surfactant mixtures have
been studied at room temperatures and at temperatures below ambient using surface tension and

neutron reflectivity measurements.

For the ternary surfactant mixture of octaethylene monododecyl ether, C,,Es, sodium dodecy! 6-
benzene sulfonate, LAS, and sodium dioxyethylene glycol monododecyl sulfate, SLES, the
surface tension at the air-water interface increases with decreasing temperature. In contrast, there
is a notable reduction in the increase in the surface tension with a decrease in temperature from
25°C to 10°C for the 5 component rhamnolipid / surfactant mixture of the mono-rhamnose, R1,
and di-rhamnose, R2, with C12Eg / LAS / SLES. The associated neutron reflectivity data for the
ternary Ci2Eg / LAS / SLES mixture and the significant observation is that the 3, 4, and 5-
component mixtures containing rhamnolipids in conjunction with the other surfactants show
changes in composition and adsorbed amounts of the individual components which are close to
the experimental error. However the significant observation is that the neutron reflectivity data
indicate that the improved surface tension tolerance at lower temperatures is associated with the

dominance of the rhamnolipid adsorption in such mixtures.

Hence the introduction of the rhamnolipids provides a tolerance to the adverse effects associated
with reduced temperatures, and a potential for improved detergency at relatively low

temperatures.



INTRODUCTION

Because of the nature of the fundamental properties of surfactants (1-4) a number of important
mechanistic processes such as detergency (5) generally improve with increasing temperature.
The solubility of surfactants and contaminants increases with temperature, as do the diffusion of
surfactants, surfactant assemblies and emulsified surfactant. Increased temperature decreases
viscosity and promotes greater saponification of fats. To counter these advantages increased
temperature has some adverse effects, such as increased hydrolysis and reduced emulsion
stability. As such the temperature dependence of many of the fundamental properties of
surfactants, such as critical micellar concentration, cmc, solubility, viscosity, and surface tension
have been extensively studied (1-4, 6-12), but predominantly at- ambient and higher
temperatures. The occurrence of Krafft temperatures in many surfactants at temperatures close to
ambient (10 to 25°C) has also discouraged extensive studies at temperatures lower than ambient
(13, 14). However the environmental and economic benefits of optimising detergency at lower

temperatures are of increasing importance and interest.

Optimum detergency conditions often relate to a minimisation of the interfacial tension. This
was demonstrated by Thompson (15)-on oily soil removal by sodium dodecyl sulfate, SDS /
triethylene monododecyl ether, CyzE3 surfactant mixtures, where the optimal detergency as a
function of composition, temperature and added electrolyte corresponds to a minimum in the
interfacial tension. Staples‘et al (16) have shown in anionic / non-ionic surfactant mixtures that
the surface tension minimum is associated with a maximum in the adsorption with composition.
A similar adsorption maximum was demonstrated more recently in surfactant / biosurfactant

mixtures (17).

These observations have informed the strategy used in the study reported here on the low
temperature performance of surfactant mixtures. Here surface tension, ST, is measured above the
cme and neutron reflectivity, NR, measurements at the air-water interface have been used to
determine the adsorption and composition of surfactant mixtures, as the temperature of the
solutions is reduced below room temperature. The measurements reported here focus on the
ternary surfactant mixture of Cy,Eg / LAS / SLES; a nonionic / ionic surfactant mixture
extensively used in the formulation of a range of current home and personal care products (18).
The other major aspect of the study is how the replacement of part of the ternary C1,Es / LAS /

SLES mixture by the biosurfactant rhamnolipid R1 / R2 mixture affects the temperature



dependence of the adsorption and surface composition. The ternary Ci,Es / LAS / SLES and 5-
component R1/ R2 / Ci2Eg / LAS / SLES mixtures have been previously studied at the air-water
interface by ST and NR at ambient temperatures (18, 19).

The adsorption of the ternary mixture ternary Ci,Eg / LAS / SLES at the air-water interface was
investigated in detail using neutron reflectivity (18). At surfactant concentrations greater than the
cmc the surface mixing was found to be non-ideal with the adsorption dominated by the Ci,Es
and LAS. It could be explained using the pseudo phase approximation in which the excess free
energy of mixing was asymmetrical and was described using quadratic and cubic terms. The
binary interactions were found to be adequate to describe the ternary mixing. The strong LAS —
C12Es interaction resulted in a reluctance of the SLES to adsorb at the interface in the presence
of LAS and Cy,Es. Liley et al (19) subsequently used neutron reflectivity to study the adsorption
of the same ternary mixture to which the rhamnolipids, R1 and R2, were added at a fixed mole
ratio. The surface mixing was again well described by the pseudo phase approximation in which
the excess free energy of mixing was asymmetrical and was described using quadratic and cubic
terms. The binary interaction parameters were sufficient to describe the quinary mixing. The
surface mixing was dominated by the rhamnolipid adsorption, and the mixture was found to be a

highly effective system; characterised by strong surface and weak micelle interactions.

It is in the context of these two detailed studies that the potential performance of the ternary and

quinary mixtures at temperatures below ambient are investigated and explored.

EXPERIMENTAL DETAILS
(i) Neutron Reflectivity

In the kinematic approximation the variation in the neutron reflectivity R(Q) with the wave
vector transfer Q, where Q is the wave vector transfer in a direction (z) perpendicular to the
surface (Q=4nsinb/A, 0 is the grazing angle of incidence and A the neutron wavelength), is
directly related to the square of the Fourier transform of the scattering length density, p(z),
perpendicular to the surface (20). p(z) is defined as p(z)=).ibini(z), where ni(z) is the number
density of species i and b; its neutron scattering length. For cold / thermal neutrons p(z) can be
manipulated using D/H isotopic substitution, as the scattering lengths of H and D are -3.75x10
and 6.67x10° A. A 92 mole % H,0O / 8 mole % D,O mixture, null reflecting water, nrw, has a

scattering length density of zero, and hence the same refractive index as air. For a monolayer of



deuterium labelled surfactant adsorbed at that interface, the reflectivity arises only from the
adsorbed layer, such that,

_167% . (QdY
Q)= (2) i 5 o

where d and p are the thickness and scattering length density of the adsorbed layer. The
area/molecule of the surfactant at the interface is related to the product d.p and the Y’b value (see

table S1 in the Supporting Information) of the surfactant, such that,

b

and the surface excess, I', is given by I'=1/N,A. This approach has been used extensively to
study the adsorption of surfactants and mixed surfactants at the air-water interface (20).

Equation 2 can be generalised for multi-component mixtures such that,
A

For such multi-component mixtures a series of NR measurements with each component in turn
deuterium labelled produces a set of simultaneous equations which can be readily solved to
determine the relative adsorbed amounts of each component in absolute terms. The >b values
for the different surfactants studied here are summarised in table S1 in the Supporting
Information. For the ternary, 4-component, and 5-component mixtures studied here,
measurements were made for the isotopic combinations of ddd, dhh, hdh, and hhd; dddd, dhhh,
hdhh, hhdh; and hhhhd and ddddd, dhhhh, hdhhh, hhdhh, hhhdh, and hhhhd respectively in nrw;
where d, h refer to the deuterium labelled and hydrogeneous surfactant components. In each case
the system is over-determined and the sets of 4, 5 or 6 simultaneous equations (based on
equation 3) were solved using the subroutine MB11a from the Harwell subroutine library (21),

which uses a simplex algorithm to solve a set of over-determined linear equations.

All the neutron reflectivity data are analysed using the simplest model consistent with the data;
that is, a uniform slab characterised by a thickness d and a scattering length density p, as
described in equation 1. Hence the data are modelled using d, p, and the background as refined

model parameters. The data are modelled including a flat background which is in the range 5 to
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8 x 10, and does not contribute significantly to the errors in the determination of the adsorbed
amounts, as discussed by Lu et al (20). In all the measurements made here the layer thickness,
d, was ~ 20 +2 A. The d.p values for the 5-component R1/ R2 / C1,Eg / LAS / SLES mixture
sequence of measurements are summarised in table 1, and provide a representative indication of

the range of values encountered.

Table 1. d.p values for 2 mM R1/R2/C12Eg/LAS/SLES (0.15, 0.15, 0.26, 0.26, 0.18 mole
fractions) at 10 and 25°C.

Isotopic combination d.p (£0.05x10° A™)

10°C 25°C
dhhhh 3.14 2.87
hdhhh 1.88 1.96
hhdhh 1.53 1.35
hhhdh 2.12 2.00
hhhhd 1.22 1.14
ddddd 6.67 6.53

Lu et al (20) provided an in-depth discussion and analysis of the errors and sources of error, such
as background and the inclusion of roughness, associated with such measurements. In particular,
in the determination of adsorbed amounts, it is the product d.p that is important, and the errors in
table 1 reflect that discussion and the dominance of systematic errors. In the determination of the
adsorbed amounts and composition for the multi-component mixtures it is important to note that
here these are determined from a least squares fit to a set of overdetermined simultaneous
equations. Hence the errors in the individual measurements are in part evened out across the
complete set of data, and from the routine used (21) it is not possible to propagate the errors.
The errors in the adsorbed amounts, estimated as 0.02 x 10™° mol cm™, 0.04 x 10™*° mol cm™ for
the total adsorption (note that the % error then varies considerably from component to
component), and 0.02 in fractional coverage, reflect the issues discussed and a considerable body
of data obtained in a range of mixed systems (6,7, 16-20,25). We will return to the issue of errors

and reproducibility later in the discussion section.



The neutron reflectivity measurements were made on the INTER reflectometer at I1SIS (22). The
measurements were made at a fixed glancing angle of incidence, 0, using a wide range of
wavelengths which are sorted by time of flight, to measure R(Q) over a wide Q range. The Q
range of the measurements was 0.03 to 0.5 A, obtained using a 6 of 2.3° and a A range of 0.5 to
15 A. The reflected intensity was normalised to the direct beam and the absolute reflectivity
values were calibrated by reference to the reflectivity from a D,O surface.

The solutions were contained in specially designed sealed stainless steel troughs, with a sample

volume ~ 25 mL, as shown in figure 1.

(a) (b)
Figure 1: Images showing the experimental set up for the NR measurements at 25°C and 10°C,

(a) view of stainless steel troughs, (b) arrangement of 7 steel trough on sample changer.

The troughs were connected to a water / ethylene glycol bath to regulate the temperature. The
containment boxes were at a higher temperature controlled by resistive heating; and this
minimised the potential effects of condensation. Measurements were made at 25 and 10 °C,
measured directly in the solutions and controlled by pre-determined fixed temperature offsets.
The time between temperature changes and the neutron measurements was typically ~ 1 to 2
hours, and hence long compared to any equilibrium changes between the surface and solution.
Each individual NR measurement took ~ 15 to 30 minutes, and the measurements were made in

sequence in a 7 position sample changer.
(i) Surface Tension

The surface tension measurements were made on a Kriss K10T maximum pull tensiometer,
using a Pt / Ir ring. The measurements were all made at a fixed concentration above the cmc, 2

mM, for the individual surfactants and the ternary, 4-component, and 5-component mixtures, in
8



10® M NaOH. The measurements were made at 10 and 25 °C (+0.1°C) with the temperature
controlled by a Haake K15 water bath and manual D30 circulator connected to the tensiometer.
The tensiometer and solutions were brought to the required temperature and left for at least 10
minutes to establish thermal equilibrium. An average of three measurements at each temperature

was used, and the values were always within £0.5 mN/m.
(i)  Materials

The h-Cy2Eg was obtained from Nikkol and used as supplied. The alkyl chain deuterated C;;Es,
d-Ci2Es, was synthesised in Oxford (23), and purified by MPLC (24). The h-LAS-6 was
synthesised at Unilever and purified as previously described (25). The fully deuterated LAS, d-
LAS, was synthesised and purified using the same procedures as for the h-LAS. The h-SLES
was synthesised in Oxford and purified as described in detail by Xu (26). The alkyl chain
deuterated SLES, sodium dioxyethylene glycol monododecyl sulfate, d-SLES, was synthesised
and purified by recrystallization from ethanol / acetone mixtures, as described by Xu (26). The
hydrogeneous rhamnolipids were obtained from Jeneil Biosurfactant Co and separated into the
pure R1 and R2 components (labelled h-R1, h-R2) as described elsewhere (18). The deuterium
labelled rhamnolipids were grown in a Pseudomonas aeruginosa culture fed with D,O and d-
glycerol. The initial extraction of the surface active components and subsequent purification is
described elsewhere (17). The pure R1 and R2 components (labelled d-R1, d-R2) are separated
and characterised using the same procedure as used for the hydrogeneous surfactants (17), and
are approximately 90% deuterium labelled. The two predominant forms of the rhamnolipids
studied here, R1 and R2, are L-rhamnosyl-L-rhamnosyl-p- hydroxydecanol and L-rhamnosyl-f-
hydroxydecanol, RhaC10Cio (R1) and Rha;CioCio (R2). The purity of the surfactants was
assessed by surface tension and NR measurements at a concentration greater than the cmc. The
measurements were all made in 10° M NaOH at a theoretical pH of 8, to correspond to the
alkaline- pH conditions of many commercial detergent formulations. However due to
atmospheric CO, all the solutions were measured to be at a pH ~ 6.5 £ 0.5. The NaOH pellets
were obtained from Sigma, and D,0 (99.9%) was obtained from Fluorochem. High purity water
(Elga Ultrapure) was used throughout. All glassware and troughs were cleaned in dilute
Decon90 solution and rinsed in ultrapure water, ethanol, and acetone, and dried under a nitrogen

gas flow.

(iv)  Measurements made



The surface tension measurements were made on the individual component surfactants, R1, R2,
C12Es, LAS and SLES at a solution concentration of 2 mM, in 10® M NaOH, and at 10 and 25
°C. Surface tension measurements were also made at 10 and 25°C on the ternary mixtures, C1,Es
/ LAS / SLES (0.375/0.375/0.25 mole ratio), R1 /R2 / C1,Es, R1/ R2 / LAS and R1/R2 / SLES
all at solution compositions of 0.15/ 0.15 / 0.7 mole ratio, the 4-component mixtures of R1/ R2
| C12Eg / LAS, R1/ R2/ Cy2Eg / SLES and R1 / R2 / LAS / SLES all at solution compositions of
0.15/0.15/0.35/0.35 mole ratio; for the 5-component mixture R1 / R2 / C12Eg/ LAS / SLES
(0.15/0.15/0.26/0.26 / 0.18 mole ratio).

The neutron reflectivity measurements were made for the ternary mixtures Ci2Es / LAS / SLES
(0.375/0.375/0.25 mole ratio) and R1/ R2 / LAS (0.15/0.15/ 0.7.mole ratio); the 4-component
mixtures R1 / R2 / C12Eg / LAS and R1/ R2 / Cy2Eg / SLES both at a solution composition of
0.15/0.15/0.35/ 0.35 mole ratio; and for the 5-component mixture R1 / R2 / Ci2Eg / LAS /
SLES (0.15/0.15/0.26/ 0.26 / 0.18 mole ratio).

RESULTS and DISCUSSION
(a) Single surfactants

Surface tension measurements were made for the individual surfactants of the ternary Ci,Eg /
LAS / SLES mixture, and the 3, 4, and 5-component mixtures involving Ci,Es, LAS, SLES, R1
and R2. The measurements were made at a surfactant concentration of 2 mM, above the
surfactant cmc, and at solution temperatures of 10 and 25°C. The surface tension data are

summarised in table 2.

Surfactant Surface tension, y / £0.5 mN/m Ay /! %
25°C 10°C
Ci2Eg 36.0 38.5 7.0
LAS 31.2 32.4 4.0
SLES 42.7 45.0 7.0
R1 217.2 28.1 3.0
R2 30.5 31.6 3.5

Table 2. Surface tension values for the individual surfactant components, measured at 10 and

25°C and at a surfactant concentration of 2 mM.

In each case the surface tension values increase as the temperature decreases from 25 to 10°C.

The corresponding change in the surface tension of pure H,O is 71.3 mN/m at 25°C to 73.5
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mN/m at 10 °C (Ay~ 3%). The changes in the surface tension for R1 and R2 are comparable to
that for H,O, and that of LAS is slightly higher. However the change associated with the non-
ionic surfactant, Cy2Es, is markedly higher; and a comparable change is observed for the weakly
ionic SLES.

The surface tension of pure water decreases with increasing temperature, as reported elsewhere
(28, 29), due to increased thermal motion and a reduction in the strength of the hydrogen
bonding. The results presented here are consistent with that and sets a base level for the
comparison of the effect of temperature on the surfactant surface tension.

For non-ionic surfactants the surface tension and adsorption is weakly dependent upon
temperature (6-8, 10, 11). With increasing temperature the ethylene oxide chains are
increasingly dehydrated resulting in a shift in the hydrophobic ./ hydrophilic balance which
makes the surfactant more hydrophobic. This gives rise to the potential for increased adsorption
and a lower cmc. This is counteracted by the alkyl chains becoming more soluble at higher
temperatures and the surfactant becoming more hydrophilic. This competition often results in a
weak minimum in the cmc variation (10, 11). For the shorter ethylene oxide chains, the alkyl
chain term dominates and the surface activity decreases slightly with temperature, and for the
larger ethylene oxide chains the ethylene oxide term dominates and the adsorption increases (7).
However, in general the changes are relatively small (6, 8). For nonionic surfactant mixtures (6,
7) such as Cy2E3 / Cyi2Es, the greater temperature dependence of the cmc of Cq,Eg compared to

C12E3 results in significant change in the surface composition with temperature.

For the anionic surfactants the effects of temperature also depend upon the detailed molecular
structures. L.u et al (29) investigated the thermodynamics of adsorption and micellisation of the

dodecyl sulfate surfactant solutions. The free energy of adsorption was defined as,

AG;

ads

= 2RT In(cmc)—-6.0237,, A, 4)

where neme and Acme  are the surface pressure and area / molecule at the cmc. Lu et al showed

that AGags is slightly more negative at higher temperatures, probably due to headgroup
+TAS?,.). The free

ads

dehydration, and is dominated by the AHags term (where AH. . =AG,

ads ads

energy of micellisation, AGmic (AGY, = RT(1+K)In(cmc) and K is related to the micelle

charge), is also slightly more negative with increasing temperature; indicative of a lower cmc.

Schick (10) showed that for SDS the cmc goes through a minimum with increasing temperature,
11



due to the competition between dehydration of the headgroup and the increased solubility of the
alkyl chains. A minimum in the temperature dependence of the cmc for the alkyl arene
sulfonates was also observed (30), where AGnjc i again slightly more negative with increasing
temperature. Furthermore van Os et al (30) showed that the AH and TAS terms have opposite
temperature dependences; with the former changing slightly at low temperatures and becoming
increasingly more negative at higher temperatures. Flockhart (12) also showed that the cmc of a
range of alkyl sulfates went through a minimum with increasing temperature. -Ma et al (31)
showed that the phase behaviour and Krafft temperature of sodium dodecyl benzene sulfonate
depended upon its isomeric form, and that the Krafft temperature for LAS-6 was < 10 °C. Hato
et al (14) investigated the Krafft temperature of the poly(oxyethylene) sulfates and relatively low
values are reported. Barry et al (32) showed that the cmc of SDS and SLES-1 increased with
temperature; whereas the increasing impact of the ethylene oxide group is seen with SLES-2

where the cmc decreases with increasing temperature.

The surface tension data summarised in table 2 for the pure surfactant components are broadly
consistent with the general observations reported in the literature (6,14,30-32) for a range of
different surfactants. Furthermore the surface tension data indicate that the rhamnolipids and
hence possibly the rhamnolipid containing mixtures will provide a greater tolerance to the

effects of reduced temperature.
(b) C12Es / LAS / SLES ternary mixture

Surface tension and neutron reflectivity measurements were made for the ternary surfactant
mixture C1,Eg / LAS /' SLES at a solution composition of 0.375 / 0.375 / 0.25 mole ratio and a
concentration of 2 mM. At 25 °C the surface tension value was 38.2 mN/m and at 10 °C 39.6
mN/m; a change of y, Ay~ 4%. This is similar to that reported for LAS, but less than the changes
observed for C1,Eg and SLES. In order to further understand the changes in surface tension of
the mixtures the corresponding surface composition was determined from neutron reflectivity
data (as described in the Experimental Details). The results are summarised in table 3, where the

surface composition, adsorbed amounts and total adsorption at 10 and 25 °C are tabulated.

12



25°C 10°C
Surfactant Solution Surface Adsorbed Total Surface Adsorbed Total
composition | composition | amount I' | adsorption | composition | amount I' | adsorption
/+0.02 /+0.02 /+0.04 /+0.02 /+0.02 /+0.04
x107%° x107%° mol x107%° x107%° mol
mol cm’ cm? mol cm cm’?
Cy.Esg 0.375 0.56 1.35 0.51 1.28
LAS 0.375 0.41 0.98 241 0.47 1.16 2.47
SLES 0.25 0.03 0.08 0.01 0.03

Table 3. Surface composition, adsorbed amount and total adsorption for 2 mM C12Eg / LAS /
SLES at a solution composition of 0.375/0.375/ 0.25 mole ratio at 10 and 25°C.

As previously discussed (18) at this concentration and solution composition the surface is
dominated by the C1,Eg and LAS adsorption, and there is relatively little SLES at the interface at
room temperature. As the temperature is reduced from 25 to 10°C the total adsorption increased
from 2.41 to 2.47 x 10™ mol cm? but the change is within the error of the individual
measurements. At room temperature the adsorption of the pure individual components, Ci,Es,
LAS, and SLES is 2.68, 2.91, and 3.6 x 10™° mol em™ respectively. However there is a change
change in the surface composition with temperature, although like the total adsorption it is close
to the error in the measurement. As the temperature decreases from 25 to 10°C, the relative
amount of Ci2Eg decreases and the amount of LAS increases. The amount of SLES at the
interface remains low and insignificant at both temperatures. It was previously observed (6-8)
that the surface composition of nonionic surfactant mixtures of Ci,E3 / Ci2Eg changed with
temperature. That is, the surface became richer in C1,Eg with increased temperature due to the
greater temperature dependence of the cmc of C1,Eg compared to Cy,E3. The same general trends
are observed here. in the relative amounts of Cy,Eg and LAS. Although the competition for the
surface and its temperature dependence is more complex in the ternary mixture. However it is, as

reported by Liley et al (18) dominated by the LAS-C;,Ejs interaction.

The apparent shift in the surface composition to one richer in LAS and less rich in Cy2Eg does
correlate with the change in the surface tension of the mixture and the changes in the surface

tension of the individual components with temperature (see table 1).

13



(c) Surfactant mixtures incorporating rhamnolipids.

A series of surface tension and neutron reflectivity measurements were made on 3, 4 and 5-
component mixtures involving Ci2Eg, LAS, and SLES with the rhamnolipids R1 and R2. The

surface tension measurements at 10 and 25°C are summarised in table 4.

Surfactant Surface tension, vy / £0.5 mN/m Ay ! %
25°C 10°C
0.15/0.15/0.7 32.2 333 35
R1/R2/Cy,Eq
0.15/0.15/0.7 27.9 28.9 3.5
R1/R2/LAS
0.15/0.15/0.7 29.9 30.3 1.5
R1/R2/SLES
0.15/0.15/0.35/0.35 29.3 30.0 2.5
R1/R2/C1,Eg/LAS
0.15/0.15/0.35/0.35 31.9 32.7 2.5
R1/R2/C,Eg/SLES
0.15/0.15/0.35/0.35 27.7 28.7 3.5
R1/R2/LAS/SLES
0.15/0.15/0.26/0.26/0.18 29.5 30.1 2.0
R1/R2/C1,Eg/LAS/SLES

Table 4. Variation in surface tension for 3, 4, 5-component mixtures of Ci,Eg, LAS, SLES, R1

and R2 at a solution concentration of 2 mM and at 10 and 25 °C.

As previously observed (17), and implied in table 2, the incorporation of the rhamnolipids results
in a general lowering of the surface tension values. However, more importantly for all the
mixtures incorporating the rhamnolipids in table 4 the change in the surface tension above the
cmc as the temperature is reduced from 25 to 10°C is less than that observed for the ternary
Ci2Es / LAS / SLES mixture and most of the individual components. The average change, Ay, is
< 3%, and in many of the rhamnolipid containing mixtures it is << 3%. This is quite remarkable

given that the change in the surface tension for pure water is ~ 3% over this temperature range.

Forthe R1/R2/LAS,R1/R2/CyEg/ LAS, R1/R2/LAS/SLES and R1/R2/Cy;Eg / LAS
/ SLES mixtures the variation in the adsorbed amount and surface composition with temperature
was measured by neutron reflectivity. The corresponding adsorption data are summarised in
tables 5 a-d. As previously reported (17, 19) the adsorption for the 3, 4, and 5-component
mixtures incorporating R1 and R2 is dominated by the rhamnolipid components, and especially
R1. The adsorbed amounts and surface compositions measured at 25°C are qualitatively

consistent with those previously measured (17, 19), and we return to this later in the discussion.
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In the ternary R1 / R2 / LAS mixture the total amount adsorbed increased slightly as the

temperature decreased from 25 to 10°C, although the change is still within the experimental

errors quoted. However, the composition is, within error, invariant with temperature.

(8) R1/R2/LAS

25°C 10°C
Surfactant Solution Surface Adsorbed Total Surface Adsorbed Total
composition | composition | amount I' | adsorption | composition | amount I' | adsorption
/+0.02 /+0.02 | /+0.02 [ +0.02 /+0.04
x10™ | 0.04 x10™° x10%° x10™° mol
mol cm? | mol cm™ mol cm cm’?
R1 0.15 0.34 1.10 0.34 1.10
R2 0.15 0.19 0.61 3.19 0.20 0.63 3.23
LAS 0.70 0.47 1.48 0.46 1.50
(b) R1/R2/ CyEs/ LAS
25°C 10°C
Surfactant Solution Surface Adsorbe Total Surface Adsorbed Total
composition | composition d adsorptio | compositio | amount I' | adsorptio
[ +£0.02 amount n/+0.04 n/+0.02 [ +£0.02 n/+0.04
r'/+0.02 | x10° mol x10 mol | x10™%°
x10%° cm? cm? mol cm
mol cm?
R1 0.15 0.43 1.36 0.45 1.46
R2 0.15 0.15 0.46 3.15 0.15 0.49 3.23
Cy,Esg 0.35 0.17 0.54 0.16 0.52
LAS 0.35 0.25 0.79 0.24 0.76
(c) RL/'R2/LAS/SLES
25°C 10°C
Surfactant Solution Surface Adsorbed Total Surface Adsorbed Total
composition | composition | amount I' | adsorption | composition | amount I' | adsorption
/+0.02 /+0.02 /+0.04 /+0.02 /+0.02 /+0.04
x10° mol | x107*° mol x10° mol | x10™*° mol
cm? cm? cm? cm?
R1 0.15 0.43 1.36 0.45 1.46
R2 0.15 0.15 0.46 3.15 0.15 0.48 3.24
LAS 0.35 0.17 0.54 0.16 0.52
SLES 0.35 0.25 0.79 0.24 0.78
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(d) R1/R2/CyEg / LAS / SLES

25°C 10°C
Surfacta Solution Surface Adsorbe Total Surface Adsorbe Total
nt compositio | composition | d amount | adsorptio | composition d adsorptio
n /+£0.02 r/+£0.02 | n/+0.04 /+£0.02 amount n/+0.04
x10™ | x10™ mol I'/+0.02 | x10™ mol
mol cm’? cm? x107% cm’?
mol cm
R1 0.15 0.34 0.94 0.36 1.02
R2 0.15 0.14 0.39 0.12 0.35
Cy.Esg 0.26 0.16 0.43 2.75 0.17 0.49 2.87
LAS 0.26 0.25 0.70 0.25 0.72
SLES 0.18 0.11 0.29 0.10 0.29

Table 5. Adsorbed amounts and compositions for (a) R1 / R2 / LAS, (b) R1/R2/ Cy;Eg / LAS,
(c) R1/R2/LAS/SLES and (d) R1/R2/ Cy;Eg / LAS / SLES, at a solution concentration of 2
mM and at 10 and 25 °C.

For the 4-component R1 / R2 / Cy2Eg/ LAS and R1/ R2 / LAS / SLES mixtures the change in
the total adsorption with decreasing temperature is now just outside experimental error. The
increase in the adsorption as the temperature decreases is associated with an increase in the
amount of R1, and to a lesser extent R2, adsorbed. This is partially compensated by a slight
decrease in the C1,Eg and LAS adsorption. This results in a surface slightly richer in R1 and R2,
although the changes in composition are at the limit of the experimental errors in the

measurement.

The 5-component R1 / R2 / Cy2Eg / LAS / SLES mixture shows a larger increase in the total
adsorption as the temperature decreases from 25 to 10°C than for the other mixtures. This is
again predominantly due to an increase in the R1 adsorption. However there are smaller changes
in the adsorption of the other components which result in the surface composition being, within
error, relatively invariant with temperature. The changes in the adsorbed amounts and total
adsorption are illustrated in figure 2, and again are at the limit of the experimental errors in the

measurements.
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Figure 2. Adsorbed amounts and total adsorption for 2mM R1 / R2 / Cy2Eg / LAS / SLES, (a)
25C, (b) 10C; see legends for details.

(d) Discussion

In the framework of the pseudophase approximation at room temperature (18) the surface
mixing for the ternary mixture was dominated by the strong LAS-C;,Eg interaction, and an
enhanced LAS adsorption at the lower temperature implies an even greater interaction in favour
of the increased LAS adsorption. A greater dominance of the R1 adsorption in the quinary
mixture at the lower temperature also implies that in the pseudophase approximation treatment
of the mixing the interactions involving R1 are enhanced in favour of the greater R1 adsorption.
In detail, in the pseudo phase approximation analysis of the quinary surfactant mixing of R1 / R2
| CioEg I LAS / SLES at the air-water interface at room temperature (19) the interactions
involving R1 and R2 are relatively weak, although the R1 and R2 adsorption dominate the
surface mixing. The strongest interactions involving R1 are the R1-SLES and R1-R2
interactions; which have minimum excess free energies of mixing of -0.81 and -0.48 KT
respectively. The enhanced adsorption of R1 at the lower temperature implies that the R1-SLES
and R1-R2 interactions particularly are likely to be strengthened compared to the other
interactions. This strengthening of the interactions involving R1 at the lower temperature would

imply an increasingly exothermic interaction.
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The surface tension data above the cmc (see tables 2, 4 and in the main text) show some
systematic trends with decreasing temperature, and the surface tension increases with decreasing
temperature, as expected. Following the correlation between surface tension and detergency
reported by Thompson (15) this would imply a decrease in detergency. It is notable that the
changes in surface tension involving mixtures which contain rhamnolipids are always smaller.
For some mixtures it is even smaller than the change in the surface tension of pure water. This
strongly implies that the rhamnolipids introduce a degree of tolerance towards the effects of
reduced temperature.

The neutron reflectivity measurements of the surface compositionand the changes with
temperature provide the opportunity to understand the surface tension data in more detail.
However, what is surprising is that in general the variations in surface composition and adsorbed
amounts with decreasing temperature are quite subtle and at the limit of the errors in the
measurement. For example, for the ternary C12Eg / LAS / SLES mixture the surface composition
of the 0.375/0.375/ 0.25 mole ratio solution varies from 0.56 / 0.41/0.03 to 0.51/0.47/ 0.01
(as presented earlier) as the temperature decreases from 25 to 10 C. The same mixture was
previously measured and reported (18) to have a surface composition of 0.47 / 0.46 / 0.07, from
a separate measurement. This gives some indication of how large the systematic errors can be,
and in this case are accentuated by the relative low mole fraction (and signal) of the SLES
component. The 5-component R1 /' R2 / C1,Es / LAS / SLES mixture has also been previously
measured (19) at 25C and at the same solution composition and concentration as reported here.
In that case the surface mole fractions were 0.38 / 0.14 / 0.17 / 0.22 / 0.08. This compares with
the values presented intable 5, such that the equivalent data presented here is 0.34/0.14/0.16 /
0.25/0.11. This is a much closer correspondence and the change from 25 to 10 C is also within

errors invariant.

Although the surface compositions do not show pronounced variation with temperature, what is
clear from the composition measurements is that for all the mixtures containing rhamnolipids,
R1, and to a lesser extent R2, dominate the adsorption. This correlates strongly with the

variations in surface tension with temperature of the individual components and the mixtures.
CONCLUSIONS

From the relationship between adsorption and detergency (15, 16) the surface tension value

above the cmc and the adsorption and composition at the surface obtained from neutron
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reflectivity data have been used to evaluate the potential impact of reduced temperature on
detergency. Three surfactants, Ci2Es, LAS, and SLES, commonly used in current home and
personal care formulations (33), and the rhamnolipids, potentially interesting biosustainable
components (17, 19), and their mixtures, have been studied. As expected the surface tension of
all the pure surfactants increases as the temperature decreases. However the changes are less
pronounced for LAS and the rhamnolipids, and this implies a greater degree of tolerance to

lower temperatures.

For the mixtures the surface tensions correlate with the measured adsorption and surface
composition. In general the changes in the surface tension for the mixtures correlate with the
temperature dependence of the surface tension of the individual components. However what is
remarkable is that the surface composition and adsorbed amounts, within the error in the
measurements, do not change significantly. As such any changes are relatively subtle and this is

an important observation.

For the ternary Ci2Eg / LAS / SLES mixture the change in surface tension with temperature is
reduced due to the relatively higher tolerance of LAS to temperature. This is in turn reflected by
a small change in the surface composition to one richer in LAS as the temperature decreases,
which is an the limit of the error in the measurements. For the 3, 4, and 5-component mixtures,
incorporating the rhamnolipid components R1 and R2 results in a similar change in the surface
tension as the temperature decreases for all the mixtures. The change in the surface tension is
smaller than in the absence of rhamnolipid, and comparable to that of H,O. This is attributed to
the dominance of R1and R2 in the adsorption compared to the other components, as previously
reported (17,19). In general in the rhamnolipid containing mixtures there is a small increase in
the adsorption as the temperature decreases, again at the limit of the errors. This is attributable to

a shift in the surface composition in favour of predominantly R1.

In the context of the pseudo phase approximation description of the quinary mixing (19) this
implies an increase in the surface interaction involving R1 at the lower temperatures, in favour
of greater R1 adsorption. A more extensive evaluation using the pseudo phase approximation
would require a greater range of data at different compositions and concentrations (18, 19), and
is beyond the scope of this pioneering study. As evaluated by surface tension and the adsorption,
the addition of the rhamnolipids infer a greater degree of tolerance to a reduction in temperature

from 25 to 10°C than is encountered in the conventional surfactant mixtures. As such the low
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temperature tolerance, on these criteria, is in the order RI>LAS>R2>SLES>C;,Eg. This suggests
that the incorporation of the rhamnolipids in the detergent based formulations will extend the
operating range of such mixtures to lower ambient temperatures. This is in addition to the many
other advantages of the rhamnolipids that have already been identified (34-36).

ACKNOWLEDGEMENTS

The provision of beam time at ISIS, and the invaluable help and expertise of the Instrument
Scientists, Max Skoda, at ISIS, and the technical support is acknowledged.

SUPPORTING INFORMATION

Some additional data and information are included in the Supporting Information, in the form of
tables. The material is available free of charge via the internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding author: jeff.penfold@stfc.ac.uk

Author Contributions: All the authors have given their approval of the final version of the

manuscript.

Funding Sources: Funded through an EPSRC CASE award with Unilever R and D, and neutron
beam time provided by the ISIS facility.

20


http://pubs.acs.org/
mailto:jeff.penfold@stfc.ac.uk

REFERENCES

(1) ‘Surfactant Science Series’, Schick, M. J.; Fowkes, F. M, Eds, Marcel Dekker, New
York, volumes from 1996 onwards

(2) Critical micellar concentrations of aqueous surfactant systems, Mukerjee, P; Mysels, K.
J, Nat. Stand. Ref. Data Series, Nat. Bur. Stand. (US), 1971, 36

(3) Rosen, M. J. Surfactants and Interfacial phenomena, Wiley, New York, 1989

(4) Van Os, N. M; Haak, J. R; Rupert, L. A. M. Physico-chemical properties of selected

anionic, cationic and non-ionic surfactants, Elsevier, Amsterdam, 1993

(5) Kotomin, A. A; Petel’skii, B. P; Mashchenko, E. I; Yakimchuk, O. D; Abramzon, A. A,
Temperature dependence of the detergency of sodium alkyl benzene sulfonate and
compositions thereof, Russ. J. Appl. Chem. 2002, 75, 1128-1131

(6) Penfold, J; Staples, E; Thompson, L; Tucker, I; Thomas, R. K; Lu, J. R, The effect of
temperature on the adsorption of non-ionic surfactants and non-ionic surfactant mixtures

at the air-water interface, Ber. Bunsenges. Phys. Chem. 1996, 100, 1-6

(7) Penfold, J; Staples, E; Thompson, L; Tucker, I; Thomas, R. K, Adsorption of non-ionic
surfactant mixtures at the air-water interface: effects of temperature and electrolyte, J.
Coll. Int. Sci. 2002, 247, 404-411

(8) Lu,J.R.;Li,Z. X.; Thomas, R. K.; Staples, E.; Thompson, L.; Tucker, I.; Penfold, J.
Neutron reflection from a layer of monododecyl octaethylene glycol adsorbed at the air-

water interface: the structure of the layer and the effects of temperature, J. Phys. Chem.
B, 1994, 98, 6559-6567

(9) Wongwailikhit, K.; Ohta, A.; Seno, K.; Nomura, A.; Shinozuka, T.; Takiue, T.; Aratono,
M. Temperature effect on adsorption and micelle formation of penatethylene glycol
monoalkyl ethers, J. Phys. Chem. B, 2001, 105, 11462-11467

(10) Schick, M. J. Effect of temperature on the cmc of non-ionic detergents,
thermodynamics of micelle formation, J. Phys. Chem. 1963, 67, 1796-1799

(11) Chen, L. J.; Lin, S. Y.; Huang, C. C.; Chen, E. M. Temperature dependence of the

cmc of polyoxyethylenated non-ionic surfactants, Coll. Surf. A, 1998, 135, 175-181
21



(12) Flockhart, B. D. The effect of temperature on the cmc of some paraffin chain
salts, J. Coll. Sci. 1961, 16, 484-492

(13) The aqueous phase behaviour of surfactants, Laughlin, R. G. Academic Press,
London, 1994

(14) Hato, M.; Shinoda, K. Krafft points of calcium and sodium dodecyl
poly(oxyethylene) sulfates and mixtures, J. Phys. Chem. 1973, 77, 378-381

(15) Thompson, L. The role of oil detachment mechanisms in determining optimum
detergency conditions, J. Coll. Int. Sci. 1994, 163, 61-73

(16) Staples, E. J.; Thompson, L.; Tucker, I.; Penfold, J. Effect of dodecanol on mixed
non-ionic and non-ionic / anionic surfactant adsorption at the air-water interface,
Langmuir, 1994, 10, 4136-4141

a7 Chen, M. L.; Penfold, J.; Thomas, R. K.; Smyth, T. J. P.; Perfumo, A.; Marchant,
R.; Banat, I. M.; Stevenson, P.; Parry, A.; Tucker, I.; Grillo, I. Mixing behaviour of the
biosurfactant, rhamnolipid, with a conventional anionic surfactant, sodium dodecyl
benzene sulfonate, Langmuir, 2010, 26, 17958-17968

(18) Liley, J.; Penfold, J.; Thomas, R. K.; Tucker, I.; Petkov, J.; Stevenson, P.;
Webster, J. Surface adsorption in ternary surfactant mixtures, J Phys Chem B, 2017, 121,
2825-2838

(19) Liley, J;; Penfold, J.; Thomas, R. K.; Tucker, I.; Petkov, J.; Stevenson, P.; Banat,
I.; Marchant, R.; Rudden, M.; Webster, J. Adsorption at the air-water interface in
biosurfactant — surfactant mixtures, Langmuir, 2017, 33, 13027-13039

(20) Lu, J. R.: Thomas, R. K.; Penfold, J. Surfactant layers at the air-water interface:
structure and composition, Adv. Coll. Int. Sci., 2000, 84, 143-304

(21) Harwell Subroutine Library, http://www.hsl.rl.ac.uk/

(22) Webster, J.; Holt, S.; Dalgleish, R. INTER: the chemical interfaces reflectometer
on target station 2 at I1SIS, Physica B, 2006, 385-386, 1164-1166

(23) Oxford Isotope Facility, www.isis.stfc.ac.uk/apply-for-beamtime/Oxford-isotope
-facility8717.html

(24) J Liley, DPhil thesis, University of Oxford, 2014

22


http://www.isis.stfc.ac.uk/apply-for-beamtime/Oxford-isotope%20-facility8717.html
http://www.isis.stfc.ac.uk/apply-for-beamtime/Oxford-isotope%20-facility8717.html

(25) Penfold, J.; Thomas, R. K.; Dong, C. C.; Tucker, I.; Metcalfe, K.; Golding, S.
Equilibrium surface adsorption behaviour in complex anionic / non-ionic surfactant
mixtures, Langmuir, 2007, 23, 10140-10149

(26) H Xu, DPhil thesis, University of Oxford, 2013

(27) Glittens, G. J. Variation in the surface tension of water with temperature, J. Coll.
Int. Sci. 1969, 30, 406-412

(28) Shereshefsky, J. L. Surface tension of saturated vapours and the equation of
Eotvos, J. Phys. Chem. 1931, 35, 1712-1720

(29) Lu, J. R.; Marrocco, A.; Su, T. J.; Thomas, R. K.; Penfold, J. Adsorption of
dodecyl sulfate surfactants with monovalent metal counterions at the air-water interface,
studied by neutron reflectivity and surface tension, J.-Coll. Int. Sci. 1993, 158, 303-316

(30) Van Os, N. M.; Danne, G. J.; Bolsman, J. A. B. M. The effect of chemical
structure upon the thermodynamics of micellisation of model alkyl arene sulfonates, J.
Coll. Int. Sci. 1988, 122, 267-274

(31) Ma, J. G.; Boyd, B. J.; Drummond, C. J. Positional isomers of linear sodium
dodecyl benzene sulfonate; solubility and self-assembly and air-water interface activity,
Langmuir, 2006, 22, 8646-8654

(32) Barry, B. W.; Wilson, R. Counterion binding and thermodynamics of ethoxylated
anionic and cationic surfactants, Coll.Polym. Sci. 1978, 256, 251-260

(33) Novel Surfactants, preparation, applications and biodegradability, Surfactant
Science Series, vol 114, Ed K Holmberg, Marcel Dekker, NY, 2003
(34) Batghi, M. K.; Fazalipoor, M. H.; Application of rhamnolipids in the formulation

of a detergent, J. Surfact. Deterg. 2013, 15, 679-684

(35) Randhawa, K. K. S.; Raham, P. K. S, M. Rhamnolipid biosurfactants: past,

present and future scenario of global market, Frontiers in Microbiology, 2014, 5, 1-7

(36) Muthusamy, K.; Goaldkrishnan, S.; Kockupappy, T.; Sirachidambaram, P.
Biosurfactants: properties, commercial production and applications, Curr. Sci. 2008, 94,
736-747

23



Supporting Information

Optimising the performance of surfactant mixtures at low temperatures.
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Table S1. Y'b values for the different surfactant components

Surfactant Component b (x10° A)
d-R1 4.30
h-R1 0.43
d-R2 6.03
h-R2 0.64

d-LAS 3.48
h-LAS 0.35
d-Ci2Eg 2.88
h-Ci2Es 0.24
d-SLES 2.82
h-SLES 0.22
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