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Influence of surfactant concentration on spontaneous emulsification kinetics

R. Toor”, R. Denoyel”, L. Liggieri?, M. Schmitt” and M. Antoni"’

WAix-Marseille Université, CNRS, MADIREL, Marseille, France
@CNR - Institute of Condensed Matter Chemistry and Technologies for Energy (ICMATE), Unit of
Genoa, Italy
ABSTRACT : The kinetics of spontaneous emulsification is investigated on aqueous pendant drops in
paraffin oil. Optical microscopy in transmission mode is used for high-spatial-resolution image
recording. The influence of a lipophilic surfactant (Span 80) and two water-soluble surfactants (CTAB
and SDS) is investigated. As time runs, the drops interface turns opaque due to the formation of
microstructures associated with spontaneous emulsification. The time evolution of this phenomenon
is shown to depend upon temperature and surfactant concentration which leads to an overall shrinkage
due to gradual water uptake and transport into paraffin oil. Spontaneous emulsification kinetics
depends upon the chemical composition. Higher concentration of Span 80 and CTAB (resp. SDS) are
shown to promote (resp. hinder) water transport. This work provides new insights into the
understanding of spontaneous emulsification when combining the properties of non-ionic and ionic
surfactants.

Keywords: Spontaneous emulsification, water/oil interfaces, Span 80, CTAB, SDS, water transport.

1. Introduction

Emulsions have for long demonstrated their important potential for technological developments and
industrial applications in various fields such as oil recovery , pharmaceutics ', cosmetics 34, paint and
food industry >¢. Common emulsions (or macroemulsions) consist of at least two immiscible liquids and
are known to be thermodynamically unstable systems. They involve ageing mechanisms driven by
buoyancy, drop/drop interactions, Ostw’ald ripening 8. Kinetic stability over long time scales can
however be achieved when adding surfactants and/or particles in the solutions. But for both
thermodynamic and kinetic aspects, interfacial properties are paramount as they mostly govern all mass
transfer mechanisms °.

Emulsions can be generated by a variety of high or low energy methods '°'2. High energy approaches
involve the application of mechanical agitation with homogenizers, microfluidizers, ultrasonication
1011 while low energy ones only depend on the physicochemical processes in play *'5. Low energy
methods, such as spontaneous emulsification, are less invasive, making them very attractive to industry
because of their obvious economic and societal benefits. They are of particular importance in the field
of formulation where temperature control is often required in emulsification protocols.

Spontaneous emulsification (SE) results in the dispersion of one phase into another without external
energy input 3. It has been investigated extensively in a large variety of applications and emulsion
types >2! since its discovery more than one century ago ?>. In spontaneous emulsifying systems,
microstructures form, and their properties can be monitored by the chemicals that are used. They can
for example behave as micro-reactors or provide efficient sol-gel synthesis routes for surfactant
template-assisted mesostructured materials such as solid or hollow spheres %, thins films ?* or high



surface area tubules ». Oil-in-water nano-emulsions can also be produced via SE ?¢ and offer important
applications in drug delivery techniques 27-*°.

Recent work focusing on pendant water drops in paraffin oil/Span 80 solutions revealed SE kinetics
and evidenced the spontaneous occurrence of microstructures along the water/oil interface with typical
morphology determined by the concentration in Span 80 3'. Water transport from the drops into
paraffin oil by reverse micelles was evidenced and shown to depend upon Span 80 concentration. When
low (high), transport kinetics is slow (fast) and micrometer sized droplets (brush-like microstructures)
are formed. As time runs, they multiply, swell and finally invade the whole interface. Water is
therefore gradually removed from the drops leading to an overall decrease of their volume. Similar
findings were already reported in literature '*%2. SE studies with dodecane/Span 80 solutions have for
example evidenced the generation of two dimensional colloidal structures made of spherical water
droplets 3. Spontaneous formation of water droplets was also observed with Span 80 for W/O/W
(water/oil/water) emulsions 3.

The dynamic processes causing SE are still a matter for discussion. Two main ideas are proposed in
the literature for their understanding: Mechanical breakup or chemical instability. Mechanical breakup
can be caused by either interfacial turbulence or vanishing interfacial tension * while chemical
instability can be promoted by bilayer collapse due to pressure gradients 3¢, local inversion of
surfactant supersaturated regions 33 or chemical reactivity . When mechanical breakup is the driving
phenomenon, low surfactant concentrations are sufficient to evidence SE whereas, if chemical
instability prevails, high surfactant concentrations are required and swelling of reverse micelles caused
by chemical potential gradients is the driving mechanism.

The present study investigates SE in a system involving aqueous pendant drops suspended in paraffin
oil with the aim of addressing the effect of composition changes. Non-ionic (Span 80, sorbitan
monooleate), anionic (SDS, sodium dodecyl sulfate) and cationic (CTAB, cetyltrimethylammonium
bromide) surfactants are considered. Synergetic effects of CTAB and SDS have been investigated for
micro and nano-emulsion stability **2. However, to our knowledge, never for systems experiencing
SE. Span 80 will be used in all the experiments as SE has not been observed in its absence. Following
this introductive section, section 2 will present the materials and methods employed. Section 3
concentrates on how SE kinetics is modified when changing Span 80 concentration. This section
completes a previous investigation by taking fully into account a delay in SE attributed to the formation
of surfactant monolayers 3!. Section 4 focuses on the combined effect of Span 80 and CTAB on one hand
and Span 80 and SDS on the other. The possible underlying mechanisms responsible for SE changes in
the presence of ionic surfactants is discussed. In the last section, conclusions and some perspectives are
finally proposed.

2. Materials and methods
2.1,  Materials

Span 80 was purchased from Fluka (catalog n. 09659). The HLB of 4.3 is reported for this surfactant,
which is therefore soluble in non-polar solvents and often used to stabilize water-in-oil emulsions. Its
CMC is 0.43 mM (0.18 - 0.26 g/L) at 20 °C in paraffin oil . It consists ofa mixture of esters in the
following fractions: sorbitan dioleate (36.5 %), Sorbitan triooleate (24.8 %), Sorbitan monooleate (19.1
%), Isosorbide monooleate (12.9 %) and Sorbitan tetraoleate (6.7 %). The presence of few unidentified
components, which probably correspond to residues of the starting materials used for synthesis such as
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oleic acid and sorbitol were also identified **. Hexadecyltrimethylammonium bromide (CTAB), pure
to 99 %, was obtained from Sigma Aldrich (catalog n. 52365). CTAB is a cationic surfactant (HLB=10)
with CMC of 1.0 mM (0.36 g/L) at 20 °C in water *. Sodium dodecyl sulfate (SDS) was purchased 99%
pure from Sigma-Aldrich (catalog n. L3771). Its HLB is about 40 and its CMC is 8 mM (2.3 g/L) at 20
°C in water. Paraffin oil is provided by Sigma Aldrich (catalog n. 76235) and has density of 0.83 g/ml.
All chemicals were used as supplied without any further purification. Water used for all the
experiments was obtained from a Millipore Direct-Q water purification system (resistivity > 18,2
MQ-cm, TOC < 5 ppb).

2.2, Sample preparation

The organic phase used here is paraffin oil (PO) loaded with Span 80. Fresh stock solutions are
systematically used and prepared starting with a small amount of PO in a 100 mL volumetric flask. A
given mass of Span 80, controlled by weighing of this flask, is added to reach the target stock solution
concentration (10 g/L). The flask is filled up to the gauge line and the solution is homogenized by
magnetic stirring at 600 rpm for 15 min at room temperature. Concentration of Span 80 is decreased
by dilution down to 1 g/L. Concentrations are therefore always above CMC. The two ionic surfactants,
CTAB and SDS, were used separately. Stock solutions for the aqueous phases are prepared by weighing
and dissolution in water (total volume 50 mL) under magnetic stirring at 800 rpm for 30 min. The lower
concentration solutions are then prepared by cascade dilutions of the stock solutions. For CTAB
solutions, the studied concentration ranges between 0.01 g/L and 0.1 g/L (below CMC) while for SDS
concentration is varied from 0.01 g/L to 1 g/L (also below CMC). The reason for using such moderate
CTAB and SDS concentrations (when compared to the one of Span 80) results from the necessity to
prevent interfacial tension to become too small. High SDS or CTAB concentrations make indeed
pendant drop configurations unstable. They can deform, flow downward due to buoyancy and develop
an unstable neck that eventually brings the drops to detach from the needle tip (see hereafter).

2.3.  Experimental apparatus

Pendant drops (about 0.4 pL) of water are created at the end of a hydrophobic capillary needle. A
Hamilton micro syringe (62 RN SYR, 2.5 pL) fitted with the needle is employed. Its tip is immersed in
a4 mL quartz cuvette previously filled with the chosen PO/Span 80 solution and covered with a stopper
provided with a small hole to guide the needle and produce pendant drops centered in the field-of-
view of a microscope. Typical images are shown in Figure 1. This sample cell is in a thermostat-
controlled environmental chamber that can be moved with micrometric screws for the fine adjustment
of centering. Temperature is controlled with a Peltier facility and a circulating bath granting
temperature adjustments in the range -40°C to 100°C within +0.5°C. The environmental chamber sits
on an optical bench to limit the influence of uncontrolled external perturbations.

2.4.  Optical microscopy and image analysis

The optical microscope is equipped with a 1024x1024-pixel CCD camera (Mikrotron, MC1310)
encoded on 255 grey shades, allowing the observation of a magnified image corresponding to a field of
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view (FOV) of 1x1 mm?, with up to 500 Hz acquisition frame rate. The optical resolution of the
microscope is therefore about 1 um? per pixel. Light source is a LED producing a collimated light beam
and a homogeneous background. The acquisition of images is started immediately after producing drops
to capture early SE kinetics. Acquisition frame rate was set from 1 image every 5 seconds to about 1
image every 72 seconds depending on the experimental requirements. Sequences of several hundred
images are produced by each experiment and post-processed using the Image-J Package with dedicated
macros. Each image is binarized so as to be encoded on only two grey shades, white or black. A contrast-
like function is then used to follow darkening/brightening of the images 3!

N(t) —Nmin
N(O)_Nmin

ft) = (Eq. 1)

where N(t) (resp. N(0)) is the number of pixels with grey shades above 128 at time ¢ (resp. initially).
Nminis the minimum value reached by /V(z)in the processed image sequence. With this definition, £z)=1
initially and £f{z)=Owhen the brightness of in the FOV is minimal. A decreasing (resp. increasing) trend
of £(t)is therefore the signature of an overall increasing (resp. decreasing) darkening of the images. (t)
is a quantity obtained by post processing of the images. It is measured over the complete FOV (1 mm?)
and depends upon both the overall size of the pendant drop and the transparency of the water/paraffin
oil interface. It is simple to define and has the great advantage of allowing straightforward quantitative
measurements. For example, a shrinking of the size of the drop makes FOV brighter and therefore leads
to an increase of its value. When considering light transmitted across the water/paraffin oil interface
(ie. across the drop, see Figure 1), intensity depends upon the structure of the interface and upon the density
of the scattering sites, here water microstructures, that the incident light beam meets along its optical path.
The greater this density and the size of the microstructures, the more the transmitted intensity will be
attenuated and therefore the smaller f(t) will be. Still, the definition of f(t), though practical, is limiting. It
does not allow for example to discriminate the characteristic time associated with the densification kinetics
of the microstructures on the interfaces from that associated with their swelling kinetics. It does not help

either to probe the structure in depth of the water/paraftin oil interfaces. More precise techniques should be
implemented, such as high-resolution tomographic microscopy, to achieve this level of description.

3. Results
3.1.  Spontaneous emulsification at the water/paraffin oil interface

Figure 1 illustrates the evolution of a pendant drop for [Span 80] = 10 g/L at 30 °C. As the drop is
under background illumination, its central area turns bright as expected from normal incidence.
Initially, the interface between both liquids is smooth and the central area displays uniform
illumination as shown in the magnified inset of Figure 1(a). As time runs, SE starts, and microstructures
spontaneously develop with increasing crowding (Figure 1(b) and (c)). They are located at the interface,
mostly consist of micrometer sized vesicles and act as scattering sites making the central area of the
drop increasingly darker 3'. The formation of similar aggregate structures has recently been reported,
but for a hydrophilic nonionic surfactant #’. This evolution modifies the overall contrast of the images
that is easy to track and quantify with £fz) (Eq. (1)). Microstructures do not appear instantly and,
depending upon Span 80 concentration, it may take minutes to hours for them to show up. It is
therefore hypothesized that they are the result of the swelling of smaller objects produced at earlier
time scales. Note that samples with Span 80 concentrations below CMC do not show such unusual
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behavior when investigated over periods of several days 2!. In these last conditions, images keep similar
to that of Figure 1(a) and show no significant change.

(@)

Figure 1. Left: Pictures (1 x 1 mm?) of a pendant drop for [Span 80] = 10 g/L at 30 °C and at different
times. (a) t=0s, (b) t=1100s and (c) t = 1400 s and (d) t = 10000 s. Right: Zoom in the selected region
of interest (red square in right images).

Back to the results illustrated in Figure 1. Up to t=1400 s (Figure 1 (c)), the drop shows a progressive
darkening, yet maintaining its initial size and axi-symmetry. Microstructures are produced, grow with
time and gradually invade the whole interface as can be seen by a detailed inspection of the zooms of
Figure 1(b) and (c). They flocculate and arrange in a compact network until densely packed. Cohesion
forces remain strong enough for buoyancy or mechanical stress generated by swelling/flocculation to
be small and microstructures to remain attached to the interface. Over longer periods of time,
microstructures still develop but also start to detach. They behave as mobile objects dispersed in PO
and transport water apart from the pendant drop similarly to what has been observed for capsules 0484,
A new evolution regime sets then in where the initial drop axi-symmetry is lost as the drop undergoes
shrinkage and deformation progressively. Deformation results here from non-isotropic interfacial stress
generated by the progressive modification of the water/PO interface into a complex layer that looks
very similar to a thin polymerized membrane °. As this phenomenon appears randomly on the
interface, it produces drop shapes that can hardly be controlled. Eventually, drops appear as an opaque
vesicle and water transport stops. Drops turn into vesicles consisting in a loose membrane of bounded
microstructures through which water transport is no more possible (cf. Figure 1(d)).
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Contrast function £{z) is employed to make the above discussion quantitative 3. Figure 2(a) reports
its evolution for three repetitions of the experiment illustrated in Figure 1. A decreasing trend is first
observed. It vanishes when SE is sufficiently developed for the drops to prevent normal transmitted
light. The curves of all three experiments overlap for t < 2500 s and therefore demonstrate good
reproducibility. Drops keep axi-symmetric within this time interval. At longer time scales, £{z)increases
as the shrinking and deformation of drops become measurable. Curves do not overlap anymore due to
non-reproducible behavior resulting from the strong non-linearities in the microstructures
interactions.

The average behavior of the three experiments, <£{z)>, is plotted in Figure 2(b) for t < 2000 s. Three
different SE regimes indicated as Ro, Ri: and R: are identified with characteristic times to, t1 and t2
defined by: <f{1y)> = 0.95, <£(t:)> = 0.5 and <£{zz)> = 0.05. Ro, R1, and Re are typical of the behavior of the
drops for the Span 80 concentration range investigated in this work (1 to 10 g/L) and provide important
insights into SE typical time scales. Ro corresponds to the initial lag stage of SE where no
microstructures are observed under optical microscopy. This regime, that was not investigated in our
previous work 31, takes place within time t <to~ 1000 s for [Span 80]=10 g/L and corresponds to the time
needed for Span 80 molecules to diffuse from the PO solution onto the drops interface. Ro is therefore
an early-stage evolution period where molecular processes are creating the conditions for SE to be
triggered. For the same Span 80 concentration, previous studies reported equilibration times of only
few tens of second for the interfacial tension to achieve its value (about 5 mN/m). This is much shorter
than the values of to measured in this work and suggests that the mechanisms driving SE are already in
action well before this time %. Optical microscopy is obviously not appropriate to catch molecular
phenomena in action as Ro takes place and this explains why <£{z)}> remains almost unchanged. Complex
time-dependent processes modifying the structure of the Span 80 adsorption layer, without having
significant effects on its interfacial tension, cannot be excluded here >2. Large surfactant
concentrations as investigated here could moreover foster thick self-assemblies of complexes of water
and oil which could, in turn, trigger SE 333, In the second regime, R1, drops turn dark due to increasing
backlight scattering by ongoing SE creating a sharp decrease of <f(t)> when t > to. Microstructures
increase in number and size while remaining attached onto the drop interface and densely packing. In
the experimental conditions of Figure 2, ti=1300 s and R lasts up to time t2~1600 s. Beyond this time,
regime Ro starts and drops turn completely opaque making the optical investigations no longer of
interest. Direct visual observation however still indicates a rich phenomenology where microstructures
continuously detach from the interface, creating free areas where new ones pop up. Simultaneously,
the ones remaining attached to the interface continue to rearrange themselves in a way to generate
layers with increasing compactness and roughness 3!.
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Figure 2. (a): Evolution of £{z) for [Span 80] = 10 g/L at 30°C up to t=15000 s for three identical
experiments. Evolution becomes irreproducible once the drop undergoes shrinking (t > 2500 s). (b):
Evolution of averaged fitted contrast function <f{z)> for the three experiments shown in (a) and time
sequences associated to regimes Ro, R1 and Ro.

To describe the role of Span 80 on SE kinetics, experiments were performed over a range of
concentrations spanning from 1 g/L to 10 g/L. Figure 3 shows the behavior of to, t1 and t2 as a function
of [Span 80]. Each measurement point is the average of at least three experiments. All three times
decrease monotonously with increasing [Span 80] indicating that SE kinetics becomes faster. Changing
[Span 80] from 1 g/L to 10 g/L leads for instance, to a decrease in t1 from about 11000 s down to 1400 s.
Full lines in Figure 3 result from a fitting of the data with a power law given in Eq. 2 (co=1g/L for
homogeneity) and presented here to guide eyes. Fitting parameters trf and b are given in Table 1 and
all indicate reasonable error ranges. As b =~ -1, the characteristic times can be considered approximately
as inversely proportional to the Span 80 concentration. Surprisingly, despite the complexity of the



interfacial molecular phenomena involved (see below), the global kinetics of the SE follows a rather
simple law when changing composition.

[Span 80]\P
£ g (C222500) (Eq.2)

Co

to t1 t2
tref (s) | 9635 + 438 | 11007 + 720 | 12781 + 660

b -1.1+£01 |-09+£01 |-084+£0.1
Table 1 : Fitting parameters : trr and b (cf. Eq.2 and curves in Figure 3).

15000
| to .
t; ®
10000 -
0
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o 2 4 6 8 10

[Span 80] (g/L)
Figure 3. to, t1 and t2 as a function of [Span 80] at 30°C. Measurement points are the result of an average
of at least three replica experiments. Errors bars are smaller than marker size when not visible.

The system investigated in this work is simple since it consists only of a pendant water drop, oil, and
a lipophilic surfactant. But one still open question here is the understanding of the instability creating
SE. As Span 80 concentration is much larger than CMC, it causes the formation of reverse micelles.
Surfactant in the vicinity of the water/PO interface is therefore in large excess making bulk diffusion
less effective in the overall kinetics of surfactant layer formation. Span 80 being a non-single
component, all its constituents are expected, in principle, to contribute to SE processes and may involve
surfactant/cosurfactant phenomena. To our knowledge, neither the ternary diagram of
water/SPAN80/PO mixtures nor microscopic modelling of this system is available in the literature.
Several mechanisms can be hypothesized to explain the very first step of SE. For instance, interfacial
turbulence or a drastic decrease, or even a negative, interfacial tension resulting from Span 80
supersaturation. Diffusion and stranding may also come into play . Another possible process relies
on the formation of thick nonuniform multilamellar interfacial layers entrapping water films. Driven
by chemical potential gradients, the latter could be fed by the drop water reservoir, swell until turning
unstable most likely by Plateau-Rayleigh instability, and finally break off into microscopic objects 3333,
All these mechanisms, if effective in SE, probably do coexist in a complex interplay as suggested by
scanning electron microscopy analysis that revealed microstructures hierarchies consisting of
protruding water vesicles at the water/oil interface 3!. Their shape depends on the Span 80
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concentration and consists of either spheres or fibers depending on the Span 80 concentration. They
grow in size and number, arranging themselves in a compact network while remaining attached to the
interface. This is illustrated in the insets of Figure 1b and Figure lc. It is also important to note here
that no microstructure coalescence was evidenced. It is observed, instead, that small microstructures
grow at the expense of the pendant drops, suggesting that Ostwald ripening clearly cannot be invoked
to explain SE. The power spectra extracted from Figure 1b and Figure 1c (not shown here) indicate the
presence of a peak corresponding to microstructures of characteristic size of 25+/-5 pm. This size is
constant throughout the Ri regime. Thus, the footprint of the microstructures on the drop interface
remains nearly constant once they are in contact. The decrease in <f(t)> in Ri (Figure 2(b)) can therefore
be interpreted as a consequence of a growing complexity of the microstructures in the direction
perpendicular to the drop interface.

Observations being done in transmission mode, optical distortions created by the curvature of the
pendant drop and the proximity of the microstructures when densely packed should be accounted for
here. <f(t)> is moreover an average quantity. It gives consequently an integrated information on the
whole drop and optical path of the incident beam and therefore does not provide any relevant
information on the structure of the interface at the microscopic scale. It would have been interesting
here access to such a description while SE develops and in particular to observe the phenomena
occurring on both sides of the interface3. Unfortunately, the transmission visualization technique used
here does not allow such measurements. Preliminary tests on flat interfaces show that confocal
microscopy may provide answers to this question. Span 80 has indeed detectable fluorescence. But
addressing SE by this technique still requires important efforts. To have a sufficient magnification, the
working distance must indeed be small (typically 2 mm) and this condition may produce experimental
artifacts due to the proximity of solid surfaces. These measurements are still in progress and should
allow, if successful, an in-situ study of the phenomena involved in SE.

The effect of temperature can be observed on comparing the time values at 30 °C in this work to
those at 40 °C in our previous work 3!. For instance, Figure 3 shows that for [Span 80] = 10 g/L, t1 =1300
s at 30 °C and it decreases to t1 =700 s at 40 °C in the previous work 3!. SE becomes therefore faster at
higher temperature. Viscosity of both paraffin oil and water decrease on increasing the temperature .
Temperature changes also modify relative solubility of surfactants, interfacial tensions, and bulk
viscosity %. Faster SE is a straightforward consequence of enhanced Brownian motion of Span 80 that
eases relaxation to local equilibrium and therefore naturally accelerates the overall SE kinetics. This
trend is similar to the one described in foaming ability of surfactants when temperature is modified .

3.2 Influence of CTAB and SDS

The three regimes illustrated in Figure 2 still show up when CTAB or SDS is added to the aqueous
phase and the three characteristic times to, t: and t2 all show trends similar to the ones of Figure 3 when
their concentration is changed (see Figure 4). This is the reason why forthcoming discussion will be
limited to the description behavior of t1 only. Maximal CTAB (resp. SDS) concentration is 0.08 g/L
(resp. 0.3 g/L) here for stability purposes. For larger values interfacial tension becomes indeed too small,
pendant drops get elongated due to buoyancy and detach from the capillary tip after few seconds. Note
that both values do depend upon Span 80 in the concentration range investigated in this study. CTAB
and SDS concentrations being smaller than their CMC, the pendant drop/PO interface is not compactly
covered. As already discussed in the previous section for Span 80, SE kinetics depends on how fast
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layers form, compete, and eventually get reorganized. The comparatively fast stability loss illustrated
in Figure S3suggests that the formation of CTAB (or SDS) and Span 80 layers are most likely successive
processes.

<f(t)>
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0.6

<f(t)>
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021 4 : :/49693
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0 = 1 1 ! 1 1 ! 1 Aal
0 1000 2000 3000 4000 5000 6000
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Figure 4. Evolution of <f(t)> for [Span 80] = 4 g/L at T=40°C. (a) [CTAB] = 0.06 g/L. (b) [SDS] = 0.3 g/L.

Figure 5 displays the evolution of <f(t)> for [Span 80] = 10 g/L and for varying [CTAB]. The decaying
trend is similar to that of Figure 2 but yet appears earlier for increasing [CTAB]. This is essentially
explained by electrostatic interactions weakening. In the absence of surfactant, water-oil interfaces are
negatively charged because of hydroxide ions adsorption 0. Being cationic, CTAB reduces zeta
potential and, as local electrostatic interactions are weakened, adsorption energy barrier is lowered
which promotes Span 80 adsorption. A similar behavior of CTAB is known to modify nano-emulsions
stability *!. The trend of Figure 5 turns consistent with this loss of stability and suggest that
nanostructures formed at the very beginning of SE become less stable for increasing CTAB
concentration. CTAB and Span 80 therefore act in a way to displace the CTAB/Span 80/hydroxyl groups
adsorption/co-adsorption quasi-equilibrium in the sense to favor Span 80 only, making zeta-potential
even smaller and the overall water transfer faster.
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Figure 5. Evolution of <f(t)> as a function of [CTAB] for [Span 80] = 10 g/L at T=30°C. ll [CTAB]=0 g/L,
® 0.02 g/L, A 0.04 g/L, © 0.06 g/L and [ 10.08 g/L.

The above discussion invoked only surface charge effects. Other contributions, like hydrophobic
interactions or steric hindrance, were assumed to be negligible .. One way to verify this hypothesis is
to investigate interfacial charge modifications with SDS. SDS being anionic, zeta-potential becomes
now more negative when increasing its concentration, and in contrast to CTAB, SDS is expected to
yield a slowing down of SE. Figure 6 illustrates the evolution of t1 when the water of the drops contains
CTAB only (a) and SDS only (b). It shows a decreasing (resp. increasing) linear trend for CTAB (resp.
SDS). Both figures also demonstrate stronger sensitivity to CTAB and SDS for small Span 80
concentrations. This is consistent with the fact that CTAB adsorption results in a better neutralization
of the water/PO interface charge, in respect to SDS adsorption, that is also reflected by a different
stability of the corresponding emulsions. The results are also consistent with previous studies that
investigated and reported the synergistic interactions between nonionic and cationic surfactants -6
For instance, the adsorption of CTAB was enhanced due to the synergies between CTAB and TX-100
(Triton X-100, non-ionic surfactant) %. A similar behavior was also reported for the surfactant mixture
of DDAB (didodecyldimethylammonium bromide, cationic surfactant) and Igepal CO-890
(polyoxyethylene-40 nonylphenyl ether, non-ionic surfactant) in oil-in-water (O/W) emulsion ®. In
fact, while CTAB and SDS are good emulsifiers, it turns that below CMC, CTAB is a less efficient O/W
emulsion stabilizer %47 than SDS that provides very stable emulsions already at concentrations well
below the CMC €.
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Figure 6. t1 as a function of [CTAB] (a) and [SDS] (b) for three values of [Span 80] (M 4 g/L, ® 8 g/L
and A 10 g/L) at T=40 °C. Error bars are smaller than markers when not visible.

4. Conclusions

This work provides new experimental insights into the complexity of spontaneous emulsification.
Aqueous pendant drops suspended in a paraffin oil solution in the presence of non-ionic (Span 80) and
ionic (CTAB and SDS) surfactants are studied. It is demonstrated that spontaneous emulsification
generates microstructures at the water paraffin oil interface. For a given composition, three specific
kinetic regimes mediated by the Span 80 concentration are identified. When adding CTAB (resp. SDS),
SE kinetics turns faster (resp. slower). This change is explained by the polarity of water molecules and
the modification in water/paraffin oil zeta potential associated with the ionic surfactants. CTAB tends
in fact to reduce the zeta-potential and therefore facilitates the migration of water molecules while the
SDS reinforces zeta-potential. Electrostatic interaction being strengthened, water transport is hindered,
producing a delay in the occurrence of spontaneous emulsification. This work brings new insights and
should help the understanding into possible mechanisms involved in spontaneous emulsification when
ionic and non-ionic surfactants are in competition.
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