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We demonstrate that oil-in-water emulsions can be prepared from hydrophobic eutectic systems (ES).
Light microscopy and dynamic light scattering show that droplets are formed and zeta potential
measurements indicate sufficient stability against coalescence. We investigate whether Ostwald ripening
occurs in these ES-in-water emulsions by following the droplet growth over time and comparing it with
an emulsion comprising decane in water. At first sight, the Ostwald ripening rate of the ES-in-water
emulsion is expected to be orders of magnitude larger than the ripening of the decane-in-water
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emulsion due to a much higher solubility of the dispersed phase. However, experimentally we find that
the ES-in-water emulsion actually grows a factor of two slower than the decane-in-water emulsion. We
DOI: 10.1039/c9cp06762k attribute this to the two-component nature of the ES, since the growth rate is mainly set by the least-

soluble component of the ES. Thus, ESs offer the advantage of creating liquid emulsions of solid
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1 Introduction

Eutectic mixtures have come increasingly into focus as alternative
solvents since 2003," when mixtures of amides and choline
chloride were shown to feature a pronounced melting point
depression yielding a liquid near room temperature® starting
from two solids. These mixtures are sometimes denoted deep
eutectic solvents (DES), although the term deep (which implies a
larger melting point depression than for an ideal eutectic
mixture) is not always supported by evidence.>* Regardless of
their ‘deepness’, these eutectic systems (ESs) feature properties
that could make them interesting solvents. For instance, ESs
may be engineered to reduce toxicity.” Further, the composition
of ESs may be tailored to a certain solute or application. For
instance, a subclass of ESs are hydrophobic,®® which makes them
suitable for performing extractions of hydrophobic species.”™* It
must be stressed here that, while ESs are often investigated with a
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components, while setting the emulsion stability through their composition.

view of sustainability, this aspect is dictated by the selection of the
components and not a general property of all ESs. In the present
manuscript, the focus therefore will be on the physical chemical
properties of such mixtures, rather than their sustainability.

An important physical chemical aspect for the application of
alternative solvents, like ionic liquids and ESs, is how to prepare
stable emulsions using them. An emulsion is a liquid-liquid two-
phase system of droplets of a dispersed phase in a continuous
phase that are stabilized by an emulsifier.'> Examples of emulsifiers
include surfactants,'® polymers,"” and colloids.'® We focus here on
macroemulsions, which generally have droplet sizes of 1 to 100 pm
which are, at best, kinetically stable.

The emulsification of novel solvents may have been sparked
in 2003 by Binks et al.," who investigated emulsions based on
ionic liquids (ILs), both IL-in-H,O and H,O-in-IL, stabilized by
silica nanoparticles. More recently, an oil-in-ES emulsion was
prepared with a hydrophilic ES. Cyclohexane droplets were
stabilized with sodium dodecyl sulfate (SDS) to form an emulsion
with a hydrophilic ES composed of urea and choline chloride as
the continuous phase.*® The major advantage of using ESs in an
emulsion is the fact that it allows to use a larger range of
(otherwise solid) components as a liquid, leading to potentially
higher tunability than conventional solvents. The preparation of
aqueous ES-based emulsions, i.e., based on hydrophobic eutectic
mixtures, is as of yet an unexplored field.

Since ESs are composed of (at least) two components, it is
crucial to understand if and how the multi-component nature
of ESs affects the stability of these emulsions. For conventional
emulsions it is known that droplets may grow over time via

Phys. Chem. Chem. Phys., 2020, 22, 2181-2187 | 2181


http://orcid.org/0000-0002-6674-5123
http://orcid.org/0000-0001-7614-5108
http://orcid.org/0000-0002-4096-7107
http://orcid.org/0000-0002-2992-1175
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cp06762k&domain=pdf&date_stamp=2020-01-07
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9cp06762k
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP022004

Open Access Article. Published on 08 January 2020. Downloaded on 12/11/2025 3:38:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Ostwald ripening, ie., by mass transport through the continuous
phase. The two constituents of ESs may have different solubilities
and may dissolve independently of each other in the continuous
phase, in stark contrast to ionic liquid-based emulsions where
electroneutrality poses additional restrictions. Therefore, the prime
focus of the present work is to understand Ostwald ripening in
ES-based emulsions.

The system we investigate is based on a dispersed hydrophobic
eutectic mixture in water. These ES-in-H,O emulsions comprise a
hydrophobic ES of 1-tetradecanol (1-tdc) and menthol (Men),**
which has a liquid window at room temperature, with sodium
dodecyl sulphate (SDS) as surfactant. The effects of surfactant
concentration, mass fraction of oil (ES) droplets, the addition of
salt and sonication time on the droplet size evolution are studied.
The results are compared to prototype conventional emulsions
with decane as a dispersed oil phase.

2 Theory

2.1 Adsorbed amount of surfactant

The minimum surfactant concentration c,+ needed to cover
the interface of oil droplets in an emulsion can be estimated,
assuming all surfactant is adsorbed, from:

n_6I'¢

Csurf = I7 4’ (1)

where 7 is the number of surfactant molecules on droplets, Vis
the total volume of the system, I' is the adsorption density, ¢ is
the volume fraction of droplets, and d is the droplet diameter.
For SDS at a decane-water interface, I' = 2.0 nm™2.>> Hence, it
follows from eqn (1) that for a volume fraction of decane of
1.43 x 10° (corresponding to a mass fraction of 1 x 10 %)
and a droplet diameter of 160 nm, the overall surfactant
concentration should (at least) be 0.18 mM. This is comparable
to values reported in the literature.*® The adsorption density of
SDS at the ES-water interface is not known, but it is likely to be
similar to the value for decane-water.

2.2 Lifshitz-Slyozov-Wagner theory

The growth of droplets in case of Ostwald ripening can be described
using Lifshitz-Slyozov-Wagner (LSW) theory.** By assuming steady

state kinetics, the change of the droplet volume in time follows
15,24
as:™

o 1d(d?)  8DcgpoyM
8 dit  9p2RT

(2)

Here o is the rate of Ostwald ripening, ¢ is the time, D is the
diffusion coefficient of the dispersed phase in the continuous
phase, cqat, o, is the bulk solubility (i.e., infinitely large droplets)
of the dispersed phase in the continuous phase, y is the oil-
water interfacial tension, M is the molar mass of the molecules
in the dispersed phase, p is the density of the dispersed phase,
R is the universal gas constant, and 7T is the temperature. It
should be noted that eqn (2) is strictly only valid for a dispersed
phase comprising a single component.’” We will come back to
this point in our discussion.
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Integration of eqn (2) gives:
@ =dy’ + 8wt. (3)

While the qualitative trends of this theory are confirmed experi-
mentally, usually the experimental growth rates are higher than
theoretical predictions."> Moreover, LSW theory strictly only
holds if the samples are infinitely dilute, which was approxi-
mated here by diluting our samples with a factor of 10 after
emulsification.

3 Results and discussion
3.1 Microscopy

Fluorescence microscopy was used to validate visually that
spherical droplets were formed after dispersing the ES into
water in presence of SDS (see Fig. 1).

3.2 Influence of SDS concentration on the droplet growth

Dynamic light scattering (DLS) measurements were performed
during the first two hours after preparation of the ES-in-H,O
emulsions to investigate the growth of droplets over time. The
measured diffusion coefficients of the droplets were converted to
z-averaged hydrodynamic diameters using the Stokes-Einstein
equation. The resulting hydrodynamic diameters for emulsions
prepared with decane and ES are plotted in Fig. 2, where the
effect of SDS concentration is illustrated.

The LSW theory predicts that the droplets grow as d* oc ¢, so
all experimental data were plotted as d° versus t and fitted to
eqn (3). It follows that the ES-in-water emulsions have a lower
droplet growth rate than the decane-in-water emulsions. For
decane as oil the linear slope is similar for 0.2 and 0.5 mM SDS,
while for ES as oil the slope is slightly larger for the lowest SDS
concentration. As follows from LSW theory, the major factors
that influence the growth rate are: (1) the oil-water interfacial
tension, (2) solubility of the disperse phase in the continuous
phase, and (3) the diffusion coefficient of the disperse phase in
the continuous phase. The SDS concentration directly affects

Fig. 1 Fluorescence micrograph of ES-in-water emulsion droplets. The
ES is composed of 1-tetradecanol (1-tdc) and menthol (Men) in a 1:2
molar ratio. The droplets were labeled with rhodamine B. After dilution
with a factor 10, the SDS concentration is 0.5 mM and the mass fraction
Mot is 1 x 1073,
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Fig. 2 Effect of surfactant concentration on the evolution of the average
droplet volume d° for (a) ES-in-water and (b) decane-in-water emulsions
as obtained by DLS from the z-average hydrodynamic diameter. After
dilution with a factor 10, the SDS concentrations are 0.2 and 0.5 mM, and
the mass fraction mg; is 1 x 107>,

the interfacial tension, which may therefore be the main reason
behind the slight change in growth rate.

3.3 Influence of sonication on droplet growth

The influence of the sonication time on the droplet growth for
both decane-in-water and the ES-in-water emulsions was inves-
tigated as shown in Fig. 3. The conventional solvent decane as
oil shows no clear differences in growth rate upon variation of
the sonication time. For 10 minutes sonication a steeper slope
was detected, but the standard deviation of this measurement
is also bigger in comparison with 5 and 15 minutes of sonication.
For the ES as oil, 5 minutes sonication time shows a larger slope in
comparison with 10 and 15 minutes sonication time. This may
indicate that with 5 minutes of sonication the mixture is not yet
fully emulsified due to the higher viscosity of the ES in comparison
to decane (see ESIt). A shorter sonication time may cause an
initially broader size distribution, which may enhance ripening.

3.4 Influence of ES mass fractions

In Fig. 4 the effect of the ES mass fraction is plotted, where
upon dilution 0.5 mM SDS was present in the aqueous phase.
The droplet size evolution is quite similar for mq; =1 x 103
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Fig. 3 Effect of sonication time on the evolution of the average droplet
volume d® for (a) ES-in-water and (b) decane-in-water emulsions as obtained
by DLS from the z-average hydrodynamic diameter, after sonication for 5, 10,
and 15 minutes. After dilution with a factor 10, the SDS concentration is
0.5 mM and the mass fraction mg; is 1 x 107>,
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Fig. 4 Effect of oil mass fraction on the evolution of the average droplet
volume d* for an ES-in-water emulsion as obtained by DLS from the
z-average hydrodynamic diameter. After dilution with a factor 10, the SDS
concentration is 0.5 mM and the mass fractions mg; = 1.0 x 1073 15 x
1073, 2.0 x 1073 and 2.5 x 107>,

and 1.5 x 10>, This suggests that these low mass fractions of
ES are sufficiently dilute for which LSW theory to hold. Similar
mass fractions were also used in literature for decane-in-water
emulsions in the regime where LSW theory holds.>* The growth
rate increases with mass fraction of ES above m.; = 1.5 x 103,
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which may indicate that interactions between droplets become
important, or that the composition of the droplets changes due
to a different solubility of the two ES components.

3.5 Influence of salt addition on the droplet growth

The effect of different salt concentrations was investigated,
illustrated in Fig. 5. It is clear that for these salt concentrations,
there is virtually no influence; the differences fall within the
experimental error.

3.6 Zeta-potentials

The zeta-potentials of the droplets were measured to characterize
the stability against coalescence of the droplets (Table 1). The
results show that all the prepared emulsions are negatively
charged, which is expected since SDS is an anionic surfactant.
All studied emulsions have a zeta-potential in the range of —50 to
—60 mV, indicating sufficient stability against coalescence.

3.7 Comparison with LSW theory

We estimated the ripening rates of emulsion droplets prepared
with decane and ES based on Fig. 2-5. The growth rate is obtained
by fitting the measured z-average diameters as a function of
time to eqn (3). Note that we carry out multiple measurements
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Fig. 5 Effect of salt on the evolution of the average droplet volume d® for
an ES-in-water emulsion as obtained by DLS from the z-average hydro-
dynamic diameter. After dilution with a factor 10, the SDS concentration is
0.5 mM and the mass fraction mg; is 1 x 1073, in presence of (a) 0.1 and
0.2 mM KCl and (b) 0.1 and 1.0 mM NaCl.
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factor 50, with mg = 2 x 107#
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after dilution with a

Oil phase (after dilution) csps [mM] Salt addition

Zeta-potential [mV]

1-tdc:Men (1:
Decane

1-tdc:
1-tdc:
1-tdc:
1-tdc:
1-tdc:

2)

0.04
0.1
0.1
0.1
0.1
0.1
0.1

No

No

No

0.02 mM KCI
0.04 mM KCI
0.02 mM NaCl
0.2 mM NacCl

—54.6 £ 0.7
—58.4 £ 2.0
—59.0 + 0.6
—53.6 £ 1.0
—60.2 + 1.3
—59.6 + 2.9
—60.7 £ 0.8

per sample. We fit each time-resolved measurement individually and
present the average and standard deviation of the obtained growth
rate . These (z-averaged) growth rates are presented in Table 2.

The growth rates of the emulsions with decane as oil phase
are comparable to the experimental results of Soma et al.**
Although they used a slightly higher oil concentration, we
estimate that this will only have a minor impact on the results.
Comparing these growth rates with the growth rates of our
emulsions based on a hydrophobic ES, it is evident that the
growth of the ES-in-water emulsions is generally slower by a
factor of two than the decane-in-water emulsions.

To put this difference in perspective, we estimated the
theoretical ripening rates using eqn (2). The parameters for decane
are known from the literature, and are presented in Table 3
together with the parameters known for the ES. Unknown
parameters for the ES-in-water emulsion are the diffusion
coefficient and the interfacial tension, which we estimated from
literature values of hexane to hexadecane, yielding for the
diffusion coefficient 5 x 107> m®> s* and for the interfacial
tension 8 mN m ™.

This gives a predicted LSW growth rate for decane of 31 nm® s~
and for 1-tdc:Men (1:2) of 92 x 10° nm® s~'. This striking

1

Table 2 Experimental Ostwald ripening rates of the different experiments
performed throughout this work

Oil phase Csps [MM]  mgj Salt addition  [nm® s~
Decane 0.2 1x10° No 287.7 £ 2.1
Decane 0.5 1x10° No 273.7 + 47.9
1-tdc:Men (1:2) 0.2 1x10° No 167.7 + 2.2
1-tdc:Men (1:2) 0.5 1x107% No 131.2 £ 3.5
1-tdc:Men (1:2) 0.5 1.5 x 107° No 134.9 + 0.4
1-tdc:Men (1:2) 0.5 2.0 x 107 No 201.5 + 29.7
1-tdc:Men (1:2) 0.5 2.5 x 10> No 231.6 + 2.0
1-tdc:Men (1:2) 0.5 1x10°° 0.1 mM KCl  147.3 £+ 24.2
1-tdc:Men (1:2) 0.5 1x 1073 0.2 mM KCl 126.4 + 11.4
1-tdc:Men (1:2) 0.5 1x10°% 0.1 mMNaCl 134.8+ 1.9
1-tdc:Men (1:2) 0.5 1x10°3 1.0 mM NaCl 127.9 £+ 2.1

Table 3 Parameters for the LSW theory for decane® and 1-tdc:Men
(1:2).2* The interfacial tension is of the oil-water interface, where the
water phase contains SDS at bulk concentrations above the CMC

Parameters Decane 1-tdc:Men (1:2)
D[m*s ] 7.15 x 10°° ~5x 10"
Csat, o0 [k% m?) 5.20 X 1077 0.273

7 [Nm™ ] 8.41 x 10°° ~8 x 107°

M [kg mol™] 142.28 x 1073 175.64 x 1073
p [kg m™?] 727 872

This journal is © the Owner Societies 2020
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difference is mainly due to the comparatively large solubility of the
ES in the aqueous phase. For the decane-based emulsion, the
difference in theoretical and experimentally observed growth rate
is in the same order as observed in the literature: in the experiments
the growth rate is approximately one order of magnitude larger than
predicted.”® However, for the ES we observe that the growth rate is
three orders of magnitude slower than predicted, resulting even in
the fact that the ES emulsions show growth twice as slow as the
decane-based emulsions, seemingly contradicting the theoretical
expectation.

However, our initial estimation assumed that the ES could
be treated as a single-component liquid. In fact, ESs should not
be considered as new compounds, but simply as mixtures.**
For emulsions comprising, for instance, two-component oils as
the dispersed phase, it is well-known that the growth rate can
be described as:'”

w:(d)lJr(bz)l, (4)

W] Wy

where ¢; is the volume fraction of component i in the mixed oil
and w; represents the growth rate of a (hypothetical) emulsion
made of only component 7, given by an equation analogous to
eqn (2). It should be stressed that we cannot actually prepare
these emulsions of pure menthol or pure tetradecanol under the
same circumstances, since these are solids at room temperature.

Arguably the most important consequence of eqn (4) is that
it predicts that if component 1 has a much smaller growth rate w;
than component 2 (e.g., component 1 is much more insoluble than
component 2), w is dominated by component 1 for sufficient ¢;.
For our ES, the solubility of 1-tetradecanol is about three orders of
magnitude lower than that of menthol (see Table 4), thus the
decreasing the growth rate by approximately the same factor.
Using the assumed parameters listed in Table 4, we now estimate
o ~ 204 nm?® s~ for the ES. This is much closer to (but still larger
than) the experimental results. The remaining difference might be
attributed to uncertainties in the actual composition of the
droplets and/or interactions between the ES constituents. It should
also be noted that the calculated rate is not very sensitive to the
precise value of ¢; since it is dominated by the least-soluble
compound as long as its volume fraction is sufficiently large. We
estimate that this may make it challenging to verify experimentally
eqn (4) for the present system, due to limitations in the extent of
the liquid window of the ES and the accuracy in determining the
growth rate. We therefore leave this aspect to future work.

In any case, it can be concluded that the total solubility of
the ES is not a good indicator for the actual Ostwald ripening

Table 4 Assumed properties of 1-tetradecanol and menthol for the
calculation of the Ostwald ripening rate through egn (4)

1-Tetradecanol Menthol
x; 1/3 2/3
b 0.43 0.57
M; (g mol™) 214.39 156.27
pi (kg mol™%)*” ~824 ~900
Csat,oo (Mg L)% 0.19 456

This journal is © the Owner Societies 2020

View Article Online

Paper

rate, but one should instead take the individual solubilities into
account through eqn (4). This highlights two important advantages
of using eutectic mixtures in emulsions. First, by making an ES,
otherwise solid components can be liquefied and therefore
emulsified using standard approaches. Second, the addition
of a relatively insoluble ES constituent to a more soluble
constituent effectively suppresses the Ostwald ripening of the
relatively soluble compound.

4 Conclusions

Oil-in-water emulsions based on a hydrophobic eutectic system
(ES) were presented. The liquid oil phase was a binary eutectic
mixture composed of 1-tetradecanol and menthol in a 1:2
molar ratio, while the surfactant used to stabilize the emulsion
against coalescence was sodium dodecylsulphate. We tested
whether the ES-based emulsion followed classic Ostwald ripening
to verify whether the nature of a two-component solvent such as
an ES affects the properties of the emulsion. Qualitatively, it can
be concluded that Ostwald ripening indeed occurs in oil-in-water
emulsions prepared from a hydrophobic eutectic system. Under
dilute conditions, we see a small to negligible variation of the
growth rate with surfactant concentration, oil concentration, and
salt concentration, in line with predictions from LSW-theory.
Quantitatively, we see however distinct differences between
conventional and ES-based emulsions: ripening of ES-based
emulsions occurs about three orders of magnitude slower than
expected based on the total solubility of the ES. We relate this to
the two-component nature of the ES, since the component with the
lowest solubility essentially limits the rate of Ostwald ripening.
Additionally, the interactions between the two ES constituents may
play a role. This highlights that ES-based emulsions offer the
advantage of allowing solid components to be liquefied and
subsequently emulsified, and that through selection of the ES
constituents the Ostwald ripening can be effectively controlled.
Future research should be directed to elucidating the possible role
of interactions between the ES constituents in the stability of
ES-based emulsions. Additionally, attention should be paid to
the possible effect of surfactant and dispersion medium on the
extent of the liquid window of the eutectic mixture, since the
addition of these components effectively turns the binary
eutectic system into a quaternary mixture.

5 Materials and methods

This section details the experimental procedures. First, the
materials and preparation of the systems are detailed. Next,
the analytical methodologies are discussed. For results of
physicochemical characterizations of the ES (density, viscosity,
ES-air surface tension) the reader is referred to the ESL.¥

5.1 Materials and preparation

5.1.1 Materials. 1-Tetradecanol (>97.0%), br-menthol
(>99.0%), sodium dodecyl sulfate (>98.5%), decane (>99.0%),
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rhodamine B (>95.0%), KCI (>99.0%) and NaCl (>99.5%) were
purchased from Sigma-Aldrich.

5.1.2 Preparation of the ES. The ES composed of 1-tetra-
decanol and menthol in a 1: 2 molar ratio was preparedonas5 g
and a 100 g scale. A Mettler Ax205 balance was used for
weighing the chemicals. 1-Tetradecanol was directly added to
the glass vial or jar, while menthol was first proportioned in a
weighing boat. The menthol was transferred to the vial, after
which the solids were mixed with a VWR Analog Vortex Mixer.
Finally, the ES was stirred until all the solids were liquefied. An
IKA RCT basic was used for monitoring the stirring speed and
temperature (300 rpm and room temperature). An IKA ETS-D5
temperature controller with an uncertainty of £0.1 K was used
for temperature control.

5.1.3 Mixing with water. The ES 1-tdc: Men (1:2) was mixed
with water to investigate the amount of water it would take up.
Centrifuge tubes (CELLSTAR) of 50 mL were used, in which 15 g
of water and 15 g of ES were added. The mixture was vigorously
stirred with a vortex mixer for 120 min on a IKA KS 4000 I
incubating shaker (500 rpm, room temperature) and afterwards
placed in the centrifuge (Sigma 2-16 KL) for 10 min at 6000 rpm.
The phases were separated and the ES phase was further
analyzed for its water content, density and viscosity.

5.1.4 Preparation of the emulsions. To prepare the emulsions,
first stock solutions of 2 and 5 mM sodium dodecyl sulphate (SDS),
with or without salt (NaCl or KCI), were prepared with MilliQ water.
MilliQ water was obtained from a Millipore Milli-Q biocel,
which used a Q-grade column. The weights of the solutions
were determined on a Mettler Ax205 balance. An amount of 10 g
of the 2 or 5 mM SDS solution was added to a vial and the
corresponding mass fractions of ES or decane (m,;;) from 1.0 x
1072 to 2.5 x 10> were added to the vial. The aqueous solution
and ES phase were mixed on a VWR Analog Vortex Mixer, after
which the dispersion was sonicated for 5, 10, or 15 min with a
Vibra-Cell ultrasonic liquid processor of the type VCX 130
with an amplitude of 80%. Excessive heating was avoided by
alternating between 10 s of sonicating and not sonicating.
Moreover, the vial was placed in an ice bath for cooling.

5.1.5 Dilutions of the emulsions for measurements with
DLS. The emulsions were diluted with MilliQ water. For deter-
mination of the size of the droplets, the samples were diluted
10 times to end up with mass fractions m,; ranging from
1.0 x 107> to 2.5 x 1072 and cgps ranging from 0.2-0.5 mM.
For the zeta-potentials a dilution factor of 50 was used, which
resulted in mass fractions, (M) of 2.0 x 10~* and cgpg ranging
from 0.04-0.1 mM.

5.2 Analytical methodologies

5.2.1 Water content. Water contents were measured with a
Mettler Toledo DL39 coulometer. As titer, 20 v% chloroform
with 80 v% Hydranal Coulomat AG was used. Before measuring
the samples, the accuracy of the apparatus was checked with
water standards of 0.01, 0.1, and 1.0%.

5.2.2 Density/viscosity measurements. The density of
the ES 1-tdc:Men (1:2) was measured with an Anton Paar
DMA 4500 M over the temperature range of 293.15 to 333.15 K.
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The density meter has a temperature variation of £0.05 K and
an accuracy in the density of 40.05 kg m ™. Reference oils were
used to measure the discrepancy of the density, which was not
more than 40.01 kg m>.

An Anton Paar Lovis 2000 ME rolling ball viscometer was
used for measuring the viscosity. A glass capillary with an inner
diameter of 1.8 mm was used. This capillary was equipped with
a golden ball. The maximum coefficient of variation was below
0.2%, while the forward/backforward deviation was less than
1.0%. An N26 calibration oil, supplied by Anton Paar, was used
for calibration.

5.2.3 Dynamic light scattering measurements. Dynamic
light scattering (DLS) measurements were performed with a
Malvern Zetasizer with an angle of 173° to measure the z-average
hydrodynamic diameter of the oil-in-water emulsion droplets.
Each measurement at one point in time consists of 20 runs of
20 s at 20 °C, which was repeated to obtain a time-resolved size
measurement. All systems were prepared and measured at least
twice and fitted individually, from which the average and
standard deviation of the growth rate were determined. For
clarity, in Fig. 2-5 the data points are grouped for each instance
in time and only the average and standard deviations at each
time point are shown for each system.

5.2.4 Microscopy. Samples were dyed using rhodamine B
for observation using fluorescence microscopy on a Nikon
Eclipse Ti-E inverted microscope. A spatula tip of rhodamine B
was added after preparation of the emulsions. This microscope was
equipped with a Nikon CFI Apo TIRF objective (100x magnification,
N.A. 1.49), Hamamatsu ORCA-Flash4.0 V2 camera, Nikon
Intensilight C-HGFl mercury lamp and a Semrock TRITC-B
fluorescence filter.

5.2.5 Surface tension measurements. Surface tension measure-
ments were performed with a Kriiss K11 MK4 tensiometer via the
Wilhelmy plate method. A Wilhelmy plate made of platinum with
dimensions of 19.9 mm in width, 0.2 mm in diameter and 10 mm
in height was used. The tensiometer has a measuring range of 1
to 999 mN m ™' and a temperature range of 263.15 to 403.15 K.
The resolution is 0.1 mN m™!, while it has a standard deviation
of 0.03 mN m™ .

For the surface tensions three consecutive measurements
were performed. After each measurement the Wilhelmy plate was
burned with a Bunsen burner to remove the ES. Before a new
measurement, the system is equilibrated for at least 15 minutes.
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