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Abstract: The production of melt emulsions is mainly influenced by the crystallization step, as
every single droplet needs to crystallize to obtain a stable product with a long shelf life. However,
the crystallization of dispersed droplets requires high subcooling, resulting in a time, energy and
cost intensive production processes. Contact-mediated nucleation (CMN) may be used to intensify
the nucleation process, enabling crystallization at higher temperatures. It describes the successful
inoculation of a subcooled liquid droplet by a crystalline particle. Surfactants are added to emul-
sions/suspensions for their stabilization against coalescence or aggregation. They cover the interface,
lower the specific interfacial energy and form micelles in the continuous phase. It may be assumed
that micelles and high concentrations of surfactant monomers in the continuous phase delay or even
hinder CMN as the two reaction partners cannot get in touch. Experiments were carried out in a
microfluidic chip, allowing for the controlled contact between a single subcooled liquid droplet and a
single crystallized droplet. We were able to demonstrate the impact of the surfactant concentration on
the CMN. Following an increase in the aqueous micelle concentrations, the time needed to inoculate
the liquid droplet increased or CMN was prevented entirely.

Keywords: crystallization; microfluidic; contact-mediated nucleation; melt emulsion

1. Introduction

Emulsions are dispersions in which two mutually insoluble liquid substances are
present. The dispersed droplet phase for oil-in-water emulsions is represented by oil and
the continuous phase by water. According to Bancroft’s rule [1], the type of emulsion is
determined by the solubility of surface-active substances (e.g., emulsifiers). The phase in
which the emulsifier is more soluble forms the continuous phase.

A thermodynamic description of emulsions is provided by Sharma et al. [2]. The
stability of emulsions is influenced by different physical effects, such as Ostwald ripening,
flocculation, aggregation, sedimentation (creaming), phase inversion and coalescence. The
time scales in which these effects influence the stability of emulsions may vary profoundly [3].

One potential method of stabilizing emulsions for a longer time is the addition of
emulsifiers. Emulsifiers are excipients with a characteristic molecular structure. According
to the chemical structure of the surfactant, they accumulate at the interface of the two phases
and decrease the specific interfacial energy [4].

Emulsifiers are amphiphilic molecules with a hydrophilic (head group) and a hy-
drophobic part (tail). The head is polar, while the tail usually consists of long, nonpolar
hydrocarbon chains. The emulsifiers at the oil-water interface arrange themselves accord-
ing to their affinity to the solvent, i.e., the head groups are on the aqueous side, whereas
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the tails reach into the oil phase [5]. The hydrophilic part of an emulsifier can be charged
and classified as ionic (anionic, cationic), zwitterionic or nonionic [4].

The phase distribution of the emulsifier in thermodynamic equilibrium occurs at the
equivalence of temperature, pressure and chemical potentials of the surfactant in both
phases, at the interface and in the micelles [6]. A quantitative description of thermodynamic
equilibrium between the oil and the water phase is possible using the Nernst partition coef-
ficient [7]. Accordingly, the distribution coefficient at phase equilibrium can be calculated
using the concentrations of the component of these two phases.

1.1. Contact-Mediated Nucleation

Contact-mediated nucleation (CMN) describes a mechanism of crystallization, trig-
gered by means of contact between a liquid, subcooled droplet and an already crystallized
droplet (= particle).

McClements et al. [8] found that the fraction of solidified droplets increased during
the experimental time when an equivalent initial distribution of solidified particles and
liquid droplets was provided for a quiescent subcooled n-hexadecane-water emulsion
with emulsifier Tween®20 (diffusional motion only). This occurred despite the fact that
subcooling should have prevented spontaneous nucleation. Measurements by nuclear
magnetic resonance (NMR) showed that no crystallization occurred after 175 h within an
emulsion with only liquid n-hexadecane droplets. McClements et al. [9] found that the
higher the available surfactant concentration in the emulsion, the higher the final solids
fraction of the droplets. Additionally, Dickinson et al. [10] determined an increase in the
solid content relative to an increase in the emulsifier concentration in the continuous phase
for the same material system. They estimated that one in 107 collisions between crystallized
and liquid droplets resulted in CMN. Hindle et al. [11] found a steady increase in the
fraction of solidified droplets of a subcooled n-hexadecane-water emulsion with emulsifier
Tween®20. The increase occurred after crystallized n-hexadecane droplets were added.
Complete crystallization of the dispersed phase occurred during the 15 days after the
addition of crystallized droplets. They concluded that, according to their results, micelles
could not mediate nucleation and any increases in the solid fraction were due to the contact
between a liquid droplet and a solid particle. They also state that micelles may affect CMN.

Regarding experiments performed in the field of coalescence, Dudek et al. [12] deter-
mined longer coalescence times with increasing surfactant concentrations. This is contrary
to the results described above, because increasing micellular numbers should improve
the coalescence process as more dispersed phase can be transported from one droplet to
another. Additionally, with increasing aqueous surfactant concentrations, higher energy
barriers must be overcome to achieve direct contact between the two collision partners [13].
The latter is discussed in further detail later in this paper.

In order to enhance the contact between crystallized particles and liquid droplets,
achieving a relative motion between each particle and droplet is advantageous. According
to Vanapalli et al. [14], the relative motion between droplets and particles can be classified
into orthokinetic (externally imposed velocity fields) or perikinetic (Brownian motion).
In this work, the relative motion is governed by the orthokinetic mechanism due to the
microfluidic setup and droplet sizes used.

In analogy to the coalescence theory, three external flow factors can influence CMN:
contact time, contact force and collision frequency [15]. The contact time and contact force
depend on further flow phenomena, such as the flattening of the film radius, film drainage
and film rupture [16]. The surfactant may play an important role for CMN because it
influences the specific interfacial energy and forms micelles in the continuous phase which
may inhibit the contact of colliding partners.

1.2. Microfluidics

Microfluidic systems have become an important tool in emulsion research [17]. The
application of microfluidics offers many advantages, for example, laminar flow conditions,
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high surface-to-volume ratios, small fluid volumes, the possibility of droplet manipulation,
easy access for microscopical analysis, and excellent control over mass and heat transport.
Microfluidics in crystallization research appears as a supporting platform for fundamental
research into crystallization processes and crystal formation [18,19]. Hence, new possibili-
ties have been made available to investigate processes within relevant time scales [20,21],
for example, the investigation of CMN. Single droplet experiments are also used to investi-
gate coalescence and to correlate specific interfacial energy to droplet stability [22–25].

1.3. Theoretical Description of Contact-Mediated Nucleation—An Approach

Similarities can be found between the modelling of coalescence processes and CMN [15].
So far, there are no established, specific theoretical descriptions of CMN in the literature.
The process of coalescence takes places between liquid droplets or between gaseous bubbles.
No phase change takes place upon coalescence. There is an asymmetry in the aggregate
state in CMN, since one of the two contact partners is already crystallized and the other is
a liquid, subcooled droplet. This results in the following general assumption of contact-
mediated nucleation: the interface of the liquid droplet can take several states, from mobile
to rigid, depending on the interfacial surfactant concentration, whereas the interface of the
crystallized particle is only rigid.

According to [26], the interstitial film needs to fall below a critical thickness for
coalescence to take place. Below that specific thickness, the Van der Waals attraction
between two droplets approaching each other is stronger than any possible repulsive forces.
Different mechanisms are detailed in the following passage, which could counteract the
film thinning in the material system of an n-hexadecane–water emulsion used, stabilized
with Tween®20.

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [27,28] is a theoretical de-
scription of the stability of colloidal systems, such as emulsions, that account for attractive
and repulsive forces. Regarding stability factors [29] larger than 1, repulsion dominates the
interaction of two suspended particles. Electrostatic repulsion between colloids requires
equally charged surfaces. Therefore, an increased charge of equal polarity between colloids
could counteract film thinning. Dimitrova et al. [30] measured the forces between fer-
rofluidic suspension droplets in an aqueous solution stabilized with Tween®20. When the
concentration of the emulsifier increased, the electrostatic repulsion also increased. The au-
thors only found agreement with the DLVO theory for low concentrations of the emulsifier.
The repulsive force measured at higher surfactant concentrations showed higher values
at shorter distances than the predicted values calculated via the DLVO theory. In order to
explain this discrepancy, the authors suspected a steric component of the repulsive force.
This was thought to be caused by the presence of Tween®20 micelles between the droplets.

The influence of micelles in the continuous phase on the contact between colloids
could be explained by the oscillating structural and depletion forces (OSF) [31]. These
forces occur in the interstitial film when the film thickness decreases in the presence of
small, dissolved entities in the film liquid, for example, micelles.

Taking OSF into account, Basheva et al. [13] derived a nonlinear relationship between
the diameter of spherical micelles, the volume fraction of these micelles, the distance of
the two colliding droplets and the interaction energy between the two droplets. This
approach is used to estimate emulsion stability as a function of the number of micelles
present in the solution. We calculated the interaction energy Utotal analogously with the
literature presented regarding the occurrence of OSF (Figure 1). The corresponding material
system parameters are listed in Table 1. Utotal was estimated by the sum of the oscillatory
component (Uosc) and the Van der Waals interaction (UvdW). A full description of the
equations can be found in [13].
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Figure 1. Simulated interaction energy of two spherical droplets with the distance H according to
Trokhymchuk et al. [32] and Basheva et al. [13]. It is assumed that the film between the droplets
contains hard, spherical micelles. Parameters used for calculation are summarized in Table 1.
The volume fraction of the micelles in the continuous phase ϕm for a given aqueous surfactant
concentration c̃H2O

TW20 was approximated with a linear expression according to data obtained by
Basheva et al. [13]: ϕm = 1.7× 10−3 m3mol−1 · c̃H2O

TW20.

Table 1. Parameters used for calculation of the total interaction energy U.

Parameter Value

Micelle diameter of Tween®20 [13] 7.2× 10−9 m
Radius n-hexadecane droplet in the microfluidic device 3× 10−4 m

Temperature 290.35 K
Length of emulsifier’s brush layer (determined by Avogardo, Version 1.2.0 [33]) 1.2× 10−9 m

Hamaker constant for an emulsion system [13] 4× 10−21 J

Figure 1 indicates the possible influence of micelles in the aqueous phase because
they are able to hinder or delay CMN by increasing the repulsive forces. As indicated, a
particular volume density of micelles is necessary to achieve stability factors larger than 1.

We used a microfluidic setup for our studies to investigate the efficiency of CMN
depending on the specific interfacial energy and micellular concentration in the continuous
phase. We suggest increasing induction times and decreasing wetting by increasing aqueous
micellular concentrations. Moreover, we assume that a link can be made between the
coalescence theory and CMN to characterize the latter regarding its crystallization efficiency.

2. Materials and Methods
2.1. Materials Used

Microfluidic experiments were performed with n-hexadecane (C16H34, Hexadecane
ReagentPlus®, Sigma-Aldrich, Schnelldorf, Germany, purity: 99%) as the dispersed phase
and ultrapure water (OmniTap®, stakpure GmbH, Niederahr, Germany; electrical con-
ductivity 0.057 µS cm−1) as the continuous phase. The surfactant used in this study was
Polyoxyethylen(20)-sorbitan-monolaurat (Tween®20, Merck KGaA, Darmstadt, Germany)
in different concentrations.

2.2. Microfluidic Measurement Setup

A microfluidic system based on the type of continuous-flow emulsion-based droplet
microfluidics was applied [34]. The multiple phase flow appeared as the so-called Taylor
flow [35]. A characteristic sequence of liquid droplets was formed, separated by slugs of the
continuous phase. These slugs were sections of the aqueous phase [36]. The droplets had an
average droplet volume of around 25 nL and mean equivalent diameters of approximately
525 µm. The droplet volume was calculated according to [37].
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The microfluidic chip acted as the central element of the setup (Figure 2). It consisted
of a transparent polycarbonate plate (thickness 2 mm) into which several microchannels
have been milled. The channels were 300 µm wide and 200 µm deep. Additionally, a
channel for a temperature sensor was milled into the side of the chip. The channels
received their characteristic rectangular cross-sectional area by bonding a thin 250 µm
polycarbonate foil on top. In order to guarantee that wetting of n-hexadecane did not occur
on the channel walls, the latter were hydrophilized according to [38]. The microfluidic
chip was fixed on a water-tempered aluminum cooling block with two independently
controlled temperature zones. The temperature of the microfluidic chip was measured
with a temperature sensor (Pt 100, ES Electronic Sensor GmbH, Heilbronn, Germany) close
to the location of the contact experiment. Crystallization processes were tracked with
a high-speed camera (sCMOS pco.edge 5.5®, Excelitas PCO GmbH, Kelheim, Germany)
connected to a stereo microscope (SZ61, OLYMPUS EUROPA® Se & Co. KG, Hamburg,
Germany) with an integrated polarization filter. Two silicon wafers were installed directly
beyond the microfluidic chip to support the polarization filter in highlighting crystalline
structures. Volume flow rates of the continuous and dispersed phases were adjusted by
a low-pressure injection pump system (Nemesys, CETONI GmbH, Korbußen, Germany).
This syringe pump system was connected to the computer via a BASE120 base module.
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Figure 2. (a) Schematic view of the microfluidic chip with rectangular channels and sectional
temperature regulation with scale (mm). The temperature sensor was inserted sideways into the chip
through a fitting channel (yellow). The n-hexadecane droplets were formed at the T-junction (green
frame) at a temperature above the melting point of n-hexadecane Tm. The produced droplets flowed
along the channel in the direction indicated (u f low). (b) Half of the chip was cooled (blue area) to a
subcooling of around ∆T1 = Tm − T1 = 7.6 K for spontaneous nucleation (initialization). The other
half was kept below the melting point at ∆T2 = 1.1 K (red area); the droplets on this side retained
liquid. The whole microfluidic chip was kept at ∆T2 (red area) for the contact-mediated nucleation
(CMN) measurement. The purple frame exemplarily displays a time-resolved CMN.
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The microfluidic T-junction allowed for the formation of reproducible droplet sizes
(Figure 2). At the beginning of the droplet formation process, the dispersed phase began to
fill the channel cross-section almost completely, and when a critical proportion between
droplet size and channel cross-sectional area was reached, droplets of the dispersed phase
were formed.

The aim of the experiments was to investigate the CMN as a function of surfactant con-
centration. The temperature profile of the microfluidic chip during one collision followed a
predefined protocol, as shown in Figure 3.
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Figure 3. Temperature profile of the microfluidic chip Texp over time measured by the incorporated
temperature sensor. After initiating spontaneous, primary nucleation at a subcooling of ∆T1 =

Tm,µF − Tprimary = 7.6 K, the temperature was set to a subcooling of ∆T2 = Tm,µF − Tcontact = 1.1 K
for the observation of CMN. The melting point of n-hexadecane Tm,µF was defined as 18.6 ◦C.

In order to initialize the experiment, droplets were formed at the T-junction and, as
soon as both plates were covered with droplets, one side of the chip was cooled to around
Tprimary = 11 ◦C (∆T1 = 7.6 K) to enforce spontaneous droplet crystallization. To avoid
spontaneous crystallization during the experiments, both plates were thermostated at
Tcontact = 17.5 ◦C (∆T2 = 1.1 K), which is below the melting point of n-hexadecane, and, as a
result, the frozen particles did not thaw. Following this, the continuous phase was initiated,
and the liquid droplet moved towards the solid particle. Volume flow rates ranging from
15 to 400 µL h−1 were applied. The solid particle was fixed on the channel walls as a
result of crystallization. Due to the rectangular cross-sectional area of the channel and the
round particle, the aqueous phase was still able to flow around the solid particle. This
experimental design allowed for the controlled contact of two collision partners. A detailed
experimental protocol is shown in Figure 4.
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A high-speed camera allowed time-resolved detection of the contact progress (for
example, relative velocity of the droplet and the particle ∆u and wetting evolution) and of
the nucleation events. All collisions were tracked with the camera at a frame rate of 100
frames per second. The relative velocity ∆u was determined by the distance travelled by
the subcooled liquid droplet within a specific timeframe, while the solid particle had a
fixed position (compare Figure 2).

2.3. Melting Point Measurements

In order to quantify the possible impact of the microfluidic system on the melting point
of n-hexadecane, the presence of water or emulsifier was determined in the microchannel
to Tm,µF = 18.6 ± 0.2 ◦C. A broad range of melting points can be found in the literature,
varying between 16.7 and 20.0 ◦C [39–44]. Our results are in good agreement with the
available literature and, therefore, no impact of the setup or the presence of the water phase
and surfactant was identified. In the following, Tm,µF was used to calculate subcooling.

2.4. Specific Interfacial Energy Measurements

Droplet formation within the microfluidic device was possible with and without the
usage of an additional surfactant. Therefore, it was not possible to estimate the specific
interfacial energy and, consequently, the droplet surface coverage achieved by the emulsi-
fier directly during the microfluidic experiment. However, surface coverage may play an
important role for CMN as interfacial energy is known to greatly influence coalescence [45].

Measurements of the specific interfacial energy were obtained via the pendant drop
method (OCA 25, DataPhysics Instruments GmbH, Filderstadt, Germany) to quantify the
time needed by the surfactants to cover the liquid-liquid interface completely. A syringe
with an outer diameter of 0.91 mm was used for the generation of the droplet, and the
temperature was set to 20 ± 0.2 ◦C. Measurements without surfactant resulted in specific
interfacial energies of 48.6 ± 0.5 mN·m−1, which is in good agreement with the specific
interfacial energies described in the literature ([46]: 43.16 mN·m−1, [47]: 47.0 mN·m−1).
Time-resolved specific interfacial energies were considered to characterize the adsorption
process of the surfactant to the liquid-liquid interface and to outline any dependencies of
the surfactant concentration in the aqueous or oil phase (Tables 2 and 3, Figure 4).

Table 2. Specific interfacial energies approximately 4 h after interface formation for different surfac-
tant concentrations dissolved in the continuous phase (c̃H2O

TW20(t = 0)).

c̃H2O
TW20(t = 0)/mol m−3 γLL/mN m−1

8.2 3.5 ± 0.3
16.6 2.9 ± 0.2

Table 3. Specific interfacial energies about 4 h after interface formation for different surfactant
concentrations added at the beginning to the dispersed phase (c̃hex

TW20(t = 0)).

c̃hex
TW20 (t = 0)/mol m−3 γLL/mN m−1

6.4 1.9 ± 0.4
12.9 0.9 ± 0.3

As Figure 5 and Tables 2 and 3 indicate, the phase in which the surfactant is dissolved
at the beginning of the experiment (t = 0) plays a major role. The convolution of the
surfactant distribution between the aqueous and oil phases will be discussed in Section 3.
The measurements were obtained in a time frame of approximately 4 h (data not shown),
without reaching a constant specific interfacial energy. The microfluidic experiments were
performed within around 0.2 h. For t < 0.2 h, the final distribution of the surfactant
between the continuous phase, dispersed phase and liquid-liquid interface was not reached
according to the specific interfacial energy measurements. It should also be mentioned
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that the specific interfacial energy tension reduced from around 48 mN·m−1 to values
between approximately 1 and 4 N m−1 within the first seconds after droplet formation.
This suggests that most surfactants adsorbed to the interface shortly after droplet formation
and any further changes were only due to the ad- and desorption of a smaller number
of molecules.
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Figure 5. Two exemplary time-resolved specific interfacial energy (γLL) measurements with surfac-
tant supported in either the aqueous, continuous (c̃H2O

TW20(t = 0) = 16.6 mol·m−3) or dispersed oil
phase (c̃hex

TW20(t = 0) = 6.4 mol·m−3).

The increasing specific interfacial energy for systems in which the emulsifier was
previously dissolved in the dispersed phase, shows the convective transport of the emulsi-
fier from the interface to the surrounding continuous phase. As soon as thermodynamic
equilibrium would be reached, the specific interfacial energies should be the same, without
any differences regarding initial surfactant concentration gradients between the aqueous
and oil phase, providing there is enough surfactant to completely cover the interface.

When transferring these findings to an idealistic model, we assumed different, insta-
tionary surfactant distributions between the dispersed and continuous phase, depending
on the initial surfactant concentration (Figure 6). We assumed that the depicted surfactant
distribution represented the situation during our microfluidic experiments.
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Figure 6. (a) Schematic system description when the surfactant was initially dissolved in the continu-
ous phase (water). The subcooled droplet is presented in a light color, the solid particle is shown as a
brown sphere. (b) Schematic system description when the surfactant was initially dissolved in the
dispersed phase (n-hexadecane). Both systems had not yet reached the thermodynamic equilibrium.

Within the experimental time range, a higher emulsifier concentration at the interface
can be assumed for systems where the surfactant is dissolved in the oil phase at t = 0 due to
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lower specific interfacial energies (Figures 5 and 6b). In addition, the concentration of the
surfactant affects the specific interfacial energy and, thus, the emulsifier concentration at the
interface across relevant time scales. Decreasing specific interfacial energies with increasing
surfactant concentration (even above the critical micellular concentration: CMC) are also
described in the literature [12,48]. During the microfluidic experiments, we assumed that,
when the surfactant was initially supported in the water phase, more micelles were present
in the aqueous phase compared to the number of micelles when the surfactant was initially
dissolved in the oil phase.

2.5. Wetting

Different types of wetting between the liquid droplet and the solid particle were
observed (Figure 7). The efficiency of CMN can be obtained by taking the wetting angle ϕ
of the two collision partners into account.
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Figure 7. Definition of the wetting angle ϕ between a liquid, subcooled droplet and a solid particle.
Both contact partners are stabilized with surfactant.

In this work, four different forms of contact are identified by their corresponding wetting
angle and their efficiency in initiating nucleation. A brief overview is provided in Table 4.

Table 4. Classification of CMN based on the wetting angle ϕ. The differentiation is made based on whether nucleation
occurs or not. Additionally, a schematic abstraction and the experimental observation are shown. In the abstraction, solid
structures are light brown (left particle), and liquid droplets (right) are visualized in white. For the experimental illustration,
solid structures are either light white, in cases where crystallization had just taken place, or dark gray. The liquid droplet
volume is represented by the transparent parts. We assumed that solid–liquid interfaces are partially composed of surfactant.
In the case of ϕ = 0◦, hug, the red circle highlights the part of the liquid droplet that has already crossed the solid particle
and appears directly behind the latter. The first two rows illustrate that contact occurred when the surfactant was supported
in the continuous phase; the last two rows show wetting angles for the initial surfactant support in the dispersed phase.

Wetting Angle Nucleation? Wetting? Abstraction Experimental

ϕ = 180◦,
blank no no
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Table 4. Cont.

Wetting Angle Nucleation? Wetting? Abstraction Experimental

0◦ < ϕ < 180◦ yes yes
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Crystallization did not occur when the wetting angle was 180◦, and we assume that
no wetting occurred either. When the surfactant was dissolved in the aqueous phase,
crystallization was visible with increasing relative velocities and a decreasing aqueous
surfactant concentration, but not immediately after the first contact. The liquid droplet
even surrounded the solid particle at certain points (Table 4, ϕ = 0◦, hug, red circle).

3. Results
3.1. Surfactant Distribution between the Water and Oil Phase and the Liquid-Liquid Interface

The CMN may be influenced by the surface coverage of the droplet and particle
with emulsifier. The influence of the specific interfacial energy on coalescence has already
been discussed in the literature (e.g., [45]). In addition, the appearance of micelles may
play an important role for the successful inoculation of the subcooled droplet. Due to the
above-mentioned reasons, it is of great importance to estimate the surfactant distribution
between the aqueous continuous and the dispersed oil phase.

In order to determine whether a diffusion process of surfactant from the water to
the oil phase occurs, that is driven by concentration gradients due to different chemical
potentials, NMR measurements were performed using a 400 MHz spectrometer (Avance
Neo, Bruker BioSpin GmbH). Samples were prepared with surfactant concentrations up
to c̃H2O

TW20 = 180 mol·m−3. N-hexadecane was added at two different mass ratios to the
continuous phase: [50:50] and [80:20] (water:n-hexadecane). After the addition of n-
hexadecane, the samples were mixed with a stirring fish at 700 rpm for 2 min. Droplets
between 10 and 500 µm were produced. The samples were left untouched for one week.
During this time, a phase separation occurred, and three different phases became visible.
Large n-hexadecane droplets were found at the top. The intermediate phase consisted of
smaller n-hexadecane droplets and the bottom phase was aqueous. The aqueous phase
was carefully separated with a syringe to determine the surfactant distribution after one
week. This sample was analyzed by 1H NMR spectroscopy (Figure 8).

The measured samples are in good agreement with the calibration curve up to a
concentration of c̃H2O

TW20 (t = 0) = 90 mol·m−3. Therefore, up to the specified concentration,
no measurable number of surfactants dissolved in the n-hexadecane phase. This supports
our hypothesis that surfactant diffusion due to concentration gradients and, thus, chemical
potential differences between the continuous and dispersed phase did not play a major
role within our experimental time frame (c̃H2O

TW20(t = 0) < 50 mol·m−3). Moreover, we did
not notice an influence of the volume ratios of water and oil on the distribution of the
surfactant. The concentration of surfactant at the interface was too small to be measurable
with NMR. Pendant drop measurements must be considered to obtain information about
the interfacial surfactant concentration (Figure 5, Tables 2 and 3).
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TW20(t = 0) = 50 mol·m−3.
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The measured surfactant concentrations, for initial concentrations higher than
c̃H2O

TW20 (t = 0) = 90 mol·m−3, differ from the reference calibration line. This may indi-
cate that the molecular solubility limit of Tween®20 in the continuous phase had been
exceeded. The information on the solubility of Tween®20 in water in the literature spans a
certain range although a concrete solubility limit could not be found. Data sheets [49,50]
mention the solubility limit at emulsifier concentrations of cH2O

TW20 = 2× 10−3 g·L−1 and
100 g·L−1. These correspond to the following values: c̃H2O

TW20 = 2× 10−9 mol·m−3 and
1·10−4 mol·m−3, respectively, with ρH2O(20 C) = 998.2 kg·m−3. These values are much
lower than the emulsifier concentrations investigated and used in the present series of
experiments. Pollard et al. [51] found Tween®20 to be ‘extremely soluble’ in water and
other solvents. In their experiments, Tween®20 was completely solvable in water up to
671 g·L−1 at 20 ◦C (c̃H2O

TW20 = 546 mol·m−3), and the authors did not investigate further
additions of emulsifier. The maximum solubility was not reached at this concentration. No
phase separation of Tween®20 in water, that was measurable by eye, could be identified
in any of our experiments. Nonetheless, a nonvisible phase separation could have taken
place. Another possible explanation may be the diffusion of surfactant from the aqueous to
the oil phase. With an increasing aqueous surfactant concentration, the difference of the
chemical potential between Tween®20 in water and n-hexadecane increased, leading to a
faster rate of surfactant diffusion into the oil phase.

Long-term experiments were performed over a period of 43 days to support the
findings of the slow equilibrium adjustment of the surfactant between the continuous
and the dispersed phase (Figure 9) and to estimate the distribution coefficient KTW20 of
Tween®20 between water and n-hexadecane. KTW20 is defined as

KTW20 =
c̃hex

TW20

c̃H2O
TW20

, (1)

where c̃hex
TW20 represents the molar concentration of Tween®20 in the n-hexadecane phase

and c̃H2O
TW20 represents the molar concentration in the water phase.
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A 300 MHz spectrometer (nanobay, Bruker BioSpin GmbH) was used to determine
the distribution coefficient. The measured sample consisted of two separated phases,
namely of pure n-hexadecane, and water with an initial total surfactant concentration
of 16.6 mol·m−3. The phase volumes were both 300 µL. The sample was positioned in
the sensitive measuring range so that only the water phase was measured. The CH2
peak was used for evaluation to avoid overlapping and the influence of the water peak
on the peak of the ethoxylate group of the emulsifier at 3.7 ppm. Modelling of the ex-
perimental data with an exponential decay of the first order (Figure 9b) led to an equi-
librium concentration of c̃H2O

TW20(t→ ∞) = 13.6 mol·m−3. The value of c̃hex
TW20(t→ ∞) for

the extrapolated equilibrium state was calculated as c̃hex
TW20(t→ ∞) = 3.0 mol·m−3 by

mass balance calculations of the two-phase system observed. The distribution coefficient
(Equation (1)) was found to be KTW20 = 0.22 for an initial aqueous surfactant concentra-
tion of c̃H2O

TW20(t = 0) = 16.6 mol·m−3, similar volumes of water and n-hexadecane, and an
interfacial area of approximately 13.2 mm2.

3.2. Effect of Tween®20 Distribution on Contact-Mediated Nucleation

As has been mentioned previously, the contact time and contact force required for
nucleation may be influenced by the surfactant concentrations present in the water and
oil phases and at the separating interface. This may be due to potentially prolonged film
drainage times or the rearrangement of the surfactant at the interface when the two collision
partners approach one another. Regarding industrial processes, wetting effects should be
minimized to exclude partial coalescence and achieve comparable droplet/particle size dis-
tributions before and after the crystallization step. Partial coalescence describes when two
particles are connected by a small bridge, but they do not form a single, spherical particle.

Within the experimental microfluidic time frame of around 10 min, the specific inter-
facial energy depended on the distribution of the surfactant between the continuous and
dispersed phase (Figure 5). Different concentrations of Tween®20 in the dispersed and
continuous phase were used for the collision experiments to outline the effect of the specific
interfacial energy and the influence of micelles on the CMN. The number of micelles or
single molecules per unit volume in the continuous phase and the specific interfacial en-
ergy may influence the contact force needed for crystallization. Here, we used the relative
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velocity between the subcooled droplet and the crystalline particle as an indirect indicator
of contact force because the latter cannot be measured directly. This velocity difference will
be transformed into a contact force per contact area and thus into, for example, a contact
pressure. The contact time is not limited in the microfluidic chip because the continuous
phase constantly pushes the liquid droplet towards the solid particle. The induction time
needed for crystallization is presented in Section 3.4.

The distribution of the surfactant cannot be determined within the microfluidic setup
itself. An empirical approach was used to estimate the distribution. A diffusion-controlled
model was applied for the adsorption of Tween®20 at the water–n-hexadecane interface.
According to [52], this assumption is valid because the droplets had an average size
larger than 10 µm. Tween®20 was assumed to be a highly surface-active molecule. Our
calculations showed that a complete coverage of the interface was reached after at least
6 min for c̃H2O

TW20 = 8 × 10−3 mol·m−3 and 1.2 × 10−5 s for c̃H2O
TW20 = 42.8 mol·m−3. The

maximum surface loading was reached within less than 1 s (tmax � 1 s) for all initial
surfactant concentrations higher than the CMC. For the calculations according to [53],
a maximal surface loading Γmax of 1.79× 10−6 mol·m−2 (calculated according to [54],
assuming a surfactant monolayer at the liquid-liquid interface and a surface pressure equal
to zero; 100% of interface covered with surfactant) and a diffusion coefficient of the single
surfactant molecules in water of DH2O

TW20 = 2.6× 10−10 m2·s−1 (own measurements via NMR
diffusion measurements [400 MHz spectrometer, Avance Neo, Bruker BioSpin GmbH])
was used. Assuming a fully loaded interface before starting the collision experiments,
the continuous surfactant concentration still represents more than 99% of the initial bulk
concentration of TW20 ( c̃H2O

TW20(t = 0) ∼ c̃H2O
TW20(t), c̃H2O

TW20 > CMC). Ad- and desorption
processes from the interface into the n-hexadecane droplet phase can also be neglected
within the experimental time range, as is shown in Figure 8.

When Tween®20 was initially dissolved in n-hexadecane, measurements of the specific
interfacial energy suggested fast adsorption to the interface followed by a desorption to the
continuous phase. The diffusion coefficient of Tween®20 in n-hexadecane was measured as
Dhex

TW20 ∼ 2.0× 10−10 m2·s−1 for surfactant concentrations between 0.2 and 360 mol·m−3,
which is comparable to DH2O

TW20. We therefore assume that only single molecules are present
in the n-hexadecane droplet and no inverse micelles are formed. Calculations of the
maximum time needed for complete interfacial coverage, according to [53], revealed that
a complete coverage can be assumed in periods significantly shorter than 10 min. We,
furthermore, assume that no or only a few micelles are formed within the continuous
phase until contact crystallization occurs when Tween®20 was initially dissolved in the oil
phase. This hypothesis will be verified later, because micelles and single molecules in the
continuous phase hinder contact crystallization tremendously. Nucleation occurred for all
experiments where the surfactant was initially dissolved in the dispersed phase.

The wetting angle ϕ (Figure 10a,b) and crystallization probability Pc (Figure 10c) de-
pended on the surfactant’s concentration and the distribution of the surfactant throughout
the system. The crystallization probability Pc represents the ratio between the crystallized
droplets and the total number of droplets.

There was no initial nucleation visible by eye at first contact for any experiments in
which the surfactant was added to the continuous phase alone at the beginning of the
experiment. Higher relative velocities and, thus, higher shear rates and higher contact
forces were necessary (e.g., Figure 10a, 7 ·CMC) to trigger nucleation. The liquid droplet
often surrounded the particle before nucleation occurred. We assume that the new liquid–
liquid droplet surface can be refilled faster with an increasing surfactant concentration in the
continuous phase. This, consequently, prevents the direct contact of crystalline structures
with subcooled liquids and, therefore, hinders crystallization. Less free surfactant is
available at a lower surfactant concentration and the new interface cannot be completely
covered quickly enough. Consequently, crystallization occurs.
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Only the two lower surfactant concentrations (c̃H2O
TW20 = 8× 10−3 and 0.4 mol·m−3) led

to nucleation within the experimental observation period of around 60 s. The crystallization
probability P(c) (Figure 10c) decays exponentially as a function of the initial aqueous sur-
factant concentration. We, thus, assume that micelles in the continuous phase hinder nucle-
ation, as the highest crystallization probability was reached at c̃H2O

TW20 = 8× 10−3 mol·m−3,
which is below the CMC of Tween®20 in water (CMCTW20 = 0.059 mol·m−3 [55]). Exper-
iments without the surfactant were performed to prove this hypothesis. Crystallization
occurred in all the experiments without the emulsifier. This confirms our assumption that
micelles and increasing monomer concentrations in the continuous phase can weaken or
even prevent CMN.

When the surfactant was initially added to the dispersed phase alone, all contacts
resulted in nucleation, independent of the surfactant concentration and relative velocity. A
differentiation can be made according to the presented wetting angles (Figure 10b).

The surfactant’s equilibrium distribution between the two phases was investigated
to determine the dominant factor in CMN. The phase composition is provided by KTW20,
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which was acquired from the long-term spectroscopic measurements (Figure 9). If the
influence of the micelles is dominant, no crystallization should take place, whereas if the
emulsifier in the dispersed phase and at the interface has a stronger influence, crystallization
should take place in all collisions (Figure 11).
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Figure 11. Wetting angle as a function of the relative droplet velocity for the equilibrium surfactant
distribution between the continuous and dispersed phase, determined from long-term spectroscopy
measurements (compare Figure 9).

Successful nucleation was not observed for relative velocities up to 1.7× 10−3 m s−1.
This is a clear indication of the prevention of CMN by the presence of micelles in the
continuous phase. Bera et al. [56] did not identify the occurrence of coalescence when the
surfactant concentration was above the CMC, which is in good agreement with our results
as we did not detect any CMN when the surfactant concentration was above 7 ·CMC in
the continuous phase.

3.3. Formation of Liquid Bridges before Contact-Mediated Nucleation

A formation of liquid bridges between the liquid droplet and the solid particle was
detected during some experiments, when the surfactant was initially dissolved in the oil
phase. Regarding the desirable separation of the two reaction partners after the collision
in industrial processes, small or no liquid bridges are required. Otherwise, the shelf life
of the product would be reduced, or the product properties may change due to partial
coalescence. Separation after collision could not be achieved for the experiment setup used
due to the limitations presented by the experimental execution.

The size of the liquid bridge, which was formed between droplet and particle, changed
as a function of the surfactant concentration in the dispersed phase (Figure 12).

A very clear decrease in the mean size of the liquid bridge is visible. A significant
difference between the population means and the population variances (Levene’s test)
was observed at a level of 0.05 by means of an analysis of variance of the experimental
data. Nonetheless, the Tukey’s post hoc test showed no significant difference between the
two data sets of c̃hex

TW20 = 12.9 and 33.2 mol·m−3 at a level of 0.05.
A decrease in the diameter of the liquid bridge with an increasing emulsifier con-

centration is also described by Nowak et al. [57] for two coalescing droplets. Since the
addition of surfactant causes decreasing specific interfacial energies, smaller driving forces
are needed for coalescence and, hence, for CMN in the experiments presented here. The
specific interfacial energy has a gradient on the droplet surface during the CMN due to
the movement of surfactants at the interface. Consequently, Marangoni flow [58] develops.
This allows for a homogeneous surfactant distribution at the interface. Thus, there are
two effects promoting small liquid bridges at higher surfactant concentrations. Firstly, since
there is more emulsifier in the dispersed phase, diffusion-limited transport to the interface
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is faster. Secondly, the gradient on the surface is greater because more emulsifier is present
at the interface and, thus, the Marangoni flow is stronger. Higher surfactant concentrations
also allow for a faster refilling of the interface when there is a concentration gradient
between the continuous and dispersed phase, resulting in the desorption of surfactant
molecules from the interface to the continuous phase. Chesters [16] hypothesizes that
coalescence is favored for low viscosities of the dispersed phase. This may also promote
the formation of larger liquid bridges at smaller surfactant concentrations and, thus, lower
dispersed phase viscosities. Regarding industrial processes, smaller liquid bridges or even
no bridges are favorable to avoid partial coalescence, coalescence or agglomeration so as to
maintain the product quality.
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Figure 12. (a) Dimensionless diameter of the liquid bridge between the solid particle and the liquid droplet shortly after
formation for all relative velocities tested. The emulsifier was dissolved in the dispersed phase at different concentrations at
the beginning of the experiment. (b) Determination of the diameter of the liquid bridge formed during CMN between a
solid and liquid n-hexadecane droplet in a microfluidic channel. The images used for the determination of the diameter of
the bridge were taken directly after contact of the droplets, with the maximum error between the moment of contact and the
picture shot being t = 0.01 s.

3.4. Induction Time

Stirred vessels are used with wide shear rate distributions for industrial melt emulsion
production and storage. Melt emulsification is a top-down approach that can produce
suspensions with µm-sized particles, while overcoming the disadvantages of the energy-
and time-consuming wet-milling process [59,60]. The contact time is inversely proportional
to the shear rate [16], therefore, it is important to know the required induction time tind to
trigger crystallization. Once tind is obtained, it can be used to optimize process flows. For
the collision experiments, tind was determined as a function of the surfactant concentration
in either the continuous or dispersed phase (Figure 13). Furthermore, tind is defined as the
time between the first visible contact and the detection of the first crystal.

When the experimental aqueous concentration of the surfactant was found to be
above the CMC micelles were detected in the continuous phase with a volume fraction
>0.1% (Figure 13, i: water) and the induction time was up to ten times higher than without
or with very few micelles and aqueous single molecules (Figure 13, i: n-hexadecane).
Without any surfactant, the induction time ranged from 0.1 to 0.4 s (data not shown), which
highlights the crystallization-impeding effect of the aqueous emulsifier micelles or single
molecules. A wide range of induction times measured is apparent. Aqueous surfactant
concentrations of 16.6 mol·m−3 (ϕm ~2.8%) and 42.8 mol·m−3 (ϕm ~7.1%) are not shown
because crystallization did not occur within 60 s.
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According to [61–63], we calculated the theoretical coalescence times for two n-
hexadecane droplets with a radius r in water without any surfactant. The theoretical co-
alescence times ranged from 0.3 s to 1.1 s at room temperature(

η = 30.3 mPa s, ρhex = 773 kg m−3, ρwater = 998 kg m−3, γLL = 47 mN m−1, r = 184 µm
)

.
Adding surfactant to the system increased the theoretical coalescence times by up to 43 s
( γLL ∼ 4 mN m−1). Taboada et al. [25] measured coalescence times ranging from 10 s up
to more than 30 min for different emulsifiers in single droplet experiments with water as
the continuous phase. Regarding nonionic surfactants, Leister et al. [64] obtained coales-
cence times between 5 and around 100 s. The measurements from Taboada et al. [25] and
Leister et al. [64] are within the same range as our calculated theoretical coalescence times.
We expect induction times to be within the mentioned range, providing that the surfactant
is dissolved in water, which is in good agreement with our experimental data (Figure 13).
Moreover, the theoretical coalescence time without any surfactant and the determined
experimental induction time are in the same range. Dudek et al. [12] described increas-
ing mean coalescence times and the increasing distributional width of the coalescence
times with increasing surfactant concentrations. We, therefore, assume that mechanisms
that prevent coalescence also hinder crystallization, for example, an increasing surfactant
concentration in the continuous phase.

When Tween®20 was dissolved in the dispersed phase during our experiments, in-
duction times were comparable to the theoretical coalescence times without any surfactant.
This highlights the influence of surfactant within the continuous phase. With increas-
ing surfactant concentration in the oil phase (and, thus, decreasing specific interfacial
energies), slightly shorter induction times were measured, and the span of the induction
times decreased.

4. Discussion

The results presented show that higher relative velocities and, thus, higher contact
forces are needed to ensure crystallization if the surfactant concentration in the continu-
ous aqueous phase increases. Regarding aqueous surfactant concentrations of Tween®20
higher than c̃H2O

TW20 = 23 mol·m−3 (aqueous micellular volume fraction ϕm~3.8%), an os-
cillatory, repulsive force by micelles is considered likely, which is shown by calculations
according to [13], where OSF are considered (Figure 1). Connecting this repulsive force
with the Van der Waals forces, an aqueous surfactant concentration higher than around
90 mol·m−3 (ϕm ~15%) would show an energy barrier that must be overcome by contact
force. Crystallization should take place for all aqueous surfactant concentrations presented
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here because the stability factor is smaller than 1 and attractive forces should dominate.
This hypothesis cannot be verified by the experimental results. From all the continuous
surfactant concentrations tested above the CMC, only 7 · CMC shows CMN at relative
velocities higher than 8× 10−4 m s−1. Oscillatory forces are not expected at this surfactant
concentration in the aqueous phase, and crystallization should take place even for low
contact forces (=low relative velocities).

Consequently, in addition to the volume fraction of micelles, their stability also plays
a major role. Christov et al. [65] concluded from atomic force microscopy measurements
that Tween®20 micelles are significantly more unstable when exposed to hydrodynamic
shear than, for example, micelles from Brij 35. The micelles dissolve into single molecules
even in cases where only a small force is applied, therefore, a considerably larger number
of single molecules are displaced from the gap between the droplet and the particle, which
results in a greater time requirement for nucleation.

The single aqueous surfactant molecules can also occupy newly formed interfaces. The
droplet spread around the particle and increased its interface for relative velocities higher
than 7.5× 10−5 m s−1 and c̃H2O

TW20 > 8× 10−3 mol·m−3. This effect was only observed when
Tween®20 was dissolved in the continuous, aqueous phase and became more dominant
with increasing relative velocities. Depending on the freely available, single molecule
concentration, this newly formed interface is unlikely to be occupied fast enough and, thus,
nucleation took place. Higher relative velocities then triggered crystallization. One possible
reason is the increasing contact force relative to increasing relative velocities. Moreover,
emulsifier could be detached from the droplet/particle surfaces due to the increased shear
forces, resulting in an unoccupied interface.

Furthermore, pH and conductivity measurements (data not shown) revealed an elec-
trical loading for the surfactants’ head groups. Although nonionic emulsifiers were used by
Dudek et al. [12] amongst others, a negative surface charge occurred in their experiments
due to the deprotonated hydroxide groups of the emulsifiers’ head groups. They attribute
their observation of longer mean coalescence times to a stronger rejection of the head
groups at an increased emulsifier concentration. An increase in the negative charge of
oil-in-water emulsions with an increasing Tween®20 concentration has also been reported
by Hsu et al. [66]. The electrostatic repulsion could explain the smaller bridge diame-
ters (Figure 12), increased surfactant concentration in the oil phase and longer induction
times (Figure 13) with an increasing continuous surfactant concentration because a higher
number of surfactant molecules leads to increasing repulsion. Accordingly, the specific
interfacial energy plays less of a role compared to the micelles. This hypothesis is further
supported by the fact that the induction times for the experiments with surfactant dissolved
in the dispersed phase are very similar to those determined without any surfactant.

It is well-known that, for biological systems, nonpolar substances attract each other in
water due to hydrophobic interactions, although the mechanism behind this is not yet fully
understood (e.g., [67]). In the literature, attraction was evidenced within distances ranging
from 100 to 6500 Å [68,69] and even up to around 3.5 mm for rough (super)hydrophobic sur-
faces [70]. Nonetheless, any hydrophobic interactions between n-hexadecane particles and
droplets are attenuated by the micelles to a greater degree in the continuous phase than by
emulsifiers at the interface. The micelles seem to shield the two reaction partners from each
other. When no micelles or only very few single molecules are present in the continuous
phase, the hydrophobic interactions can be detected by the liquid bridge formation.

Krawczyk et al. [71] state that the rupture of the liquid film between two colliding
partners is greatly affected by the phase in which the surfactant is dissolved. This is due to
different surfactant transportation mechanisms to the interface. Surfactants dissolved in the
continuous phase can delay film rupture, because the surfactant must travel from the film
perimeter into the film center, where the lowest interfacial surfactant concentration occurs.
This additional flux can influence the film rupture. Emulsifiers that are dissolved in the oil
phase are required to travel shorter distances and are, therefore, more efficient in equalizing
local specific interfacial energy gradients (as long as the film radius << the droplet radius).
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The authors describe similar behavior of systems with surfactant in the dispersed phase
and systems without any surfactant. This can also be seen in our measured induction times,
which are similar for systems without emulsifier and with surfactants dissolved in the
dispersed oil phase. Comparable behavior may be explained by Bancroft’s rule [1], which
describes a stable emulsion as a system in which the emulsifier is preferentially dissolved
in the continuous phase.

Another possible reason for limited nucleation could be the absence of a monolayer at
the liquid–liquid interface and the presence of a multilayer or even micelles that attach to
the interface (e.g., [72]). This additional shield could prevent or decrease the inoculation
efficiency of the CMN.

5. Conclusions

Considering all our experimental results, we found that the variation of the locus of
the initial dissolution and the concentration of the emulsifier had a significant influence
on the contact form observed and on the efficiency of the CMN. Importantly, the aqueous
surfactant concentration and the relative velocity between the droplet and the particle
significantly impacted the CMN in the microfluidic system.

We were able to show that increasing surfactant concentration in the dispersed oil
phase can trigger nucleation. In applying these results to industrial melt emulsion pro-
duction, the processes after collision and crystallization must be considered as pivotal for
influencing the particle size distribution and, thus, product properties. The higher the
contact area is, the higher the probability that partial coalescence occurs, and, in the case
of temperature fluctuations during, for example, transportation, coalescence may occur.
Therefore, based on the observations of this study, dissolution of the water-soluble emulsi-
fier in the hydrophobic dispersed phase prior to the experiment can be useful to trigger
CMN. Partial coalescence could also be decreased with high micellular concentrations in
the continuous phase, but, at the same time, CMN also becomes hindered.

Further experiments will test the newly stated hypothesis that the coalescence theory
can be transferred to CMN. The emulsifier, for example, will be varied, and ionic emulsifiers
will be used to investigate a possible ionic repulsion of the head groups. Furthermore,
a differential pressure sensor will be connected to the microfluidic setup to calculate the
contact force needed for crystallization and to determine the dependency of the contact
force on the relative velocity and surfactant concentration. Moreover, experiments that
take place in a new microfluidic device containing a larger liquid reservoir, where droplets
and particle can freely collide without the geometric restrictions of a single channel, are
planned. Similar experimental setups are described in the literature for coalescence-time
experiments [56,73].
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