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Abstract: This paper starts with short descriptions of emulsion preparation methods used at large
and smaller scales. We give scaling relations as they are generally used, and focus on the central role
that interfacial tension plays in these relations. The actual values of the interfacial tension are far
from certain given the dynamic behavior of surface-active components, and the lack of measurement
methods that can be applied to conditions as they occur during large-scale preparation. Microfluidic
techniques are expected to be very instrumental in closing this gap. Reduction of interfacial tension
resulting from emulsifier adsorption at the oil-water interface is a complex process that consists of
various steps. We discuss them here, and present methods used to probe them. Specifically, methods
based on microfluidic tools are of great interest to study short droplet formation times, and also
coalescence behavior of droplets. We present the newest insights in this field, which are expected to
bring interfacial tension observations to a level that is of direct relevance for the large-scale preparation
of emulsions, and that of other multi-phase products.

Keywords: emulsification; emulsions; interfacial tension; microfluidic devices; droplet volume
tensiometry; coalescence

1. Introduction

Emulsions, which are dispersions of one liquid phase in another, may become physically unstable
due to various causes such as creaming, sedimentation, flocculation, phase inversion, and coalescence,
and these mechanisms are dependent on, amongst others, droplet size, size distribution, amount
and type of emulsifier, mutual solubility of the two phases, and agitation [1]. When focussing on
droplet formation, as is done mostly in this paper, it is clear that making small droplets results in high
surface free energy of the emulsion ∆G (J; Equation (1)) through an increase in surface area, which is
energetically unfavorable, and a driver for droplet coalescence [2]. This equation also shows that
emulsifier adsorption, which results in a reduction of interfacial tension, lowers the interface free
energy, and thus favours emulsification and emulsion stability.

∆G = σ∆A (1)
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In which σ (N/m) denotes interfacial tension, and ∆A (m2) the total interfacial area. ∆G is generally
positive, meaning that emulsions tend to physically destabilise in time and go back to their unmixed
state [3,4].

Equation (1) is a basic principle of thermodynamics, that underlies many emulsion products that
are successfully produced at large scale for a wide range of applications (food, pharma, paints, personal
care, etc.). In order to prevent destabilisation, emulsifiers (or particles, in case of so-called Pickering
emulsions), need to be present in the interface, where they can slow down drainage of the films in
between droplets [5], through van der Waals, steric and electrostatic interactions between the droplet
surfaces [6]. Further, emulsifiers may increase surface elasticity, which hampers droplet coalescence [2].
Besides this, the flow conditions in the continuous phase determine the droplet contact time, and this
co-decides whether droplet (re-)coalescence will take place or not [7]. All these aspects need to come
together in emulsion production, which is far from trivial, and often based on trial-and-error emulsion
formulation and process optimisation.

The most important equipment used for emulsion production at large scale are high-pressure
homogenisers, rotor-stator homogenisers, colloid mills, stirred tanks, and ultrasound devices, and for
specialty products also membrane emulsification and microfluidic emulsification have been applied.
All these methods have their specific applications in regard to viscosity, droplet size, and other pros
and cons that are extensively described by Rayner [8] as summarized in Table 1.

From this table, it is clear that most methods are suitable for low to medium viscosity emulsions,
the only exception being the colloid mill that also can be used for highly viscous emulsions. The droplet
size is also quite different between equipment, with smaller to medium sizes found for high energy
density methods such as high-pressure homogenisation. Emulsification is still a growing field,
with many methods that are able to produce large amounts of products. Although not yet available
at large scale, membrane and microchannel emulsification stand out because of their exceptionally
high energy-efficiency.

In the next section, first, classic emulsification techniques are discussed, shortly after which
droplet formation mechanisms are summarized, including scaling relations. From these it is clear
that interfacial tension plays a pivotal role. Next, methods for interfacial tension measurement are
presented, that in general are not able to be measured within short time intervals—unlike novel
methods such as microfluidics. Additionally, we highlight how these devices can be used to measure
interfacial tension at very short droplet formation times. We wrap up with future perspectives for
these devices.
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Table 1. Some features of common methods and machines to produce emulsions.

Homogenizer Types Flow
Regime

(Un)-Bounded
Flow

Energy Density
(Jm−3)

Relative Energy
Efficiency

Droplet sizes
Achieved Viscosity Typical Volumes

Stirred tanks TI, TV, LV U Low–High Low 2 µm
and larger low to medium batches up to

several m3

Colloid mill LV (TV) B Low–High
103 to 108 Inter-mediate 1 to 5 µm medium to high 4 to 20,000 lh−1

Tooth disc disperser (e.g., Ultraturrax) TV B Low–High 103 to 108 Inter-mediate 1–10 µm low to medium batches cm3

up to several m3

High-pressure homogenizer TI, TV,
(CI), LV U Medium–High

106 to 108 High 0.1 µm low to medium 100 to 20,000 lh−1

Ultrasonic probe CI U Medium–High
106 to 108 Low 0.1 µm low to medium batches < 100 cm3

Ultrasonic jet CI U Medium–High
106 to 108 High 1 µm low to medium 1 to 500,000 lh−1

Micro-fluidization TI, TV B/U Medium–High
106 to 108 High <0.1 µm low to medium up to 12,000 lh−1

Membrane and Micro-channel Injection
STB B Low 103 Exceptionally

high
0.3 µm—often

larger low to medium batch or semi-
continuous 10′s lh−1

Table from Rayner [8]; reprinted with permission from CRC Press. The flow regimes are: LV = laminar–viscous, TV = turbulent–viscous, TI = turbulent–inertial, CI = cavitation–inertial,
STB = spontaneous transformation based. Low viscosity = like water, medium viscosity = like cream, high viscosity = like honey.
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2. Emulsification Devices

First, we briefly discuss the high-pressure homogenizer, rotor-stator systems, and ultrasound
systems that are used to make emulsions at large scale (Figure 1), and shortly touch upon membrane
emulsification. For these techniques, a coarse emulsion that is not stable due to the large size of the
droplets (Equation (1)) is used as a starting point. The emulsification device reduces the droplet size,
and multiple passages are often needed.
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of work has been carried out in the KIT group of Schuchmann, and the ETH Zurich group of 
Windhab. These groups have, amongst others, investigated the flow fields in various geometries 
(Figure 2) [12]. This is very challenging, given the extreme conditions that are used: small droplet 
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Figure 1. Schematic representation of classic emulsification methods. Left: high-pressure homogenizer,
middle: rotor-stator system. Right: ultrasound [9] (reproduced with permission from the author).

During high-pressure homogenization (Figure 1, left image), a pre-emulsion is pushed through a
tiny orifice, which creates local high shear. As a consequence, turbulence occurs, and possibly cavitation,
which all lead to droplet break-up (Figure 2). The pressure range at which high-pressure homogenizers
usually operate is 10–50 MPa, leading to very intense flow fields that lead to submicron droplets.

Lab-scale homogenizers generally still operate in the laminar flow regime [10], but industrial-scale
systems operate in the turbulent regime, and as a consequence, translation of results obtained in the
lab to those obtained in large-scale emulsification is rather difficult, if not impossible [11]. A lot of
work has been carried out in the KIT group of Schuchmann, and the ETH Zurich group of Windhab.
These groups have, amongst others, investigated the flow fields in various geometries (Figure 2) [12].
This is very challenging, given the extreme conditions that are used: small droplet sizes and very fast
processes occurring. This inevitably leads to big challenges in modeling, for which the Navier–Stokes
equations would need to be solved at a local level which implies nanometer scale, and also at sub-milli
second time-scales [13]. Furthermore, droplets influence both each other and the local flow field in
their surroundings, and this adds greatly to the numerical challenges.ChemEngineering 2020, 4, x FOR PEER REVIEW 4 of 22 
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Urban and co-workers [15] published an extensive review on rotor-stators (see Figure 3 for images),
of which many variations exist. The distance between the rotor and stator is small to generate high
shear rates. Depending on the emulsion viscosity, the flow may be laminar (viscous) or turbulent.
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Figure 3. High shear rotor-stator system (A), and its parts (B) [16].

Ultrasound is generated by an actuator, which results in pressure fluctuations (standing waves)
that induce the formation of small bubbles that implode and cause intense local turbulence (Figure 1).
Canselier et al. [17] reviewed this technology, and the interested reader is referred to this paper.
The effect of ultrasound is local [18], so the premix emulsion needs to be in close proximity of the
actuator where the field is strongest, and the effect dies away rapidly with distance. Chemical changes
can be a result of ultrasound treatment; in particular, radical species may be generated, which can
cause unsaturated lipids to oxidize. In limited cases ultrasound is used to generate very small stable
droplets in specialty products [19].

Although not as extensively as the previously mentioned methods, membrane emulsification has
been applied in, e.g., pharma and food. In general, two distinct forms can be distinguished based on
the starting liquids that are either two liquids (cross-flow or direct emulsification), or a coarse emulsion
(pre-mix emulsification), as schematically illustrated in Figure 4.
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Figure 4. Schematic representations of (a) cross-flow membrane emulsification, in which the
cross-flowing continuous phase shears-off the droplets that are formed. (b) Pre-mix emulsification,
in which the droplets of a coarse emulsion (bottom) are broken up into smaller ones (top) upon passage
through a membrane; image courtesy of Remko Boom (Wageningen University).

Cross-flow emulsification implies pushing the to-be-dispersed phase through a membrane (left
image in Figure 4). Shear is used to detach the droplets, which can be delivered by a cross-flowing
continuous phase [20], membrane rotation [21,22], or vibration [20]. Compared to a high-pressure
homogenizer or a colloid mill, the applied shear is considerably lower in cross-flow membrane
emulsification [23] (Table 1), which improves energy efficiency (energy usage is typically 5% of that of a
high-pressure homogenizer) and decreases coalescence [24]. The process is known for its monodisperse
emulsions, and is suitable for the use of heat- or shear-sensitive ingredients [25].
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Pre-mix membrane emulsification, starts with a coarse emulsion that is pushed through a
membrane or sieve to break it up into smaller droplets (Figure 4, right panel: [26]). Compared to
cross-flow membrane emulsification, the fluxes can be much higher, and also small droplets can
be generated, but they are less uniform. Because the emulsion as a whole is pushed through the
membrane, it is also more prone to fouling and blocking [27,28]. As an alternative, metal sieves
with straight-through pores [29–31], and that can be applied in conjunction with packed beds of
glass beads were suggested [32]. These systems are easier to clean and combine that with high
fluxes [33]. They have even been successfully applied for foams [34], double emulsion production [35]
including food grade systems [36,37], and encapsulation purposes [38] including vitamins [39] and
food flavors [40].

3. Droplet Formation Mechanisms

Emulsification devices may work under rather different conditions (e.g., laminar versus turbulent),
leading to various droplet formation mechanisms occurring. Here we first discuss these mechanisms,
also to link them with the dimensionless numbers that will be used later in Table 2.

When a discrete droplet is in a continuous liquid that flows around it, it experiences a shear
force that may break the droplet, that is, if it exceeds the interfacial tension force that tries to keep
the droplet intact. This balance is often described by the Weber number (We) which represents the
ratio of the external disruptive stress and the internal coherent stress. The Weber number indicates
whether a droplet can be disrupted or not. To determine the Weber number, we need to calculate
the two competing stresses on the droplet interface. The coherent stress due to interfacial tension is
determined by the Laplace pressure (∆PLaplace, Pa), defined as:

∆PLaplace =
2σ
Rd

(2)

For a spherical droplet, with Rd the droplet radius, and σ the interfacial tension (N/m). The external
disruptive stress depends on the flow conditions as discussed in the next section.

3.1. Laminar Plain Shear Flow

When a droplet is subjected to simple laminar flow, this will lead to droplet rotation or extension,
as indicated in Figure 5a; both effect leading to the parent droplet breaking up into smaller droplets.ChemEngineering 2020, 4, x FOR PEER REVIEW 6 of 22 
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Figure 5. Simple shear flow (a) and extensional flow (b); image reproduced with permission from
Walstra [41].

The disruptive stress is equal to:
τext = ηc

.
γ (3)

in which ηc is the continuous phase viscosity (Pa s), and
.
γ is the applied shear rate (1/s). For simple

shear flow, the velocity gradient dvx/dz determines the shear rate. As indicated in Figure 5a, the shear
rate related to the change in parallel flow velocity in perpendicular direction.
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With the Laplace pressure as mentioned in Equation (2), this leads to the following expression of
the Weber number:

We =
ηc

.
γRd

2σ
(4)

3.2. Laminar Extensional Flow

When a liquid is squeezed through a small opening, and accelerated, the droplet is extended in
the direction of flow (Figure 5b). This situation occurs amongst others in high-pressure homogenizers
when under non-turbulent conditions are applied. During passage through the homogenizer nozzle,
the droplet extends into a thread that consecutively breaks into many small droplets. This process is
geared by Rayleigh–Plateau instability. In this case, the shear is exerted in the direction of the flow
(with coordinate y), thus the shear rate is

.
γ = dvy/dy, see Figure 5b. The definition of Laplace pressure,

disruptive stress and Weber number remain as defined earlier in Equations (2)–(4).
For droplet break-up to occur, the Weber number needs to exceed a critical value. In simple shear

flow, part of the energy is used to rotate the droplet, whereas in extensional flow [41] that is not the case,
leading to efficient break-up. As a consequence, the critical Weber number is lower than for simple
shear flow, see Figure 6, in which the classic ‘Grace’ curves are shown [42]. The critical Weber number
shows a minimum for simple shear flow. At high viscosity ratio, the internal viscosity of the droplets
resists deformation, which makes it difficult to break droplets up. At low viscosity ratio, droplets need
to be deformed to a large extent, thus forming very long threads before they break (as would be the
case for, e.g., foams). In a practical setting, both types of flow will occur simultaneously; which can be
interpreted as critical Weber numbers that lay in between the two extremes given in Figure 6. It is good
to point out that in large scale emulsification processes, much more energy is needed. Droplets that are
formed are not immediately stabilized, leading to re-coalesce, and energy will be lost to heating of the
product (which can be >95% of the total energy expenditure [43]).ChemEngineering 2020, 4, x FOR PEER REVIEW 7 of 22 
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3.3. Turbulent Flow

As is clear from Figure 2, under turbulent conditions the flow is very erratic and is characterized
by local fluctuations. The exact local flow conditions cannot be determined, and to average this out,
the power density (symbol ε (W/m3 or Pa/s) is used. This can be interpreted as a measure for the
average intensity of the eddies. When turbulence is still relatively low, the eddies impose shear forces
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to the surface of the droplets in a parallel direction, i.e., viscous forces. The Kolmogorov theory can be
used to estimate the external disruptive force (τ, Pa):

τ ≈
√
ε·ηc (5)

For a Weber number defined as before, the expression now becomes [41]:

We =
τRd
2σ
≈

√
εηc Rd

2σ
(6)

The droplet size can be estimated for these conditions using a critical Weber number of one.
For more intense turbulence, inertia of the continuous phase surrounding the droplets becomes

dominant. The size of the eddies is much smaller than the droplets, and they stress the droplet surface
with forces that act in perpendicular fashion. The external disruptive force can be calculated as [41]:

τ = ε2/3R2/3
d ρ1/3

c (7)

With ρc the density of the continuous phase. This external disruptive force can be substituted in
the Weber equation. Assuming a critical value around unity, the droplet radius can again be calculated.

From the ratio of the Weber numbers for viscosity-dominated to inertia-dominated break-up,
follows that the transition between the two regimes takes place when the droplets are larger than [41]:

Rd >
η2

c

σρc
(8)

3.4. Comparison of Droplet Formation Times and Scaling Relations

Rayner [8] has compiled various characteristics of emulsification methods (Table 2) in a useful
table that we here reproduce to give a complete overview of available scaling relations.

From this table and previous sections, it is clear that droplet sizes can be estimated if flow
conditions are known and a realistic value for the interfacial tension is available. This is however
far from trivial to establish. In a high-pressure homogenizer, different nozzles may be used [44] that
lead to various flow conditions, with a droplet residence time in the dispersing zone typically from
0.1–30 ms [45]. In a colloid mill, the residence time is comparatively much longer (~0.1–1 s) [45],
whereas in cross-flow membrane emulsification, the flow conditions are mostly laminar, and droplet
formation may take as little as 15 ms [46]. For pre-mix membrane emulsification using metal sieves,
the residence time during a single pass is around 8 µs [29] and this becomes 0.01–0.3 s when using a
packed bed system in conjunction [33]; for both systems the flow conditions are no longer laminar.
From these examples it is clear that droplet formation times are very short, and thus the interfacial
tension would need to be determined at similar time scales, which is far from trivial as elaborated in
the next section.



ChemEngineering 2020, 4, 63 9 of 22

Table 2. Equations for estimating stresses exerted on droplets, expected mean particle diameters,
adsorption times of surfactants, droplet deformation times, and collision times for emulsion droplets
under laminar and turbulent flow conditions.

Flow Regime Laminar—Viscous Shear
or Elongational (LV)

Turbulent–Viscous
Shear Forces (TV)

Turbulent–Inertial
Forces (TI)

Re—flow <1000 >approx. 2000 >approx. 2000

Re-droplet <1 <1 >1 *

Mean Diameter (d ≈ ) # 2 γ Wecr
ηc G

γ
√
ε ηc

(
γ3

ε2 ρc

) 1
5

External stress acting on droplets (σ) ηc G
√
ε ηc

3
√
ε2 d2 ρc

Droplet deformation time scale (τDEF)
ηD
ηc G

ηD
√
ε ηc

ηD
3√ε2 d2 ρc

Duration of disruptive stresses (τDIS)
1
G

√
ηc
ε

1
2

(
γ2ρc

ε3

) 1
5

Surfactant adsorption time scale (τADS)
6 π Γ

d mc G
6 π Γ
d mc

√
ηc
ε

Γ
mc

3
√

ρc
d ε

Droplet collision time scale (τCOL)
π

8 G φ - 1
15 φ

3
√

d2 ρc
ε

Adapted from: ([11,43,47]) Symbols: We = Weber number (see text); Re = Reynolds number (see text);
Re-droplet = Reynolds number but with the droplet size as characteristic dimension; Γ = surface excess of
surfactant (mol m−2); ε = power density (J s−1 m−3); d = droplet diameter (m); γ = interfacial tension (J m−2);
η = viscosity (Pa s); G = velocity gradient (s−1); mc = surfactant concentration in the continuous phase (mol m−3);
τ = characteristic time (s); σ = stress (Pa); ρ = density (kg m−3). Subscripts: d = dispersed phase; c = continuous
phase; DEF = deformation; ADS = adsorption; cr = critical value for droplet break-up. Notes: * For d > η2

c /(γ ρc).
# Only if ηd � ηc. Table reprinted with permission from CRC Press [8].

4. Interfacial Tension Measurement

4.1. Classical Techniques

The choice for which interfacial tension value to use in the equations in Table 2 is mostly limited to
the two that can be assessed with accuracy, that of an interface without any surface-active components,
and that of an interface which is in equilibrium with the surface-active component. However, at the sort
time-scales usually encountered in homogenization processes, any value in between may occur, and the
actual value depends on amongst others, the diffusion coefficient, adsorption/desorption kinetics
and possible structural rearrangements that are typical for high-molecular weight surface-active
components such as proteins and polymers (e.g., [48]).

Classical technologies to measure interfacial tension are the Wilhelmy plate, the droplet volume
tensiometer, and the spinning drop method specifically for systems with very low interfacial tension.
The Wilhelmy plate method revolves around a plate that is brought into the interface, and onto which the
interfacial tension acts. The interfacial tension force can be measured with an accuracy of 0.01 mN/m
when the method is carried out carefully. The droplet volume tensiometer is widely used to measure
interfacial tension at fluid interfaces [49–51], and is based on shape analysis of a millimeter-size Laplacian
droplet of one phase that is formed at the tip of a needle and immersed in the other phase. The shape
of such a droplet depends on the balance between gravity and interfacial tension forces; it is important
that their ratio is sufficiently large such that the droplet is deformed into a pear shape (i.e., bond number
typically higher than 0.1). The interfacial tension can then be determined by analyzing the shape of
the, now deformed, droplet through a numerical fit of the Laplace pressure. The first measurement
point is normally obtained after slightly less than one second, and measurements may be conducted for
periods of several hours, and can be used to investigate competitive adsorption, and replacement of one
surface-active component by another (e.g., [50,51]). The time-scale for such a diffusion-driven process is
orders of magnitude longer than typical adsorption times encountered for most emulsifiers in commercial
homogenizers, where transport is dominated by convection. For low interfacial tensions, the spinning
droplet method is used. In a capillary, a lower-density droplet is placed in the other higher-density liquid,
and the capillary is subsequently spun around its axis at known velocity. The higher-density bulk phase
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moves towards the tube walls due to centrifugal forces, leading to elongation of the droplet. From this
shape change of the droplet, the interfacial tension can be calculated for values as low as 10−3 mN/m [4].

The previously mentioned methods are not that suited to measure at (sub-)millisecond time scales
as they can occur in large-scale emulsification devices. In limited cases, Rayleigh instabilities can be
used (dynamic jet). A new class of techniques is currently developed, based on microfluidic devices,
in which droplets can be made in the millisecond range. Here, we discuss how they can be used to
elucidate interfacial tension.

4.2. Dynamic Interfacial Tension Measurement with Microfluidic Devices

Microfluidic devices can be used to get insights on surfactant behavior; as recently reviewed
by [52,53]. These devices are mostly used for direct emulsification; for an extensive description of
microfluidic devices and the various products (e.g., double emulsions, particles and capsules), please
consult the review by Vladisavljevic, Kobayashi, and Nakajima [20] that also covers membrane
emulsification. Further, we recommend the work of Garstecki et al. [54] Wehking et al. [55],
Steegmans [56] for T-junctions. For Y-junctions, please see Steegmans et al. [57], for flow focusing
Anna et al. [58], and for straight through microchannels the teams of Sugiura [59] and Kobayashi [60].

Microfluidic methods for interfacial tension measurement can be based on droplet size [61–63],
pressure drop (measured by an online commercial sensor [64] or, very recently, an on-chip sensor
channel [65]), droplet deformability [66], pH change related to adsorption kinetics [67], or the
jetting/dripping transition [68]. Measurements based on droplet size have been performed in different
microfluidic geometries: Steegmans et al. [61] used a cross-flow Y-junction (Figure 7A), Wang et al. [62]
a cross-flow T-junction (Figure 7B), and Xu et al. [63] a coaxial device (Figure 7C). In these devices,
droplet size depends on the balance between the shear exerted by the continuous phase and the
interfacial tension. The ratio between these forces is captured by the Capillary number (Ca). All these
authors used the droplet size at the time of droplet formation to determine the interfacial tension in
from a Capillary number. A relation between pressure drop and radius of the growing droplet (Laplace
pressure) was used by Wang et al. [64] (Figure 7D). Droplet deformation was used by Brosseau et al. [66]
who directed droplets through 121 expansion chambers (Figure 7E), and related the evolution of
interfacial tension to droplet velocity, and droplet geometry. Typical droplet sizes and time-scales used
in these measurements are given in Table 3.
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Figure 7. Microscopic images during or after interfacial tension measurement based on droplet size
(A) [61], (B) [62], and (C) [63]; pressure drop (D) [64]; and droplet deformation (E) [66]. Images reprinted
with permission of Springer [69].

Table 3. Overview of microfluidic tensiometric methods, and characteristic values.

Reference Method Droplet Diameter (µm) Time-Scale (ms) a

Steegmans et al. [61] Size 8–13 0.5–10
Wang et al. [62] Size 160–270 20–70

Xu et al. [63] Size 10–180 1–130
Wang et al. [64] Pressure drop 400–800 10–8000

Brosseau et al. [66] Deformability 90–120 10–2000

a time between start droplet formation and measurement; table reprinted with permission form the author [70].
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With the method of Steegmans et al. [61], the smallest droplets and time-scales can be
assessed [62,66,71], which are both relevant for large-scale processes. The effects of process and
ingredient conditions have been investigated and are described in more detail in the following section.

4.3. Y-Junction Used to Elucidate Interfacial Tension at (Sub)-Millisecond Time Scale

The microfluidic geometry used is a Y-junction; here the to-be-dispersed phase is pushed from
one leg of the Y into the continuous phase that distorts it, and ultimately breaks off droplets in the
main channel (Figure 8). Droplet growth consists of two stages: first the droplet liquid is pushed into
the main channel, and second the neck starts forming and the droplet grows while feeding from the
neck. The second stage has less effect on the total droplet volume than reported for T-junctions [56,72].
This makes the Y-junction a more valid option for dynamic interfacial tension measurements.

4.3.1. Droplet Formation Mechanism

For T-junctions, Garstecki et al. [54] introduced various mechanisms for droplet formation:
dripping, transition, and jetting, and these can also be applied to Y-junctions. In the dripping regime,
the droplets form very close to the pore, whereas in jetting the neck is dragged along with the continuous
phase before snapping off. In the work of Muijlwijk and co-workers [73] the transition between these
regimes was linked to the length of the neck at the second-to-last frame before detachment (comparable
to image 4 in Figure 8). For the analysis of the interfacial tension, only droplets in the dripping regime
were used (neck length of at most 1%; Figure 9, right). The volume of the droplet was related to the
dispersed phase flow and from this linear graph (Figure 9, left) it is clear that at low to-be-dispersed
phase flows the volume of the droplet is mostly determined by the volume of the liquid that is
immediately pushed into the main channel (growth stage), and not so much by growth that takes place
thereafter (detachment stage). To be complete, it is good to mention that similar phases have been
described for co-flow devices [74].
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Figure 9. Left: the relative neck length (Lneck,r) in the second-to-last-frame-before-detachment of
droplets formed in water at flow rates of 75.7 ± 1.5 µL/h (� ) and 92.2 ± 1.5 µL/h (•). The error bars
indicate the standard deviation. Right: the experimentally determined droplet volume (VE) at a water
flow rate of 75.7 ± 1.5 µL/h (� ) and 92.2 ± 1.5 µL/h (•) as a function of the dispersed phase flow rate
(ϕd) with linear fits (both graphs are reproduced from [73]). Reprinted with permission from Elsevier.



ChemEngineering 2020, 4, 63 12 of 22

4.3.2. Model Development

In order to be widely applicable, the Y-junction needed to be calibrated. Using the basic relations
shown in Figure 9 (right), the droplet size was predicted with the following equation [73]:

V = b

√
1

Ca
+

c
vc
ϕd (9)

The volume added during the detachment stage scaled with the inverse velocity of the continuous
phase at the junction (vc), and was proportional with the dispersed phase flow, Φd. The volume added
during the growth stage scaled with the inverse square root of the capillary number, so with Ca−0.5

(Ca =
ηcvc
σ ; with ηc the continuous phase viscosity (Pa s), vc the continuous phase velocity (m/s), and σ

the interfacial tension (N/m)). Further, b and c are proportionality constants that were found to be not
correlated, which is indicative for the model’s robustness.

Similar scaling relations have been found for cross-flow membrane emulsification, for droplets
formed via a one-step mechanism (corresponds to first part of the model [75,76]). In the work of van
der Graaf and co-workers [77,78] a factor of −0.75 was reported for T-junctions in which a two-step
mechanism also occurred. The difference between the junctions is most probably related to facilitation
of break up by the angle under which the two phases meet. To be complete, it is good to mention
that in the literature, also the Weber number has been suggested to play a role in droplet formation in
co-flow devices [74].

4.3.3. Model Validation

The validity of Equation (9) was tested, using liquids with different static interfacial tension
(so, in absence of surface-active components) and viscosities [61,73]. It is clear that the model captures
the behavior of all these liquids well (Figure 10).ChemEngineering 2020, 4, x FOR PEER REVIEW 12 of 22 
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Figure 10. Parity plot of experimentally determined volume of droplets formed in: water (�), 9% ethanol
(N ), 28% ethanol (•), 20% glycerol (�), 30% glycerol (+), 20% sucrose (# ) and 25% sucrose (X) and
values predicted using Equation (9). The dashed line represents the line of parity; [73], Copyright
Elsevier). Properties of the liquids are shown in Table 4. Reprinted with permission from Elsevier.
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Table 4. Viscosity and interfacial tension with hexadecane at 20 ◦C.

Sample η (mPa·s) σow (mN/m)

Water 0.98 44.0
9.0% ethanol 1.42 31.6
28.0% ethanol 2.52 16.0
20.0% glycerol 1.78 41.1
30.0% glycerol 2.52 36.7
20.0% sucrose 2.07 42.7
25.0% sucrose 2.42 42.0

4.3.4. Application in Dynamic Systems

Dynamic interfacial tension during droplet formation was studied using hexadecane, and water in
which sodium dodecylsulphate (SDS) was dissolved as the surface-active component. After rewriting
Equation (9) into Equation (10), the detected droplet volume can be used to calculate the interfacial
tension at the time of droplet snap-off [73]:

σ = ηcvc

V − c
vc
ϕd

b

2

(10)

For SDS concentrations ranging from 0.01–0.5, the results shown in Figure 11 were obtained.
For comparison, data obtained with a droplet volume tensiometer are shown on the left (solid lines).
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Figure 11. Interfacial tension at the hexadecane-water interface with various sodium dodecylsulfate
(SDS) concentrations in the aqueous phase, as measured with a microfluidic Y-junction (symbols) and
with a droplet volume tensiometer (solid lines). The dotted lines represent the equilibrium interfacial
tensions between hexadecane and water (top) and between hexadecane and a 1% wt. SDS solution
(bottom). On the right images of droplets made for the indicated concentrations at a droplet formation
time of 1.5 millisecond (channel width = 18µm, channel depth = 5µm). Adapted from Muijlwijk et al. [73],
with permission from Elsevier.

The data point shown on the left in Figure 11 represent the interfacial tension measurements done
with the Y-junction at droplet formation times as short as 0.4 millisecond, while the droplet volume
tensiometer results shown on the right take place at much longer time scales. As references, horizontal
lines are used in the graph, that correspond with the interfacial tension of the hexadecane/water
interface (top), and that of the interfacial tension at full surface coverage by SDS (bottom). As mentioned
previously, these measurements are all done in the dripping regime. Visuals of droplets obtained at the
Y-junction are shown on the far right for a droplet formation time of 1.5 millisecond.

As could be expected, at short droplet formation times the interfacial tension is high, and when
allowed more time, the interfacial tension becomes lower (Figure 11). Furthermore, the surfactant
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concentration plays an important role, with high concentrations leading to fast reduction in interfacial
tension. What is important to point out is that this method works at droplet formation rates between
1000 and 10,000 droplets per second, and thus allows evaluation of dynamic interfacial tension at
sub-millisecond time scales, and that is very close to the time scales as they would occur in conventional
emulsification devices.

The results for the droplet volume tensiometer are shown on the right of Figure 11. The trends are
as expected, with a reduction of interfacial tension in time, and high concentrations of SDS leading
to faster interfacial tension reduction. However, it should be noted that the time intervals are orders
of magnitude higher. SDS adsorption in the droplet volume tensiometer is fully diffusion-driven,
and although it is often thought that microfluidic devices would be governed by diffusive processes,
the results shown in the left of Figure 11 indicate that mass transfer is much faster, probably due to the
very fast retraction of the oil column after droplet formation, which enhances mass transfer (probably
in both phases) [79].

4.3.5. Toward Food Applications

Y-junctions are also suited to study more complex systems and elucidate the various effects that
play a role. These conclusions would be based on a large number of observations, which allows for
detailed statistical analysis. For example, food grade water-soluble surfactants (Tween 20), oil-soluble
surfactants (Span 20), and combinations thereof were tested by Muijlwijk et al. [80]. From these
observations it was clear that emulsifier transport was not diffusion limited [79], but dominated by
convection (both in the continuous and dispersed phases).

In principle, the Y-junction can be used for rapid screening of emulsion components (initial results
are available for proteins [81]), and most probably, the obtained data can be used to predict effects
occurring in the more classic emulsification devices that were discussed earlier in this review, as has
already been done for membrane emulsification to some extent [82]. The droplet formation times are
rather similar (as is discussed further in the outlook section) but the mass transfer conditions may be
different, and that is still a point of attention.

Away from the value of the interfacial tension, the stability of the droplets after formation is also
very important, and to investigate that, Krebs et al. [83–85] developed a microfluidic combination of
droplet generator and coalescence cell. Initially, this device was used for simple surfactants; in the next
section we show results obtain when using proteins as surface-active components.

4.3.6. Combination of Interfacial Tension and Coalescence in a Microfluidic Device

In Figure 12, the layout of a combined microfluidic device for droplet formation and droplet
coalescence is presented. On the left, a T-junction is visible that is used to make the droplets, after which
they move through a meandering channel. The length of this channel can be varied, therewith allowing
different times for emulsifier adsorption to take place, before the droplets move into the coalescence
chamber in which they slow down, collide and possibly coalesce. Images were taken at the beginning
and end of the chamber, as indicated by the two rectangles in Figure 12 [86].

Some illustrative results are shown in Figure 13, in which the length of the meandering channel,
as was the protein concentration was varied. In this case whey protein isolate was used, a commonly
encountered food emulsifier, and the coalescence frequency is plotted as function of the adsorption
time which is taken as the droplet residence time in the meandering channel. At low concentrations
and short residence times coalescence takes place readily, as is also illustrated by the photos on the
right. But when given sufficient time, even at low concentrations, coalescence occurred hardly, if at all.
To prevent coalescence, the crucial factor is not the decrease of surface tension, but rather a sufficient
coverage of the interface by emulsifiers in order to slow drainage and possibly provide surface elasticity.
This was also the case for Pickering emulsions that are stabilized by particles that need to be present
at sufficient amounts at the interface, and that can only be efficient when brought into the interface
with sufficient force [87]. In this latter case, the coalescence microfluidic setup was instrumental in
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establishing the non-monotonic effect of particles on droplet stability: a too low particle concentration
led to promoted coalescence due to droplet–droplet bridging, i.e., a destabilizing effect, whereas at
higher particle concentrations, stable droplets could be formed.
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Figure 13. (a) Mean coalescence frequency and microscope images from the outlet of the collision
channel with 0.001 (�), 0.002 (� ), 0.01 (N ), and 0.02 (•) wt % whey protein isolate. The error bars
indicate the standard deviation of the three recordings taken per measurement [86]. (b) Images taken at
difference protein concentrations for an adsorption time of 173 milliseconds. Reprinted with permission
form Elsevier.

The typical concentrations that were used in the microfluidics are quite lower than those applied
in food emulsion formulation, and as described earlier this could have to do with the fact that in classic
emulsification equipment, a lot of re-coalescence takes place [86]. What also needs to be kept in mind
is that the observation time in the microfluidic devices is very short, and that coalescence takes place
under much more controlled conditions as would be the case in, e.g., high-pressure homogenizers.
Still the technique allows for analysis of very subtle changes, e.g., due to oxidation of the proteins [70,88],
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or through differences in composition of the emulsifier mixture [73,79]. The translation of the results
obtained in this way to large scale emulsification devices is still a next step to take [89].

5. Comparison of Time Scales

In case emulsifiers stabilize the interface before droplet collision occurs, emulsification is most
efficient, because re-coalescence is prevented. A summary of typical droplet formation times as
they occur in various emulsification devices is given in Table 5, including the microfluidic devices
presented earlier. The time for adsorption in the coalescence microfluidic chips, which is the sum of
droplet formation time and adsorption time in the meandering channel, is relatively high. It compares
well with the typical time scales as they occur in colloid mills, direct membrane emulsification,
and spontaneous microfluidic emulsification. Y-junction microfluidics allow study of much faster
processes, and compare well with time scales that occur during high-pressure homogenization, premix
membrane emulsification, and of course shear-based microfluidic emulsification.

For emulsions formed with colloid mills, Karbstein and Schubert [90] reported higher stability
against coalescence than for emulsions formed in toothed disc dispersing machines and high-pressure
homogenizers, because the time for emulsifier adsorption before collision in the colloid mill is
longer, and this is supported by our findings in the microfluidic devices. Kolb et al. [91] designed
a high-pressure nozzle with a turbulence chamber to prolong the residence time in the dispersing
zone, and this indeed led to less re-coalescence compared to standard nozzles, which could be an early
indication that our measurements are able to assess also these conditions.

Re-coalescence is expected to be much lower for microfluidic devices than conventional
homogenization because more time is allowed for interface stabilization to take place. This could also
be a clear selling point for scaling up microfluidic devices. Some of the design criteria could be taken
from the microfluidic observations that are also highlighted in this paper, such as the interfacial tension
as function of the interface expansion rate.

Table 5. Adsorption time range of various emulsification devices and of the used microfluidic devices
([70]; reprinted with permission from the author).

Emulsification Device Adsorption Time Range (s)

High-pressure homogenizer 10−4–10−2 [45]
Colloid mill 10−1–100 [45]

Direct membrane emulsification 10−2 [46]
Pre-mix membrane emulsification 10−6–10−1 [28,31,33]

Spontaneous microfluidic emulsification 10−2–10−1 [92]
Shear-based microfluidic emulsification 10−4 [93]

Y-junction 10−4–10−2 [70,94]
Coalescence channel 10−2–10−1 [70]

Shear-based microfluidic devices are known to be very accurate in droplet size production when
used as a single unit; however, up-scaled devices are very hard to find, or they produce relatively large
droplets (diameter = 91 µm) [93,95,96]. With spontaneous microfluidic methods, such as the EDGE
(also termed step) [97,98] and straight-through devices [60,99–101], smaller droplets can be formed
(diameter = 4–10 µm) and the size is less sensitive to changes in process conditions [89,92,95,102].
Productivity of these devices makes them suitable for low volume, high added-value applications at
small scale, especially the so-called EDGE (Edge-based Droplet GEneration) family of devices, which is
unique in its ability to product multiple droplets from one droplet formation unit [89,103,104].

Besides emulsions, it is also expected that other two-phase systems such as foams will benefit
greatly from insights obtained through the use of microfluidics [105]. Compared to emulsions, for which
only 0.005 wt % β-lactoglobulin was needed for stabilization [70], a much higher concentration was
needed for foams (>0.1 wt %), which may be related to the expansion rate during bubble formation
that is much higher than for emulsions that have a higher dispersed-phase viscosity. Bubbles have
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dimpling instabilities that are more prominent than in droplets, which facilitates film rupture [106,107].
Last but not least, β-lactoglobulin may have a higher affinity for oil than for air, which may lead to a
higher interfacial protein concentration with a more compact and protective structure at the oil-water
interface [108–112]. To distinguish between these effects, more observations are needed, and that is
possible combining high speed imaging and microfluidic observations.

Alternatively, the coalescence cells can also be applied for conditions at which demulsification is
needed. In that case the devices are instrumental at identifying conditions that allow for coalescence to
still take place, as would be very relevant in the oil and gas industry [85,113].

6. Concluding Remarks

Although it is widely accepted that interfacial tension is an important parameter in the formation
of emulsions and other multi-phase products, and many scaling relations are available that use this
parameter, determining its actual value at the moment of droplet formation is far from trivial. Current
methods simply lack the resolution to determine interfacial tension at relevant times, since their time
scales are orders of magnitude longer compared to those involved in large-scale emulsification devices.

In this paper we highlighted progress made using microfluidic devices that are able to measure
interfacial tension at very short time scales, and under conditions that are not ruled by diffusive
emulsifier transport, as is the case in the classic methods such as droplet volume tensiometry.
These capabilities bring observations of dynamic interfacial tension to a next level, and gives them
predictive power for large scale processing.

The interfacial tension as such is not indicative for emulsion stability, for that the combination of
droplet formation and coalescence is needed. In microfluidic coalescence devices, droplet formation
and droplet coalescence can be decoupled, and in this way, product formulation and stability can be
investigated separately, albeit in one device.

We expect that the current developments in microfluidics will bring emulsion product formulation
to a next level. Although the price of microchips is currently not very low, it is accessible for many
labs (typically 100–200 euro per chip). The main investments would most probably be in a good
high-speed camera in combination with an excellent microscope. Furthermore, it is good to point out
that microchip production will increasingly become a process that is available for many. We currently
work with 3D printing, and we are able to make structures in the order of 1–10 micrometers routinely.
This makes us highly flexible in our designs, and will reduce production time considerably compared
to the traditional cleanroom approach.

Besides liquid–liquid systems, it is expected that many of the discovered principles can be used
in other dispersion systems, e.g., foams [105], aqueous two-phase systems [114], etc. For example,
the surface elasticity can also be monitored in microfluidic systems, and although this is mostly done
for surfactant systems, a lot of progress has also been made in this field [115,116]. In that respect,
the findings presented here are only the tip of the proverbial iceberg of options that microfluidic
technology has to offer for emulsification research [69,89].
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