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HIGHLIGHTS

e Hydrophilic-lipophilic balance (HLB)
value governs cavitation bubble collapse
near an oil-water interface.

o Systems with higher HLB values (>12.9)
demonstrate classical cavitation jetting
away from the interface.

o Intermediate HLB values (10.7-6.4)
produce mixed collapse regimes.

e Systems with low HLB values (4.3)
exhibit reversed jetting direction to-
wards the interface.

e Bubble jetting direction determines
emulsion type: either oil-in-water (O/
W) or water-in-oil (W/0).
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GRAPHICAL ABSTRACT

Hydrophilic-lipophilic balance (HLB) indicates cavitation dynamics and
emulsification mechanism
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ABSTRACT

Hypothesis: Cavitation-driven emulsification is governed by bubble collapse and microjet formation at the liquid-
liquid interface, which in turn is correlated with the system's hydrophilic-lipophilic balance (HLB). Modifying the
HLB value through the use of surfactants affects interfacial properties, one of which is the static interfacial
tension between liquids. This might change emulsification pathways and consequently the type of formed
emulsion.

Experiments: The HLB value of an oil-water system was systematically tailored using surfactants Tween 80 and
Span 80, which were separately dissolved in demineralized water and silicone oil, respectively. The resulting
systems were first characterized in terms of viscosity, surface tension, and static oil-water interfacial tension.
Single laser-induced cavitation bubbles were then formed at various distances from the liquid-liquid interface,
and their collapse dynamics were characterized using high-speed visualization. Bubble dynamics through bubble
centroid displacement were correlated with the HLB value of the respective system.

Findings: In systems with higher HLB values (> 12.9), bubbles always collapsed away from the oil-water inter-
face, following classical density-driven jetting behaviour. Intermediate values (between 10.7 and 6.4) produced
bubble collapse both towards and away from the interface. At the lowest HLB value of 4.3, bubbles collapsed
towards the oil-water interface, a reversal of the expected jetting direction. These indicate different emulsifi-
cation pathways, which are consistent with typical HLB ranges for surfactant applications. This demonstrates that
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in cavitation-driven emulsification, the system's HLB value affects directly the collapse dynamics of cavitation
bubbles, and consequently, the type of emulsion they produce.

1. Introduction

Emulsions are colloidal systems consisting of two immiscible liquids,
typically oil and water. Their unique property is that one liquid is
dispersed inside the other in the form of variously sized droplets [1].
This enables the combination of otherwise immiscible liquids and results
in products with enhanced stability [2,3], improved texture [4-6] or the
ability for controlled release of active ingredients [7-10]. Emulsions
consequently perform key functions in industries ranging from food and
cosmetics to pharmaceuticals and energy applications [11,12].

As great amounts of energy are required for the dispersion of droplets
into fine emulsion, alternative low-energy techniques are continuously
being explored. Such an approach is with the use of cavitation [13]. This
is the appearance of vapor cavities inside a liquid medium due to an
extreme local pressure drop [14]. When the gas pressure inside the
bubble then drops below that of the ambient liquid, the cavity undergoes
an inertial collapse [14,15]. Great amounts of energy are released in the
process, which disrupts the liquid-liquid interface, promotes droplet
dispersion and accelerates mass transfer [16-20]. Combined with its
lower energy intensity compared to conventional homogenization
techniques (e.g. high-pressure and rotor-stator homogenizers), cavita-
tion presents a promising alternative to classical emulsification tech-
niques [13,17]. The latter are unable to create physical conditions
intense enough for the formation of nanoemulsions [2,12,13].

Depending on the surrounding medium's boundary conditions,
cavitation bubble collapse might either be spherically symmetrical or
nonspherical [14]. In the latter case, a high-speed microjet forms, al-
ways pointing towards the denser phase of a liquid-liquid interface
[16,21]. Collapsing near solid boundaries, bubbles jet towards the
boundary due to pressure asymmetries [22]. Collapsing near free
boundaries, however, the bubble jetting is directed away from the
boundary, with the boundary absorbing energy and deforming [23-25].

Nonspherical bubble collapse near a liquid-liquid interface, espe-
cially the formation of a high-speed microjet, greatly facilitates the
emulsification of liquids and directly determines the type of formed
emulsion [16,17]. Bubble collapse inside the water phase away from the
interface will namely promote the formation of O/W emulsions. During
bubble oscillation and finally its collapse, segments of the oil phase will
be pulled into the water phase [17-19,21]. This protruding segment will
then separate from the bulk and disperse into small droplets, resulting in
emulsion formation.

On the other hand, if such a bubble collapses and jets towards the
interface, this promotes the formation of W/O emulsion. The bubble
creates a water protrusion into the oil phase, which similarly detaches
from the bulk and separates into finer droplets, creating droplets of W/O
emulsion [19-21,26-28]. In both cases, however, emulsion formation is
not limited to only one type, with different types forming simulta-
neously. Fluid instabilities additionally contribute to emulsification
[17]. In case of cavitation bubble collapse inside the oil phase, classical
bubble dynamics dictate jetting towards the oil-water interface
[19,21,29,30]. This results in the formation of O/W emulsions
[16,17,20,26]. Based on emulsification behaviour of cavitation bubble
collapse inside the water phase, bubble jetting inside the oil phase away
from the oil-water interface would be expected to form W/O emulsion.
However, such phenomena have, to our knowledge, not yet been re-
ported [16-20,26,27,29,30].

Because emulsions are thermodynamically unstable systems, surface
active agents (surfactants) are commonly added during their prepara-
tion to improve stability and control droplet formation [31]. Surfactants
reduce surface and interfacial tension, as well as modify the interfacial
rheology of liquids [21,31]. Thereby, they facilitate droplet breakup and

prevent coalescence. As emulsions without added surfactants exhibit
relatively bad stability and larger average droplet sizes [2,31-33], the
inclusion of surfactants is crucial for the preparation of emulsion with
required physical properties.

Surfactant molecules contain a hydrophilic and a lipophilic segment,
enabling absorption at the oil-water interface. The relative affinity of a
surfactant for either water or oil is quantified by its hydrophilic-
lipophilic balance (HLB). It typically ranges from O to 20, with higher
HLB values indicating stronger hydrophilicity and generally associated
with O/W emulsions. Lower values indicate greater lipophilicity and
favour W/0 emulsions. In a blend of surfactants, the HLB value of the
system is additive and can therefore be tailored to the desired emulsi-
fication characteristics.

For emulsion preparation, the HLB value of a surfactant or system of
surfactants is chosen based on the desired application. For W/O emul-
sions this range is usually between 3 and 6 [32,34,35], sometimes also
defined from 3 to 8 [36,37] or simply below 7 [33]. On the other hand,
surfactants for the preparation of O/W emulsion usually range from 8 to
16 [32] or 18 [34,35]. They are also sometimes identified as ranging
from 9 to 12 [36,37] or simply above 7 [33]. Surfactants with HLB
values from 7 to 9, partially overlapping with other emulsification
ranges, are used as wetting agents [34,35]. Rather than forming stable
O/W or W/O emulsions, these promote the wetting of surfaces, i.e. the
spreading of one phase over another or a solid surface [38-40].

The cavitation bubble collapse dynamics near liquid-liquid interfaces
have already been previously studied. The cavitation bubble collapse
dynamics near liquid-liquid interfaces were studied in the present work.
Recent research has used high-speed imaging and numerical in-
vestigations to clarify the role of density gradients, viscosity variations
and interface deformability on bubble collapse asymmetry, jetting di-
rection and rebound properties [19,21,29,30]. Regarding emulsion
formation, these studies focused on microjet contribution to emulsifi-
cation mechanisms: interface disruption, mass transfer improvement
and droplet entrainment [16-20,26-28]. The present work aims to
demonstrated that interfacial properties could alter collapse anisotropy
and modify microjet penetration dynamics near soft or free surfaces
[20,23-25,28]. However, the influence of surfactant properties and
especially the HLB value on bubble collapse behaviour remains unex-
plored in literature. Surface and interfacial tension strongly affect bub-
ble dynamics and jetting [41-43]. Through this, the HLB value of a
system [35] is expected to crucially modify cavitation-driven emulsifi-
cation. Such an investigation linking HLB-tailored interfacial properties
with single-bubble collapse dynamics is still lacking.

The present study aims to explore the effect HLB value has on cavi-
tation bubble collapse at various distances from a liquid-liquid interface.
Two commonly used surfactants, Tween 80 and Span 80, have been
employed to adjust the systems HLB value by varying their ratios.
Firstly, the effect of surfactant addition on the physical properties of oil
and water has been studied. This was done to determine the cause for
changing bubble collapse dynamics. High-speed imaging has then been
used to characterize bubble collapse direction and magnitude of
displacement.

2. Experimental method
2.1. Surfactant solution preparation

The HLB value of the oil-water system was modified with the addi-
tion of surfactants Polyoxyethylene Sorbitan Monooleate (Tween 80,

CAS No. 9005-65-6, Tokyo Chemical Industry, Japan) and Sorbitan
monooleate (Span 80, CAS No. 1338-43-8, Tokyo Chemical Industry,
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Japan). They were chosen due to their widespread use in literature [7-9]
and well understood physical and chemical properties [31,32].

They were diluted separately in demineralized water (dH,0) and
silicone oil (SiOil), respectively. The SiOil (CAS No. 63148-62-9, Sigma-
Aldrich, Germany) had a density of 0.967 g/mL (at 20 °C). The com-
bined volumes of Tween 80 and Span 80 always represented 8 vol% of
the oil-water system.

The surfactant ratios (concentrations) were chosen based on the
desired HLB value of the system (Table 1). These were 15.0 for exclu-
sively Tween 80 and 4.3 for exclusively Span 80, with four equally
spaced values in-between: 12.9, 10.7, 8.6 and 6.4. These HLB values
were chosen to evenly span the blending interwall between pure sur-
factants, as the cavitation bubble collapse dynamics were initially ex-
pected to change proportionally to the system's HLB value. The required
Tween 80 to Span 80 ratios for the desired HLB values were calculated
based on the following Eq. [13]:

HLB esired = Pryeen 80" HLBTween 80 + P span s0"HLBspan 80 (€9)]

Here ¢ween 80 and ¢gspan 8o represent the volume fractions of Tween
80 and Span 80, respectively, with HLBryeen 80 and HLBspq, go being the
HLB values of their respective pure surfactants. The control sample (c0)
of pure dH,0 and SiOil contained neither surfactant. Tween 80 and Span
80 dissolution was improved by heating the solutions in a water bath to
50 °C and stirring with a vortex mixer for approximately 2 h. The so-
lutions were additionally stirred for up to 15 min immediately before
measurements. Tween 80 completely dissolved in dH5O at all concen-
trations, resulting in a clear, slightly darker liquid. Meanwhile, Span 80
only partially dissolved in the SiOil, forming a milky solution with high
opacity.

The HLB values of the surfactant ratios were estimated through
emulsion stability experiments (data not shown). Using the corre-
sponding dH20-Tween 80 and SiOil-Span 80 solutions from Table 1,
emulsion were prepared with an UP200St ultrasonic horn (Hielscher,
Germany). It operated at 26 kHz and 20% amplitude for 10 min for the
preparation of each emulsion. The highest stability was noted in systems
with suspected HLB values of 10.7 and 12.9. As greater emulsion sta-
bility is linked to lower average droplet size, this indicates the oil-water
system's optimal HLB value [44]. Such HLB corresponds to optimal
values of similar emulsion systems [45]. This indicates the suitability of
the presented HLB tailoring method in preparing expected HLB values.

2.2. Dynamic viscosity measurements

Dynamic viscosity measurements (1) of the dH,O-Tween 80 and
SiOil-Span 80 solutions were conducted using a Physica MCR 301
rotational rheometer (Anton Paar, Austria) at 25 °C. The instrument was
equipped with a standard double-gap measuring system (C-DG26.7/
T200, Anton Paar, Austria). The viscosities were measured under steady

Table 1

Tween 80 and Span 80 concentrations dissolved in demineralized water (dH,0)
and silicone oil (SiOil), respectively, for the preparation of the HLB-tailored
systems. Densities were calculated based on surfactant concentrations and the
densities of pure components.

HLB Tween c(Tween80)  c(Span p(dH,0- p(SiOil-Span
/1 80: Span [vol% in 80) [vol% Tween 80) 80) @20 °C
80 dH,0] in SiOil] @20 °C [g/ [g/mL]
mL]
oo! / / / 1.000 0.967
15.0 1:0 8.0 / 1.006 0.967
129 4:1 6.4 1.6 1.005 0.967
10.7 3:2 4.8 3.2 1.004 0.968
8.6 2:3 3.2 4.8 1.003 0.968
6.4 1:4 1.6 6.4 1.001 0.968
4.3 0:1 / 8.0 1.000 0.969

1 pure dH20 and SiOil without the addition of either surfactant.
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shear flow ranging from 0.01 to 1000 s '. To ensure data reliability,
each sample was measured at least thrice.

2.3. Surface and static interfacial tension measurements

The static surface (liquid-air interface) tension (o;) of each dHO-
Tween 80 and SiOil-Span 80 solution was individually measured.
Furthermore, static interfacial tension (¢;) measurements at the liquid-
liquid interface were performed for each HLB-tailored system. Both
measurement types were done using an EZ-Pi Plus tensiometer (Kibron,
Finland) and the de Noiiy ring method at 25 °C. The mean and standard
deviation values for each sample were calculated from a minimum of 3
independent measurements.

2.4. Cavitation bubble formation and visualization setup

Cavitation bubbles were produced near the oil-water interface inside
a purposely made cuvette (Fig. 1a) using a Nd:YAG laser (Nano Series,
Litron Lasers, United Kingdom) emitting at a wavelength of 532 nm.
Laser intensity measured over 30 pulses was 553 pJ with a standard
deviation of 18 pJ. The laser light of a single pulse was focused to a
single point in the middle of the cuvette using a 10x L Plan objective.
The resulting bubbles had an average diameter of 1.04 + 0.06 mm.

The cuvette consisted of a 3D printed base and top, with notches for
the four transparent sides made from 2 mm thick polycarbonate. These
were sealed to the 3D printed parts and each other with epoxy. The
inside dimensions (D x W x H) of the cuvette were approximately 18 x
18 x 24 mm. Polycarbonate was chosen due to the low static contact
angle it forms with the oil-water interface [27,46]. The dH,O-Tween 80
solution was added to the cuvette through a syringe connected to its
bottom. Using a micropipette, 2 mL of the SiOil-Span 80 solution were
then carefully deposited on top. The oil-water interface position could be
adjusted by changing the amount of dH2O-Tween 80 solution [27].

Due to the high opacity of the SiOil-Span 80 solutions, the formation
of cavitation bubbles was limited to the denser dH,O-Tween 80 solu-
tions. The exact oil-water interface height was set with a micro posi-
tioning system moving the whole cuvette. The relative distance between
the initial bubble centre and interface (dimensionless standoff param-
eter yp) varied from 0.1 to 3.0 and was defined as:

Yo = h/Rmax (2)

where h represents the distance between the bubble centre and the oil-
water interface, and Ry the maximum bubble radius (Fig. 1b) [47].

A Kirana 7M (Specialised Imaging, United Kingdom) high-speed
camera was used for the visualization of cavitation bubble collapse.
For statistical evaluation of bubble collapse, the high-speed camera
operated at 250 k frames per second, a shutter speed of 4 us and was
equipped with an M Plan 5X objective (Mitutoyo, Japan). For more
detailed visualization of bubble collapse dynamics and emulsification,
the camera was equipped with an M Plan 20x objective (Mitutoyo,
Japan). It operated at 1 million frames per second, 1 ps shutter speed and
100 k frames per second, 1.5 ps shutter speed, respectively.

Ilumination was provided by two custom made LED lights. One was
positioned directly opposite the high-speed camera behind the cuvette
(Fig. 1a). Depending on the required illumination intensity as dictated
by the high-speed cameras shutter speed, it operated at either 8.6 or 12
W. The second LED light (operating at 61 W) was offset from the first
approximately 30° both vertically and horizontally (Fig. 1a), illumi-
nating the bubble and interface simultaneously from below and from the
side.

The resulting visualization data was analysed by manually deter-
mining the initial bubble centre position, its maximum radius (Ryay),
centre of the first rebound bubble and the oil-water interface position
(Fig. 1b). The latter was determined by determining the highest position,
where the bubble still consistently formed. From these, we calculated
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(b)

rebound
bubble(

Fig. 1. (a) Experimental setup for single cavitation bubble formation and high-speed visualization (the green line indicates laser beam path, cavitation bubble not to
scale) and (b) example of visualization data analysis: maximum bubble radius (Rn,y), bubble centre to oil-water interface distance (h), and vertical bubble centroid
displacement from the initial to the first rebound bubble (L). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

the yo values, as well as the vertical displacement to the first rebound
bubble relative to the initial bubble's maximum radius (L/Rpqy). Bubble
and interface parameter measurements resulted in a maximum mea-
surement uncertainty of approx. 3% for L/Rmax and 7% for y0. Higher
uncertainty of the letter is due to the diffuse oil-water interface at higher
Span 80 concentrations.

3. Results and discussion
3.1. Surfactant influence on viscosity and surface tension

Prior to cavitation bubble collapse visualization, the physical prop-
erties of the prepared surfactant solutions have been studied. These
include dynamic viscosity (4) and surface tension (os) of individual
dH,0-Tween 80 and SiOil-Span 80 solutions, which are presented Fig. 2.
Alongside, static interfacial tension (6;) between corresponding dH;0-
Tween 80 and SiOil-Span 80 solutions was measured. Its influence,

(a) dH.O-Tween 80

1,60 -
1.40 qﬁ 70
1.20 60
2 —_
g 1.00 50%
3 080 £
go.eo 0y
0.40 30
0.20 20

0.00 N
4.3 6.4 86 107 129 15.0

HLB [/] (increasing Tween 80 concentration=>)

along with that of individual surface tensions, on cavitation bubble
collapse dynamics is discussed in Section 3.4.

Calculations of the solutions' densities (Table 1) show that the
addition of surfactant to either dH2O or SiOil has a negligible effect. The
density ratio, which strongly affects the volume and kinetic energy of
bubble jetting, is always maintained [21]. Due to the increased opacity
of the SiOil-Span 80 solutions, cavitation bubbles could only be formed
inside the (denser) dH2O-Tween 80 phases. According to the anisotropy
parameter [47], the bubbles would thus always be expected to jet and
collapse away from oil-water interface.

Viscosity measurements of the dH,O-Tween 80 solutions (Fig. 2a)
revealed a gradual increase in viscosity with an increase in HLB value.
For these samples, the HLB value and Tween 80 concentration are
proportional. The observed increase in viscosity is due to strong in-
teractions between the hydrophilic parts of Tween molecules and water,
which alters water structure and increases its resistance to flow [48,49].
Hence, the solution with the highest HLB value of 15.0 also had the

(b) SiOil-Span 80

0.12
70
0.10
60
0.08 -
o 50 £
& 0.06 Z
2 405
0.04
30
0.02
20

4.3 6.4 8.6 107 129 15.0
HLB [/] (decreasing Span 80 concentration=>)

Fig. 2. Results of dynamic viscosity (4) and surface tension (o) measurements at 25 °C: (a) demineralized water (dH,0)-Tween 80 and (b) silicone oil (SiOil)-Span 80
solutions. The bars represent viscosity and a surface tension. The average and standard deviation data was calculated from three independent measurement rep-
etitions. In the dH,O-Tween 80 solutions surfactant concentration increases with hydrophilic-lipophilic balance (HLB) value and in the SiOil-Span 80 solutions it
decreases with HLB. The data at HLB values of 4.3 and 15.0 represent pure dH,O and SiOil, respectively.
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highest viscosity at 1.49 x 107> Pas.

SiOil-Span 80 measurements (Fig. 2b) on the other hand revealed no
trends in viscosity based on changing HLB/Span 80 concentration. The
addition of surfactants was reported to affect oil viscosity due to
surfactant-oil molecular interactions [50,51]. However, the used con-
centrations (< 0.15 vol%) were much lower compared to the here pre-
sented results. Differences in measured viscosity between pure SiOil at
HLB 15.0 (0.097 Pa‘s) and SiOil with the highest concentration of Span
80 at HLB 4.3 (0.100 Pa's) were thus negligible. These, together with the
deviations at intermediate concentrations, can be attributed to incom-
plete Span 80 dissolution inside SiOil. Nevertheless, neither variations in
dH,0-Tween 80 nor SiOil-Span 80 viscosities were high enough to in-
fluence cavitation bubble dynamics. Previous research has shown that
multiples increase in viscosity is required for it to affect bubble dy-
namics [19,52-54].

Similarly to viscosity, the surface tension of dH,0-Tween 80 solu-
tions was also found to change proportionally to HLB value/surfactant
concentration (Fig. 2a). The lowest addition of Tween 80 already led to a
great decrease in average surface tension compared to that of pure
dH,0: from 72.4 to 44.0 mN m™ !, respectively. The surfactant absorbs
strongly to the liquid-air interface even at low concentrations. Here it
replaces surface water molecules, reducing the formation of stronger
intermolecular forces [55,56]. Further increase in concentration caused
a steady decrease in surface tension due to increased surfactant
adsorption to the interface and changed molecular orientation
[31,57-59]. It thus reached its lowest value of 40.7 mN m ! at HLB 15.0.

No direct correlation between Span 80 concentration and SiOil sur-
face tension was observed (Fig. 2b). The overall standard deviation of all
measurements was found to be 0.4 mN m ™!, with pure SiOil (at an HLB
of 15.0) having an intermediate surface tension compared to other so-
lutions. Surfactants generally have a similar effect on the surface tension
of oils as they do on water. By absorbing to the surface, they decrease
interfacial free energy [60,61]. As with viscosity, the lack of surfactant
influence on surface tension is potentially due to its high concentration.
This exceeded its critical micelle concentration [60], where surfactant

(a) 15.0

fo+26 us

t, + 28 us
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molecules form micelles instead of dissolving in the liquid. The critical
micelle concentration of Span 80 is much lower compared to that of
Tween 80 [62].

3.2. Bubble collapse visualization

Fig. 3 presents examples of cavitation bubble collapse dynamics for
systems with HLB values of 15.0, 8.6 and 4.3. These illustrate the three
characteristic bubble jetting cases: strongly (Fig. 3a) and weakly
(Fig. 3b) away from the oil-water interface, as well as towards it
(Fig. 3c). The frames are timed relative to the bubble growing to its
maximum radius (tp), with the leftmost frame showing the initial oil-
water interface. Low dimensionless standoff parameters (7o) were used
to maximize the interface's effect on bubble collapse. The upper phase is
always SiOil and the lower dH>0.

In case of an HLB value of 15.0 (Fig. 3a) and 8.6 (Fig. 3b), the bubble
was found to jet away from the oil-water interface. This is in accordance
with previous research [27,29,30,47,63], which found that a bubble
formed inside the denser liquid (dH2O-Tween 80) jets away from the
liquid-liquid interface. With the higher HLB value, a strong jet was
clearly visible as it penetrated through the bubble and pinched off.
Jetting in the system with an HLB value of 8.6 was found to be weaker.
No jet exiting the bubble was observed, only an indentation of the
bubble part furthest away from the oil-water interface. However, a jet is
briefly visible inside the bubble (Fig. 3b, 8th frame).

Bubble parts closer to the boundary, in this case the oil-water
interface, contract faster (Fig. 3a, 2nd frame). This causes the forma-
tion of a high-pressure point in that area, together with the emergence of
a high-speed microjet. The latter points towards the low-pressure region,
i.e. the part of the bubble furthest away from the interface [16,23,64].
The anisotropy of the resulting pressure field is greater at lower initial
bubble-interface distances, simultaneously resulting in stronger jetting
[27,29,54,64,65]. As the bubble continues to collapse, it is penetrated
by the high-speed jet. With this, the bubble becomes elongated and is
displaced in the direction of jetting [22,27,29,66].

F
high-speed
microjet

t, + 49 ps

t, + 30 us

t, + 35 us ty + 42 us t, + 49 us

Fig. 3. (videos S1-S3 in Supplementary material): Sequences showing cavitation bubble jetting due to proximity of the oil-water interface for chosen hydrophilic-
lipophilic balance (HLB) values: (a) 15.0, (b) 8.6 and (c) 4.3. Their dimensionless standoff parameters (7o) were 0.22, 0.24 and 0.67, respectively. The visible bubble
artifacts are due to the camera ghosting effect. The white dashed lines represent the respective oil-water interface position. Frames are presented from maximum
bubble growth to jet formation. At an HLB value of 15.0 the bubble distinctly jets away from the interface and at 4.3 towards it. At 8.6 HLB a weaker jet forms away

from the interface.
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In the system with the lowest HLB value of 4.3 (Fig. 3c) the bubble
was observed to jet towards the oil-water interface. Due to uneven
collapse, the bubble begins to pinch in its middle (Fig. 3c, 3rd frame) and
separates into multiple parts. This causes it to collapse into a linear
shape, which points towards the interface. During the following growth,
individual segment grew into separate bubbles, with the largest almost
completely penetrating through the interface. Due to the uneven oil-
water interface, the bubble jetting was slightly tilted. With a
decreasing HLB value of the system (decreasing Tween 80 and
increasing Span 80 concentration, Table 1) the oil-water interface
became less distinct. Higher Span 80 concentrations result in continu-
ously greater hydrophilic-lipophilic imbalance, which leads to weaker
and less organized packing of surfactant molecules on the interface [67].

Such variations in bubble collapse behaviour as seen on Fig. 3 can
most likely not be attributed to the system's acoustic impedance as it
does not affect jet velocity or its direction during bubble collapse. It can,
however, alter the propagation or reflection of shockwaves [68].
Nonetheless, the difference in acoustic impedance between materials
composing the interface must be significant (i.e. a solid-liquid bound-
ary). Due to the small difference in acoustic impedance of the oil and
water phases, the shockwave will mostly propagate through the inter-
face without influencing subsequent bubble dynamics. Furthermore, the
minimal differences in solution densities (Table 1) would have negli-
gible effects on the speed of sound within them and as such on their
acoustic impedance [69]. The spherical nature of the acoustic wavefront
would also result in the reflected waves propagating away from the
cavitation bubble. This would reduce the amplitude of the rebound
pressure front on the bubble.

Fig. 4 presents cavitation bubble displacement during collapse for
the oil-water system with an HLB value of 4.3. Similar examples for the
other systems can be found in the Supplementary material section. The
key frames show the initial bubble at maximum radius, its collapse and
the first rebound bubble at maximum radius. The examples were chosen
to illustrate bubble displacement at major values of the dimensionless
standoff parameter (yp): approximately 0.1, 0.5, 1.0, 1.5 and 2.0. The
upper phase is always SiOil and the lower dH50. On the top right of each
sequence is the calculated bubble centroid displacement up to the first
rebound bubble (L/Rp,y). Negative values indicate bubble displacement
away from the interface and positive values towards it.

The aforementioned system contained the highest Span 80 concen-
tration, without any Tween 80. It exhibited completely unique bubble
collapse dynamics compared to the higher HLB systems (Fig. S4 and S5
in Supplementary material). At the highest initial bubble-interface dis-
tance (yg ~ 2.0) the bubbles collapsed away from the oil-water interface.
Down to yp =~ 1.5, the magnitude of bubble displacement sharply
decreased, resulting in almost stationary collapse. These changes in
collapse direction and magnitude continued with decreasing y¢. Bubble
displacement around yp ~ 1.0 and 0.5 was distinctly oriented towards
the interface, with its magnitude being highest at yy ~ 0.5. However, at
the shortest initial bubble-interface distance (yp & 0.1) the magnitude of
bubble displacement decreased. The latter can be attributed to a greater
influence of the interface on bubble collapse dynamics at shorter
distances.

3.3. Bubble displacement calculations

Fig. 5 displays the bubble centroid displacement (L/Rpyqy) as a
function of the dimensionless standoff parameter (yg) for each mea-
surement. Displacement was calculated as the distance between initial
and first rebound bubble centre (both at maximum radius), divided by
the initial bubble's maximum radius. Negative values represent bubble
movement away from the oil-water interface and positive values to-
wards it. The dashed lines visualize trends in bubble collapse dynamics.
They have been calculated by fitting second-degree exponential func-
tions to the bubble centroid displacement results of individual dH,0-
SiOil systems. This fit is empirical and does not represent a physically
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L/R 1z = 0.21
+ 0.006

LR, = 0.37

o + 36 ps

L/Rma =-0.10
+0.003

Fig. 4. Sequences of cavitation bubble collapse near the oil-water interface at a
hydrophilic-lipophilic balance (HLB) value of 4.3. The bubble artifacts visible
on frames two and three of each sequence are due to the camera ghosting effect.
The white dashed lines represent the oil-water interface position and the white
dots the initial bubble's centre. The frames show the initial bubble at maximum
radius, the bubble during collapse and the first rebound bubble at maximum
radius. Examples are presented at approximate dimensionless standoff param-
eters (yp) 0.1, 0.5, 1.0, 1.5 and 2.0. On the top right corner of each sequence are
the calculated values of bubble centroid displacement (L/Rqx) together with
the estimated deviations.
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Fig. 5. Cavitation bubble centroid displacement during collapse relative to its
maximum radius (L/R,qy) as a function of the dimensionless standoff param-
eters (yo). Samples are grouped based on hydrophilic-lipophilic balance (HLB)
value: (a) oo (demineralized water and silicone oil without any surfactant),
15.0, 12.9, (b) 10.7, 8.6, 6.4 and (c) 4.3. Negative L/Ryqy values indicate bubble
centroid displacement away from the oil-water interface (and vice versa).
Values next to the labels represent the number of samples analysed for each
system. The L/Rq and y, values have a measurement uncertainty of approx.
3% and 7%, respectively. The black dashed line in (a) shows experimental data
acquired by Orthaber et al. [27].

based model. It is instead used for facilitating the visualization of data
trends. The equation, as well as its parameters and fitting degree are
included in S6 of the Supplementary material.

Due to the low measurement uncertainty of the calculated L/Rpqy
values (=~ 3%), their impact on bubble centroid displacement trends is
estimated to be negligible, not affecting the measured displacement
directions. As L/Rpmqy is not directly calculated from yo, the measurement
uncertainty of the latter (= 7%) has no effect on the calculated trends.
Samples are grouped based on similar effects changing yp has on
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centroid displacement during collapse. The values next to the labels in
the legend represent the number of measurements for each oil-water
system.

Bubble collapse dynamics in systems with HLB values of 15.0 and
12.9 were found to be similar to the dH50 and SiOil system without any
added surfactant. Regardless of yp, the bubbles always collapsed away
from the interface (Fig. 5a). Due to the greater interface influence, larger
displacement occurred at lower yo. These systems displayed low data
dispersion. Individual measurements overlapped significantly and
deviated relatively little from the calculated trendlines. This is main-
tained regardless of initial bubble-interface distance. Data obtained by
Orthaber et al. [27] is included in Fig. 5a to compare our results with
literature. Using a dH,0-SiOil system without surfactant they found
similar trends in collapse dynamics where bubble displacement in-
creases with decreasing yy. They, however, fitted a linear trend to the
measurements.

Systems with HLB values of 10.7, 8.6 and 6.4 all exhibited bubble
collapse both towards and away from the oil-water interface, as well as
in place (Fig. 5b). At yp values of ~ 2.0 and 1.5 the bubbles, although
formed inside the denser dH,O-Tween 80 phase, predominantly
collapsed towards the oil-water interface. This contradicts bubble
collapse dynamics of the higher HLB examples, as well as observations
from literature [29,30,63]. With decreasing initial bubble-interface
distance (yp ~ 1.0), the average bubble displacement decreased to
nearly in-place collapse. In the system with an HLB of 8.6 bubble
displacement remained roughly constant afterwards, fluctuating around
zero. Meanwhile in the 10.7 and 6.4 HLB systems, bubble collapse
distinctly favoured displacement away from the interface. This
increased in intensity with decreasing yo.

Individual measurements for systems with HLB values of 10.7, 8.6
and 6.4 (Fig. 5b) were also more dispersed, overlapping less and devi-
ating more from the calculated trendlines. Additionally, a wider distri-
bution of measurements appeared at lower and intermediate initial
bubble-interface distances (yo < 1.5). This again emphasizes the
greater interface influence at lower distances. With decreasing HLB
value the concentration of Span 80 in SiOil increases, which propor-
tionally increases the amount of undissolved surfactant. Among the
already discussed effects on surface tension, such increasing heteroge-
neity could influence bubble dynamics. Furthermore, surfactant
adsorption at the oil water interface may modify interfacial elasticity
during rapid deformation. Variations in Gibbs elasticity [70] could
affect the interface's transient “spring-like” resistance during bubble
collapse. With this it could influence collapse anisotropy, bubble
centroid displacement and jetting [31]. Such effects may become
particularly important in the transitional HLB range, where relatively
small changes in interfacial properties could greatly affect collapse
behaviour.

With changing dimensionless standoff parameter (yo), the 4.3 HLB
sample (Fig. 5¢) demonstrated completely unique bubble collapse dy-
namics. At yo values above 1.5, bubble displaced away from the oil-
water interface during collapse. At these distances bubble collapse
occurred comparably to that in systems with the highest HLB values of
15.0 and 12.9, as well as that of dH20-SiOil without any surfactant
(Fig. 5a). Around yp = 1.5 bubble displacement distinctly shifted to-
wards the oil-water interface. The same trend in shifting displacement
direction has been observed in three experiment repetitions. Addition-
ally, no bubbles trapped at the oil-water interface were observed, which
would affect bubble collapse dynamics. This system's collapse dynamics
at lower yo have already been discussed in more detail at the end of
Section 3.2.

As with systems with intermediate HLB values (Fig. 5b), the het-
erogeneity of the SiOil phase is increased due to greater amounts of
undissolved Span 80. Its effect on bubble collapse dynamics cannot be
completely ruled out. Due to the highest Span 80 concentration in this
system, a high concentration gradient between the dH,0 and SiOil phase
is expected. This could lead to the formation of Marangoni flow [71]. It
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could potentially influence the observed phenomena, such as the
magnitude of bubble centroid displacement and reversal of jetting di-
rection. Further studies on interfacial rheology are required to fully
characterize the potential Marangoni flow and its effects.

The bubble centroid displacement during collapse (L/Ryqx), calcu-
lated for each HLB-tailored system, is rearranged and presented in Fig. 6.
At each HLB value, bubble displacement has been plotted for dimen-
sionless standoff parameters (yp) ranging linearly from 0.1 (red) to 2.0
(blue). Their transparencies increase as yp approaches 1.0. As the system
with pure dH50 and SiOil has no assigned HLB value, these results are
not included.

Results reveal a very wide distribution of displacements at the
highest HLB values of 15.0 and 12.9. As discussed above, the greater
displacements during collapse occur at lower initial bubble-interface
distances (opaque red areas in Fig. 6). The distribution of measure-
ments decreases towards 10.7, reaching its minimum at 8.6 and again
slightly increasing at 6.4. In this range, bubble displacement becomes
weaker and is no longer predominantly negative (oriented away from
the interface). At the HLB of 4.3, bubble displacement shifts towards
mostly positive values, indicating bubble collapse predominantly to-
wards the oil-water interface. Furthermore, a shift in yy occurs where the
lower values (initial distances) again represent greater bubble centroid
displacement.

3.4. Static interfacial tension and HLB effect on emulsification

As emulsification is a much slower phenomena compared to cavita-
tion bubble collapse, separate visualization experiments at lower fram-
erates have been conducted. The results for systems with HLB values of
15.0, 8.6 and 4.3 are presented in Fig. 7. The dimensionless standoff
parameters (yo) for these examples were 0.29, 0.24 and 0.60, respec-
tively. Lower yp have been chosen to maximize cavitation bubble effect
on the oil-water interface and consequently the potential for emulsion
formation.

Results in Fig. 7a and b show cavitation bubble collapse away from
the oil-water interface. During this it partially pulls oil into the water
phase, which is visible during the bubble's first rebound (3rd frame) as
the uneven droplets surrounding it. As the bubble continues through its
following rebound phases, it separates from the cloud of oil droplets and

0.5 wio wetting O/W emulsion 735
agent

L/Rmax []
5 &
w —_

|
©
U

-0.7 15
4.3 6.4 8.6 10.7 12.9 15.0

HLB [/]

Fig. 6. Cavitation bubble centroid displacement (L/Rq) and static oil-water
interfacial tension (o;, represented by a) as an effect of hydrophilic-lipophilic
balance (HLB). Displacement is shown at dimensionless standoff parameters
(7o) ranging from 0.1 (red) to 2.0 (blue). Negative values indicate bubble
collapse away from the oil-water interface (and vice versa). The stripped areas
represent HLB ranges for typical surfactant applications: water-in-oil (W/O)
emulsions (yellow), wetting agents (green) and oil-in-water (O/W) emulsions
(blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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O/W emulsion becomes clearly visible.

Meanwhile with the bubble collapsing towards the oil-water inter-
face (Fig. 7c), the bubble passes into the oil phase. Due to the great
opacity of the oil, the bubble's rebound cycles are not observable. During
the later stages (8th frame), however, a cloud of emulsion droplets
became visible as it separated from the oil into the water phase. The
reader is suggested to consult Supplementary material video S9 for a
clearer presentation of the described phenomenon. As proposed by
Perdih et al. [17], this indicates firstly the formation of a W/O emulsion,
caused by cavitation bubble collapse into the oil phase. The resulting
Rayleigh-Taylor instability at the oil-water interface causes parts of the
oil phase continuing W/O emulsion to separate into the water phase.
This results in the formation of the visible O/W or potentially also W/O/
W emulsion. The lack of other components, which could comprise these
visible droplets, strongly suggests to them being formed from the SiOil-
Span 80 phase. Additionally, their extended stability indicates that they
do not represent gas bubbles or remnants of the collapsed cavitation
bubble.

The most common HLB ranges for W/O emulsion, wetting agents and
O/W emulsions have been marked in Fig. 6 as yellow, green and blue
striped areas, respectively. Such comparison visualizes that at HLB
values, characteristic for the formation of O/W emulsions (>9), cavi-
tation bubbles were found to predominantly collapse away from the oil-
water interface. As the HLB values approach wetting agent ranges (be-
tween 7 and 9), the magnitude of cavitation bubbles displacement
greatly decreases. Bubble collapse also varies both towards and away
from the interface. This indicates the formation of unstable emulsion of
both types, a typical characteristic of wetting agents [38]. Additional
studies on the bubble dynamics and wetting properties of dH,0-SiOil
systems in this HLB range would need to be conducted to definitively
explain their correlation.

Furthermore, the shift in bubble displacement from away to towards
the interface occurred inside the HLB range associated with W/O
emulsion formation (<6). This indicates that the effect HLB value has on
emulsion type and properties is through a change in cavitation bubble
collapse dynamics. The magnitude of bubble displacement inside the W/
O emulsification range was, however, lower compared to that of O/W
emulsification. This could be attributed to the higher oil viscosity, which
potentially limits transport phenomena inside the oil phase.

Green triangles in Fig. 6 show the static interfacial tension (o;) values
of each HLB-tailored oil-water system. The dH;O-Tween 80 solution
with the highest surfactant concentration (at 15.0 HLB) had the lowest
surface tension (Fig. 2a). Contrary to previous findings [58], its static
interfacial tension with the corresponding SiOil solution (pure oil)
measured highest at 27.7 mN m ™. Decreasing HLB (by lowering Tween
80 and increasing Span 80 concentration) led to a sharp decrease in
static interfacial tension to 21.6 mN m™!. Thus, it plateaued around the
system's optimal HLB value. In addition to having the lowest interfacial
tension, a system close to its optimal HLB value also exhibits greatest
emulsion stability, smallest average droplet size and highest zeta po-
tential [72]. This is due to the most efficient surfactant molecule
arrangement at the interface and consequent interfacial saturation [60].
Further HLB decrease to 4.3 led to a renewed increase in static interfa-
cial tension, peaking at 24.2 mN m ™. A matching relation between HLB
value and interfacial tension has previously been observed by Wang
etal. [72].

Among the already discussed density and viscosity, surface and
interfacial tension also strongly affect bubble collapse dynamics. The
surface tension of a liquid influences bubble jetting by affecting the
inward pressure of the bubble's surface. Higher surface tension will
decrease cavity volume, accelerate collapse and increase jetting force
[41-43,73]. However, the trend in surface tension of dH,O-Tween 80
solutions (Fig. 2a) is not suitably reflected in jetting intensity (Fig. 6).
Despite the dH,O-Tween 80 solution at 15.0 HLB having the lowest
surface tension, the bubble displacement in the associated system was
highest. This indicates a greater influence of the static oil-water
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Fig. 7. (videos S7-S9 in Supplementary material): Sequences of cavitation bubble collapse near the oil-water interface demonstrating emulsion formation at different
hydrophilic-lipophilic balance (HLB) values: (a) 15.0, (b) 8.6 and (c) 4.3. Their dimensionless standoff parameters (yo) were 0.29, 0.24 and 0.60, respectively. The
visible bubble artifacts are due to the camera ghosting effect. The white dashed lines represent the respective oil-water interface position. Frames are presented from
maximum bubble growth to complete collapse and emulsion formation. Due to the bubble collapse away from the oil-water interface in systems with HLB values of
15.0 and 8.6, oil droplets are pulled into the water phase. Meanwhile, as the bubble jets towards the interface at 4.3, water is moved into the oil phase, which then

separates back into the water phase.

interfacial tension than that of individual surface tensions on bubble
collapse dynamics.

Similar trends in cavity volume and collapse time at higher surface
tensions are also maintained with the bubble collapsing near a neutral
wall. Under such conditions, however, bubble collapse velocity will
decrease with increasing surface tension [43]. But for a liquid-liquid
interface to act comparably to a rigid wall, magnitude higher interfa-
cial tension is required [42]. A deformable interface, on the other hand,
can reverse the liquid jet direction [16]. As this is the first research into
the influence of HLB value and oil-water interfacial tension on cavitation
bubble collapse dynamics, further studies must be conducted in order to
thoroughly explain the phenomena.

4. Conclusions

The present study establishes a direct correlation between the
hydrophilic-lipophilic balance (HLB) of surfactant systems and cavita-
tion bubble collapse dynamics near a liquid-liquid interface. By sys-
tematically tailoring HLB value using surfactants Tween 80 and Span 80,
we demonstrate that surfactant-dependent interfacial properties
actively determine bubble jetting direction and consequently cavitation-
driven emulsification pathways. Due to the technical limitation of being
able to form the cavitation bubble exclusively inside the dH,O-Tween 80
phase, the work's conclusions can perhaps not be generalized to bubble
dynamics inside the corresponding SiOil-Span 80 phase. As bubble
jetting is strongly dependent on the phase of origin, the precise effects of
interfacial parameters on bubble dynamics in such conditions would
need to be separately explored. The main findings for bubbe dynamics
inside the dH;0-Tween 80 phase can therefore be summarised as
follows:

(1) HLB as an indicator of interfacial cavitation dynamics.

We demonstrate that the system's HLB value indicates the direction
and magnitude of bubble jetting. Although parameters such as density
and viscosity also influence bubble dynamics [19,26,27,29,40,52], the
latter does not change enough to have a noticeable effect [19,52-54].
Meanwhile, the density changes are not significant enough to explain
both the variations in the jet's magnitude and the reversal of its direction
[14,26,27,29,63]. Bubbles in higher HLB systems (> 12.9) follow pre-
viously described classical collapse dynamics at liquid-liquid interfaces
[21,27,29], where bubbles formed inside the denser liquid jet away from
the liquid-liquid interface. Decreasing HLB firstly induces transition to a
mixed collapse regime, ultimately leading to a reversal in bubble jetting.

(2) Surfactant modified liquid-liquid interfaces induce jetting reversal.

At low HLB values (4.3) bubble jetting reversed direction towards the
interface, despite bubble formation inside the denser phase. This con-
tradicts established density-driven jetting models [16,21] and demon-
strates that interfacial physicochemical properties can override classical
hydrodynamic predictions. This introduces a new regime of cavitation
behaviour governed by interfacial mechanics.

(3) Identification of a transitional bubble dynamics regime potentially
linked to wetting conditions.

Intermediate HLB values (between 6.4 and 10.7) exhibit mixed and
bidirectional bubble jetting. This aligns closely with HLB ranges of
systems associated with wetting agents and colloid science [32,34-36].
Such a potential connection between interfacial wetting behaviour and
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cavitation dynamics requires further investigation.
(4) Interfacial tension affects partially the bubble collapse dynamics.

Comparing the present work with prior studies on the effects of
viscosity and density [19,52-54] indicates at least a partial influence of
the liquid-liquid interfacial tension on bubble dynamics. In the present
systems, density variations were found to be >1% for both dH20-Tween
80 and SiOil-Span 80, and maximum viscosity differences approx. 50%
and 13% for dH20-Tween 80 and SiOil-Span 80, respectively. Further-
more, maximum variations in measured surface tension were approx.
44% for dH20-Tween 80 and 4% for SiOil-Span 80 solutions.

Although a predominant effect on bubble collapse dynamics might
be attributed to interfacial tension, its combined effect with density
differences, interfacial structure and surfactant adsorption kinetics
cannot be completely ruled out. Future studies would need to be con-
ducted for their clarification, as well as to differentiate between the role
of static and dynamic interfacial tension in the observed phenomena.
Under such conditions, comparatively small local variations, for
example interface structure and positioning, surfactant distribution and
bubble shape asymmetry, could produce substantial changes in bubble
jetting direction and displacement magnitude.

(5) Mechanistic link between cavitation dynamics and emulsion type.

The direction of bubble jetting directly governs emulsification
pathways. Jetting away from the oil-water interface promotes the for-
mation of oil-in-water (O/W) emulsion, while jetting towards the
interface primarily produces water-in-oil (W/0O) emulsion [16,17]. The
experimentally observed HLB ranges for the formation of either emul-
sion type coincide with HLB ranges for typical surfactant applications
[32,34,35]. This provides a physics-based explanation for these empir-
ical guidelines.

The results demonstrate that the HLB value of a surfactant system
provides a powerful control parameter for tuning cavitation bubble
collapse dynamics and cavitation-driven emulsification processes. It
highlights the importance of surfactant's physical properties on emul-
sion formation mechanisms, which necessitates further studies in order
to fully explain its details.
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