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ABSTRACT

The interfacial properties of air bubbles have mostly been studied in quiescent fluids or in an
axisymmetric flow field. To extend the knowledge to technologically relevant conditions, we
investigate the behavior of surfactant- and particle-laden bubbles under asymmetric shear forces.
Experiments are performed with a buoyant bubble at the tip of a capillary placed in a defined flow
field. The response of the interface to the surrounding asymmetric flow is measured under
successive reduction of the surface area. Profile analysis tensiometry is utilized to investigate the
dynamic surface tension and the surface rheology of the surfactant- and particle-laden interfaces.
The bulk flow and the interfacial mobility of the buoyant bubble are studied using microscopic
particle image and tracking velocimetry. According to our findings, under asymmetric shear flow,
surfactant-laden interfaces remain mobile regardless of the surfactant concentration. In contrast,
particle-laden interfaces adopt a solid-like state and resist the interfacial flow at certain surface
coverages. Elasticity measurements during successive reduction of the surface area indicate a
significant change in the structure of the interface that changes its mobility. The immobilization of
the interface is characterized by the ratio of the interfacial elasticity to shear forces. This
dimensionless number provides an estimate the interfacial forces required to initiates interfacial
immobility at defined flow field. Our findings can serve as a basis to model the boundary conditions
and to modulate the hydrodynamics of bubbles and droplets with different adsorbed material.
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1. Introduction

Surface-active materials can influence the hydrodynamic properties of multiphase systems by
changing the mobility and/or deformability of the dispersed entities *3. In the absence of
surfactants, an initially spherical drop/bubble centered in an axisymmetric flow deforms because of
the hydrodynamic forces exerted on the interface. The deformation is counteracted by the surface
tension which acts to keep the drop/bubble spherical 4. At low Reynolds numbers, the ratio of the
viscous stress to surface tension - known as capillary number - determines the deformability of the
system. However, in surfactant solutions, the fluid motion changes the distribution of surfactants
at the interface, which can significantly modify the mobility and deformability of the system >,
For example, in an axisymmetric flow, the fluid motion sweeps the surfactants toward the trailing
edge. The resulting nonuniform distribution of the surfactants - known as stagnant cap ° - creates a
surface tension gradient that counteracts the viscous forces and thus reduces the mobility of the
interface 112, Since the surface tension gradient arises from the gradient of a scalar field, i.e.
surface concentration, it can only counteract viscous shear stresses that are curl-free. Hence, the
viscous shear stress of a nonaxisymmetric flow cannot be compensated by the surfactant distribution
at the interface. The unbalanced stress induces a circulating flow at the interface that continuously
redistributes the adsorbed surfactants and prevents the formation of a stagnant cap **. The
redistribution of the surfactants also influences the shape distortion compared to a clean system 4.
Furthermore, it is expected to affect the hydrodynamic boundary conditions, which in turn changes
the mass and heat transfer rates *°.

In solutions of low molecular weight surfactants, e.g. SDS, the surfactant molecules continuously
adsorb at the leading edge and desorb at the trailing edge of a moving bubble. However, the
adsorption kinetic is different for larger surface-active materials such as nanoparticles (NPs).
Hydrophilic NPs can form nanoparticle-surfactant complexes (NPSCs) in the presence of
oppositely charged surfactants and thus become surface active 6. NPs, or similarly proteins, have
a substantially higher desorption energy, leading to irreversible adsorption. Hence, the formation
of the dynamic adsorbed layer with adsorption at the leading edge and desorption at the trailing
edge is not expected. Likewise, a different interaction between the bulk flow and interface is
expected for irreversibly adsorbed materials. Here, we briefly summarize the major findings
obtained for dynamic interfaces covered with different irreversibly adsorbed materials. Ybert et al.
17 reported the rising velocity of air bubbles with pre-adsorbed proteins and surfactants. They
showed that the hydrodynamic behavior of protein-covered bubbles is similar to that of solid
spheres. Additionally, they observed that the rising velocity of protein-covered bubbles in pure
water remains constant whereas the surfactant-covered bubbles accelerate due to the surfactant
desorption from the interface. Ulaganathan et al. '® reported a stronger retardation effect in the
presence of surfactants for B-lactoglobulin (BLG). They attributed this to the increased adsorption
rate of the protein-surfactant complexes compared to the proteins. Fayazi et al. '° reported an
increase of drag forces in the presence of different surface-modified silica nanoparticles. Similarly,
numerical studies by Yuan et al. ?° show that the adsorption of NPs significantly changes the
boundary condition at the bubble surface, making it partially rigid. They further reported a solid
body like rotation of the interface under asymmetric shear stress.



Despite its immediate relevance for various technological applications, a systematic
experimental investigation of the hydrodynamic properties of particle-laden interfaces under
asymmetric shear flow is lacking up to now. In this study, we link the hydrodynamic response of
an interface with adsorbed surfactants and NPSCs to its interfacial properties. Using profile analysis
tensiometry (PAT), we examine the dissimilar interfacial characteristics of NPSCs in comparison
with low molecular weight surfactants. To study the behavior of particle-laden interfaces under
asymmetric shear flow, a reference flow is created around a buoyant bubble placed at the tip of a
capillary. Particle image/tracking velocimetry (PIV/PTV) is applied to characterize the bulk flow
around the bubble and the interfacial flow on its surface. The results indicate that unlike surfactants,
NPSCs can fully immobilize the interface even under asymmetric shear. This immobility implies
the absence of interfacial flow and zero relative motion of adsorbed micron-sized particles on the
bubble surface. We are able to quantify the immobilization of the interface by the ratio of the
interfacial elasticity to the bulk viscous forces. Hence, our findings can serve as a basis to model
the boundary conditions and to modulate the hydrodynamics of bubbles and droplets with different
adsorbed material as present in various processes in chemical and minerals engineering.

1. Materials and methods

In general, surface-active materials can be divided into two categories based on the magnitude
of their adsorption energy (AE = anzyLv(l + cos 0)?, see section 2.2) compared to their thermal
energy (typically in the range of a few kzT) 252, Here, R, is the radius of the particle, yy is the
surface tension, 6 is the contact angle of the particle at the interface, kgis the Boltzmann constant,
and T is the absolute temperature. The ratio of the adsorption energy to thermal energy determines
the reversibility of adsorption. Particles smaller than a few nanometers have adsorption energies
within the same order of magnitude as their thermal energy, while larger particles have significantly
higher adsorption energies 2*. Consequently, the thermal energy of small surface-active molecules
is sufficient to establish an adsorption-desorption equilibrium while larger surface-active materials
such as polymers, proteins and particles adsorb irreversibly at the interface. Irreversibly adsorbed
materials typically show a very slow dynamics of adsorption that can be accompanied by complex
processes like multiple layer formation or re-orientation of the adsorbed material at the interface
25,26

Different material classes can co-exist in practical applications. For example, in flotation,
micron-sized particles correspond to the size range of the particles that can be selectively extracted.
Submicron particles that are naturally present in the system can be entrained into the froth phase
by the liquid film around the rising bubbles and decrease the extraction grade 2. Submicron
particles can also be added to the system as collectors to increase the recovery rate of the target
particles 2830, Surfactants are used as collectors to hydrophobize the surface of the target particles
or as frothers to control bubble size and froth stability 1. To shed light on the hydrodynamics and
interfacial behavior of such complex systems, we select three different particle types and two
different surfactant classes:

(1) silica nanoparticles (NPs) as model system for submicron particles

(2) micron sized glass beads (GBs) in the typical size range of particles in a flotation process
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(3) neutrally buoyant fluorescent polystyrene (PS) particles as tracer particles to characterize
the bulk flow and track the interfacial flow

(4) a frother, the anionic surfactant sodium dodecyl benzene sulfonate (SDBS) which shows
no electrostatic attraction to the negatively charged particles and is expected to adsorb
mainly at the air-water interface

(5) a collector, the cationic surfactant hexadecyltrimethylammonium bromide (CTAB) which
adsorbs at the surface of the negatively charged particles

Details on the material systems and experimental procedures are given in the following.

1.1. Surfactants

The surfactants SDBS (anionic surfactant) and CTAB (cationic surfactant) with a purity of >
99% were used as purchased (Merck, Germany). The critical micellar concentration (CMC) was
found to be 2.2 mM for SDBS and 0.91 mM for CTAB, which is in good agreement with the
available literature 3233,

1.2. Particle systems and surface modification

A commercially available colloidal silica nanoparticle (NP) system, Levasil 300/30 (Nouryon,
Germany), was used as source dispersion. The surfactant-nanoparticle dispersion was prepared by
adding 1 CMC of CTAB solution into the same volume of 0.5 wt.% nanofluid to obtain a 0.25
wt.% NPs + 0.5 CMC CTAB system. The whole dispersion was continuously stirred to reduce
particle aggregation . The final sample of the surfactant-NP dispersion was sonicated in an
ultrasonic bath for about 20 minutes. The temperature of the bath was controlled to avoid any
destabilization or degradation within the system. Zeta potential and dynamic light scattering (DLS)
measurements were performed using a NanoBrook 90Plus Zeta device (Brookhaven Instruments,
USA). The experiments are carried out at 25°C including a 180 s delay after a steady device
temperature has been reached to ensure the absence of temperature gradients within the sample.

Figure S.l.a shows the zeta potential curve measured for 0.25 wt.% silica NPs with and without
CTAB. The zeta potential becomes less negative due to the adsorption of the cationic surfactant at
the surface of the negatively charged silica NPs. At fixed particle concentration, the hydrophobicity
of the particles is expected to increase with increasing concentration of the oppositely charged
surfactant. This holds under the premise that the surfactant concentration is still too low to form a
bilayer on the solid surface. Such a bilayer can establish due to hydrophobic attraction between the
hydrophobic chains of the adsorbed surfactant molecules and those within the solution. The bilayer
formation of cationic surfactants on the surface of a negatively charged particle reverses the surface
charge of the particle and makes it hydrophilic again. Since the zeta potential remains well below
zero (c.f. Figure S.1.a) bilayer formation is not expected. Therefore, it can be assumed that in the
concentration range employed in this study, the surfactant addition increases the hydrophobicity of
the particles.

Figure S.I.b plots the DLS results obtained for the dispersions employed in this study. The
samples were prepared by diluting the source dispersion with deionized water to 0.25 wt.% for the
DLS measurement. A certain difference in nominal diameter (9 nm) and the measured particle size
(16 nm) is evident. This discrepancy can be attributed to a slight agglomeration of the particles
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during dilution with DI water, which changes the composition and pH of the continuous phase of
the original source dispersion. Figure S.I.b shows a considerable shift toward larger particle sizes
with the addition of CTAB. This notable agglomeration is expected as the surface charge of the
particles is neutralized by the cationic surfactant.

Spherical soda-lime glass beads (GBs) with a particle size between D103=40.84+2.58 um and
Dgo3=83.18+2.20 um (uncertainty range from three repeated laser diffraction measurements), and
a specific density of 2.5 g-cm™ were purchased from Merck. The value Dio3 resp. Dgos is the
particle size at which 10% resp. 90% of the particle volume in the measurement range is smaller
and thus characterizes the fine resp. coarse part of the size distribution. The particle size distribution
of the GBs was measured using a HELOS/KR-Vario laser diffractometer (Sympatec GmbH,
Germany). Figure S.1I shows the cumulative size distribution of GBs employed in this study. For
the zeta potential of the GBs, a value of -40 mV at pH 9 is given in the literature . The GBs were
conditioned following Ata et al. 3*: two grams of GBs were added into a beaker containing 15 mL
of 1.4x10* mM CTARB solution and stirred for about 15 min with a magnetic stirrer. The GBs have
a smaller specific surface area compared to the NPs; thus, such low CTAB concentration already
results in hydrophobization of the GB surface.

Polystyrene (PS) particles (microParticles GmbH, Germany) with a diameter of 5.06 um, density
of 1.02 g-cm®, and an incorporated fluorescent dye (rhodamine; red fluorescent: excitation and
emission at 530 nm resp. 607 nm wavelength) were used as tracer particles for the flow
measurements via PIV/PTV.

1.3. Surface tension and surface deformation measurements

Profile analysis tensiometry (PAT-1M, Sinterface Technology, Germany) was used to evaluate
the dynamic surface tension and the dilatational viscoelasticity of the air-water interface for the
employed systems. Thereby, the shape profile of a pendant drop, which is determined by the
interaction of gravity and surface tension, is fitted to the Young—Laplace—Gauss equation, yielding
the surface tension value 2. After approaching the equilibrium surface tension (Veq), the elasticity
modulus was measured by applying low amplitude sinusoidal perturbations to the surface area A.
These regular oscillations are illustrated in Figure 1b. For such small-amplitude harmonic
perturbations, the area changes can be described as
A = Ay + Asin(2nft) 2)
where A, is the initial surface area at equilibrium, A is the amplitude of the area oscillations, f is
the oscillation frequency, and t is the time.
The harmonic response of the surface tension y follows as
Y = VYeq TV sin(2nft + ¢) 3
where y is the amplitude of the surface tension oscillations, and ¢ is the phase shift between the
area perturbations and the surface tension response. During the imposed area oscillations, the
surface tension (y) is directly acquired as a function of time. Thus, the amplitudes (y, A4) and the
phase shift (¢) can be obtained from the experimental data via Discrete Fourier Transform (DFT)
algorithms. Then the complex viscoelasticity can be calculated by:
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where F is the Fourier transform of the response relative to the perturbations. Details of the
technique can be found in 262°. The oscillation amplitudes for the elasticity measurements were
limited to less than 10% of the initial surface area in order to ensure mechanical equilibrium 3637,
To characterize the structure of the adsorbed NPSCs and their contact angle, single cycle of large
amplitude compression/expansion experiments was conducted after the elasticity measurements.
The droplet surface area was gradually decreased (about 70% - 80% reduction with respect to its
initial value, visible as large decrease around 5000 s in the blue curve of Figure 1a) and then
increased back to the initial surface area. During this process, the change in surface tension was
recorded (orange curve around 5000 s in Figure 1a). The corresponding surface pressure was
evaluated as the difference between the equilibrium surface tension of the uncompressed system
and the surface tension under compression (IT = y,q — ) as a function of the normalized surface
area (A/Ao) in Figure 1c. Only the compression part of the large amplitude area change was used to
obtain the surface pressure curves.
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Figure 1. a) Protocols of surface area changes and corresponding response of surface tension, b)
detail of surface area oscillations and surface tension response for measuring dilatational
elasticity, and c) surface pressure evaluation during large amplitude compression.

1.4. PIV measurements

The PIV measurements are conducted in a glass cuvette with a cross-sectional area of 30x30
mm? and a height of 30 mm, mounted on top of a translation stage (shown in Figure 2a). The air
bubble is formed at the tip of a straight capillary (outer diameter 1.2 mm) using a micro syringe
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(Sinterface Technology, Germany). A steady liquid flow from the bottom to the top of the cuvette
is generated using a U-shaped nozzle of ~2 mm inner diameter connected to a syringe pump (Ascor
med, Poland; labelled in Figure 2a). The composition of the inflowing liquid is identical to that of
the liquid in the cuvette. The relative position of the U-shaped nozzle and the bubble can be
regulated in x-direction by means of the translation stage (cf. Ax in Figure 2b). The resulting
asymmetric inflow induces a circulating interfacial flow on a surfactant-laden interface as observed
in Eftekhari et al. 3 For direct comparison, a similar horizontal displacement i.e. Ax = 1 mm was
used in this study. The volumetric inflow rate was set to 150 mL-h, which yields an average bulk
velocity of ~13.3 mm-s™ in the nozzle.

\ e
\ P

Ah=~7mm

~<_ 2 mm
) High speed cameras ge pump j’fﬁ

Figure 2. a) Stereo PIV setup to measure the velocity field. b) Definition of the geometry with a
bubble at the end of a capillary placed above the flow outlet.

Microscopic particle image velocimetry (P1V; LaVision, Germany) was applied to characterize
the flow around the bubble and on its surface. PIV is an optical technique to measure the velocity
field in a fluid that is seeded with sufficiently small and neutrally buoyant fluorescent tracer
particles. At low Stokes numbers (cf. equation 1), the tracer particles perfectly follow the fluid flow
38 and thus the fluid velocity can be assumed to be equal to the velocity of the particles. The Stokes
number is defined as:

t_p _ pp D;U Max
t; - 1844, b,
where t,, and t; are the relaxation time of the particle and the characteristic time scale of the flow,
respectively, p, is the density of the particle, D, and D, are bubble and particle diameter,
respectively, Uy, is the maximum velocity present within the system, and uy is the dynamic
viscosity of the fluid. We estimate the time scale of the flow by the fluid velocity at the inlet and
the bubble diameter as characteristic length scale of the flow. The Stokes number in our case was
St = 0.01 « 1, which ensures the above-described condition of perfect advection.

The fluorescent particles are illuminated by a 530 nm laser and emit light with a wavelength of
607 nm (Nd-YLF laser; Photonics Industries, USA). The fluorescent signal is separated from the

St= 1)
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background by an optical long-pass filter. Two high-speed cameras mounted on a stereo
microscope in a slightly tilted angle record images of the measurement volume which are processed
later to obtain the stereoscopic velocity field. The cameras were operated at an exposure time of
100 ps. The magnification of the imaging system was 3.2, providing a spatial resolution of 245.5
+ 0.4 px/mm. The thickness of the measurement volume is set by the depth of field of the optics,
i.e. 0.18 mm. The parameters of the PIV system employed in this study are summarized in table 1.

The velocity distribution in the measurement region is calculated by correlating consecutive
particle images. Details on the principle of operation can be found in Raffel et al. 3 Afterwards,
particle tracking velocimetry (PTV) is applied as post processing to achieve higher spatial
resolution (PIV evaluation software DaVis; LaVision, Germany) “°. The third component of the
velocity was determined by a Shake-the-Box algorithm from the stereoscopic recordings. This
algorithm predicts the particle trajectory based on previous time steps and further corrects it by
varying the predicted position in space (“shaking”). For a comprehensive description of this
algorithm we refer to Schanz et al. #!

Table 1. Properties and parameters of the micro PIV setup.

Image resolution 1280x800 px?
Spatial resolution 245.5+0.4 px/mm
Frame rate 200 fps

Exposure time 100 ps
Magnification 3.2

2. Interfacial studies
2.1. Surface tension and elasticity

The dynamic surface tension of the aqueous system in the presence of NPs (0.25 wt.%), CTAB
(0.5 CMC), and NPSCs (0.25 wt.% NPs + 0.5 CMC CTAB) is measured using PAT. Consistent
with previous studies >*3, our results proved that the addition of hydrophilic silica NPs does not
change the surface tension of pure water (orange triangles in Figure 3a). However, it is revealed
that the addition of the same amount of NPs to a 0.5 CMC CTAB solution increases the surface
tension of the surfactant solution significantly (see Figure 3a, blue squares vs. purple diamonds).
This is attributed to the depletion of the surfactant molecules from the bulk solution due to the
formation of complexes. During this process, the cationic molecules adsorb at the surface of the
negatively charged silica NPs via electrostatic attractive forces. Consequently, the concentration of
the free surfactant molecules in the solution decreases. Since the surface activity of the NPSCs is
considerably lower than that of the surfactants %4, the surface tension of the system increases. In
other words, the NPs themselves become surface active and adsorb at the interface due to the
formation of complexes. However, since their surface activity is less than that of the surfactant
molecules, the surface tension of the mixture (0.25 wt.% NPs + 0.5 CMC CTAB) increases
compared to the surfactant solution (0.5 CMC CTAB).

Figure 3b shows the dilatational elasticity of the studied systems during low amplitude
sinusoidal oscillations (about 8% of the initial surface area). The elasticity values increase with
increasing the oscillation frequency for both surfactant and NPSC. Due to the time scale of the
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relaxation processes such as adsorption-desorption, re-orientation *° or surface aggregation,  the
system remains further from equilibrium at higher frequencies #’. The results also indicate that the
elasticity values of the solution with NPSCs are higher than that of CTAB, since it requires more
time for such large-sized compounds to respond to the surface area changes compared to the low
molecular weight surfactants.
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Figure 3. a) Dynamic surface tension measurements for 0.25 wt.% NPs, 0.5 CMC CTAB, and
0.5 CMC CTAB + 0.25 wt.% NPs; b) elasticity values of the same systems as a function of the
oscillation frequency.

2.2.Large amplitude compression

The adsorbed layer of NPSCs was studied under large-amplitude compression of the surface area.
The graph in Figure 4 plots the surface pressure IT vs. normalized surface area A/Ao. The surface
pressure of the NPSC layer increases gradually with decreasing the surface area. This is related to
the irreversible adsorption of NPSCs at the interface. Upon compression, the number of complexes
per surface area and thus the surface pressure increases. However, the surface pressure rises
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significantly sharper when the surface area decreases to less than 60% of its initial value i.e.
A/A0=0.6. The augmented concentration of the complexes at the interface increases the interparticle
interactions, which further increases the surface pressure. However, as can be seen from Figure 4,
the sharp increase of the surface pressure eventually breaks off due to the “collapse” of the
interface. The collapse of the interface is visualized in Figure 5a for a pendant aqueous drop
containing NPSCs. A solid-like skin forms on the surface of the drop upon compression. As the
compression continues pronounced wrinkles appear “8. These wrinkles are less pronounced for the
fast compression of a freshly formed droplet in Figure 5b since the surface is not yet fully covered
with NPSCs. Because of the solid-like properties of the surface, the droplet shape cannot be
described anymore by the Gauss-Laplace equation so that the error in the surface tension
measurements rises with stronger surface compression. However, the characteristic shape of the

surface pressure curve can be used to estimate certain interfacial properties of the system as
described below.

60
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Figure 4. Surface pressure change during droplet surface compression for the NPSCs system.
The dashed lines indicate the characteristic slopes yielding Ac and I1¢ at their intersection for the

contact angle estimation via equation (7). The solid arrow points out the temporal evolution of
the compression cycle.

Recent studies suggest that the surface properties of the particles influence the collapse
mechanism significantly *°. If the particle expulsion is the main mechanism for the interface
collapse, the particle contact angle can be determined following Clint et al. *°. Note that this
assumption is drawn to allow a rough estimation of the contact angle while the actual mechanism
is not investigated within the scope of this study. For small particles, the effect of gravity is
negligible; and the energy required to remove a single particle with radius Rp from the interface
can be calculated in terms of the three-phase contact angle 6 and the interfacial energies y (cf.

Figure 5d). The contact area of a particle at the interface with the aqueous phase equals Zanz(l +
cos 0).

The water-air surface is reduced by an area of wR,*sin?6 = nR,*(1 — cos? ) due to the

presence of a single particle. Therefore, the energy to remove a particle from the interface is
described by:

10
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Figure 5. Visualization of surface solidification during large-amplitude surface compression of
a drop of NPSC dispersion. Subfigure a) presents an aged drop with slow compression, while b)
shows a freshly created drop during fast compression. ¢) Schematic of the formation of a “solid-
like” skin at the water/air interface, adapted from °%. d) Schematic of a particle at the interface.

The negative and positive signs are determined by the direction in which the particle is ejected:
negative if the particle enters the aqueous phase and positive if it enters the vapor phase. By
applying Young’s equation for the contact angle in equilibrium i.e. ysy — ¥s. = yLv cos 6, equation
5 reduces to:

W = 1R, *y1y(1 £ cos 6)2 . (6)

Again, the positive sign is for expulsion toward the vapor phase and negative for the aqueous phase.
Since the particles are waterborne and originally hydrophilic, a contact angle less than 90° and an
expulsion toward the water phase upon compression is assumed. Following Santini et al. 52 and
accounting for the number of particles at the interface, we can relate the surface pressure at the
collapse point to the contact angle:

A, = NNPSCsT[szyLV(1 + cos 0)2 (7)

11
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where Nnpscs IS the number of the NPSCs at the interface. As the inverse of the surface curvature
is expected to be much larger than the size of the NPs, the interface still can be considered as flat
at the point of collapse. The characteristic slopes of the surface pressure curve yield a critical
surface area Ac = 0.47 and a critical surface pressure I1c=47.1 mN/m at the kink, which defines the
interface collapse (cf. Figure 4). Using equation 7, this method estimates the contact angle of the
NPSCs to be around 76°.

2.3. Elasticity under stepwise surface compression

The elasticity values for the NPSC system were additionally measured during successive
compression of the surface area. Figure 6 shows the drop surface area, surface tension, and
determined elasticity values during the step-by-step surface compression with subsequent small-
amplitude area oscillation. The elasticity value E is observed to increase with decreasing bubble
size due to the enhanced inter-particle interactions. Additionally, a nonlinear behavior appeared in
the surface tension response, i.e. the elasticity values at higher compressions (E4 and above in
Figure 6) rise sharply. As mentioned earlier, due to the formation of a solid-like skin at the surface,
the drop adopts a non-Laplacian shape that introduces large uncertainties to the surface tension and
thus the elasticity values.
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Figure 6. The protocol for surface area reduction and subsequent oscillation to measure the
magnitude of the elasticity |E| for drops of different surface area together with corresponding
surface tension curve and obtained values of |E|.

3. Hydrodynamic studies
3.1. Flow field around the bubble and on its surface

The flow field around the bubble was studied for the NPSC and SDBS system. After bubble
formation, a waiting time of at least 100 s was kept before the PIV measurements were started.
Together with the enhanced mass transfer due to convective mixing by the flow, this allows us to
assume that the system is close to equilibrium. Figure 7 shows the distribution of the velocity
magnitude for (a) SDBS (2.2 mM) and (b) NPSC interface under asymmetric shear flow (inflow
nozzle placed under the bubble with 1 mm horizontal shift as sketched in Figure 2b). Since the
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concentration of SDBS is quite high, i.e. 1 CMC, a no-slip boundary condition is expected. The
low velocity values near the interface and the pronounced velocity gradients normal to the interface
for the SDBS and NPSC systems indeed suggest a no-slip boundary condition in both cases.
Additionally, it is observed that both NPSC- and SDBS-laden bubbles develop a circulating
interfacial flow under the asymmetric inflow, in response to the unbalanced viscous stress of the
bulk flow. The interfacial flow is aligned with the bulk flow on the right side and opposes the bulk
flow direction on the left side.

Figure 7. Experimental measurement of velocity distribution around a bubble attached to the tip
of a capillary, given by the absolute value of the local velocity vector for a) 2.2 mM SDBS and
b) NPSCs (0.25 wt.% NPs+0.5 CMC CTAB). c¢) Pathlines of the interfacial and bulk flow for
the NPSC system; the same flow structure is observed for the SDBS system *3. The color denotes
the intensity of the fluorescence emitted by the particles. d) Schematic presentation of the
circulating interfacial flow with adsorbed matter under shear flow.

Figure 7c shows the pathlines of the tracer particles both in the bulk and at interface. At the
interface the attached polystyrene tracer particles move due to the interfacial flow. The continuous
circulation indicates that a typical stagnant cap does not form because the surfactant concentration
gradient, i.e. the Marangoni stress is curl-free and thus cannot compensate the shear stress of the
surrounding asymmetric flow field. Figure 7d schematically shows the circulating surface flow that
drives and redistributes the adsorbed substances at the interface. Note that the interfacial flow
observed on the bubble surface is different from a solid body rotation, since the angular velocity is
not constant but varies spatially at the bubble surface. A more detailed study of the corresponding
bulk and interface flow field in this setup can be found in Eftekhari et al. *3
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3.2. Interfacial flow under surface compression
3.2.1. Adsorbed nanoparticle-surfactant complexes and polystyrene tracer particles

In technological applications, the surface area can decrease due to processes like bubble-bubble
coalescence, which can potentially increase the surface coverage. Thus, the flow measurements are
repeated under successive reduction of the bubble size to understand the influence of surface area
and surface coverage. The structure of the bulk flow field did not change considerably for both
NPSC and SDBS systems under surface compression. However, the interfacial flow differed upon
compression. While the surfactant-laden interface remained mobile throughout the whole
compression, the particle-laden interfaces became immobile below a certain surface area (c.f. video
V1.mp4). The switch to an immobile bubble surface implies a significant change in the structure
of the interface and its fluidity. Figure 8 qualitatively plots the mobility of the bubble surface as a
function of A/Ao for (a) NPSCs and (b) SDBS. In Figure 8a, the surface coverage of the bubble
increases upon compression due to the irreversible adsorption of the NPSCs. This changes the
nature of the interface from liquid-like to solid-like (cf. Figure 5c). In this study, only a Boolean
representation (Mobility: Yes = Green; No = Red) is used to address the change of the interface
state. This is because the transition from fully mobile to immobile surface occurs quite abruptly
during reduction of the bubble size. A mobile surface means that there is an interfacial flow, while
immobility implies the absence of measureable interfacial velocity. As plotted in Figure 8b, the
surfactant-laden interface remains mobile almost throughout the entire compression cycle and the
bubble surface becomes immobile only at very small sizes (video V2.mp4).

(] A$AR ] O © A I & A @ DA AD

Mobility
m
Mobility

- 0—EA0—B-o—HoA o AI00—
1 0.8 0.6 0.4 0.2 0 1 0.8 0.6 0.4 0.2 0
Area ratio Area ratio

Figure 8. Mobility of PS tracer particles at the bubble surface as a function of the surface area
ratio for (a) system with nanoparticle-surfactant complexes (NPSCs), (b) surfactant solution
(SDBS). Different symbols represent different experimental runs.

The final immobilization is attributed to the stagnation of the flow at the solid capillary surface
rather than to a change in the surface properties due to the adsorbed surfactant. In addition, at such
an extremely high compression, the attached polystyrene tracer particles tend to form clusters that
can adhere to the capillary and thus impede the circulating flow. The observation of a fully mobile
surface over almost the entire compression range is consistent with the fact that the equilibrium
surface concentration of soluble surfactants such as SDBS does not change with the surface area.
It further confirms that the immobilization of the interface in the presence of NPSCs at moderate
area ratios is indeed caused by the surface properties of the bubble and not by geometric size effects
in the flow field.
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Figure 9. Surrounding velocity field (a) and movement of glass beads at the interface (b-d) in
the absence of NPSCs. At the onset of the flow, the particle layer tilts from state (b) to (c); as the
flow continues, the particle layer keeps the same tilt but rotates steadily around the vertical axis
from (c) to (d).

3.2.2. Attached glass beads

In the previous sections, attached PS particles were used to track the interfacial flow. The
interaction of the PS particles on the bubble surface with the surrounding bulk flow is negligible
due to their low density difference with water and their small size. The practically relevant particles,
e.g. for flotation processes, are expected to differ from the model tracer particles. Due to their
higher densities and larger sizes, they interact significantly with the surrounding liquid. Hence,
additional flow experiments were conducted using hydrophobized glass beads instead of PS
particles. Since the glass beads (GBs) are heavier than water, they do not remain dispersed in the
quiescent aqueous phase. This prevents their spontaneous attachment to the bubble surface.
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Therefore, to avoid sedimentation and to initiate attachment, the aqueous phase was agitated with
a magnetic stirrer inside the flow cell. The number of attached GBs can be controlled by the stirring
time. Before the flow measurements, the stirring was stopped and the inflow was started. For the
previously used flowrate i.e. 150 mL-h, the attached GBs remained stationary at the lower apex
of the bubble. Hence, to initiate movement of the GBs at the interface, the inlet flow rate had to be
increased. Firstly, the flow measurements were performed in the absence of NPSCs. The behavior
of a bubble fully covered with GBs under asymmetric shear flow is shown in the SI (cf. Figure
S.1V). The surface properties of this fully covered bubble are similar to that of a solid sphere.
However, unlike a free solid sphere in an asymmetric flow field, the coated bubble is pinned to a
stationary needle. As a result, no rotation of the fully immobile interface can be induced and thus
the interface and the layer of attached GBs remain stationary.

In the next step, the behavior of a partially covered bubble is investigated, again without added
NPSCs. The snapshots in Figure 9 show that the attached GB layer forms a spherical cap. In a
quiescent state, this cap is facing downwards because of gravity as displayed in Figure 9b. During
inflow from the horizontally displaced nozzle, asymmetric shear stress acts on the bubble surface.
A representation with 3D particle tracks is chosen in Figure 9a to enlighten the dynamics described
in the following. In response to the asymmetric shear stress, the cap tilts (~20 degree, Figure 9b to
c) and steadily rotates around its vertical axis (c to d). The rotation presumably is caused by a small
out of plane component of the velocity field around the bubble. The direction of rotation can be
deduced from the sign of the out of plane velocity component, cf. Figure S.111 in the SI. As can be
seen from this Figure, u; is negative at the right side of the bubble driving a counterclockwise
rotation of the surface when viewed from above.

3.2.3. Adsorbed nanoparticle-surfactant complexes and glass beads

Finally, the bubble was formed in a dispersion of NPSC and a small number of GBs (around 10-
50) were attached to the bubble surface by stirring. Again, a similar shear flow was applied to the
bubble surface. Under stepwise reduction of the bubble size, the mobility of the GBs was recorded
at the NPSC-laden bubble surface. The evolution during the surface area compression included
fully mobile (green) and immobile (red) states (see Figure 10). Additionally, an intermediate
regime with partially mobile surface (marked orange in Figure 10) was observed at moderate
compression. In this state, the GBs retained their mobility, but their velocity was reduced
considerably. In contrast to the PS particles, the GBs interact strongly with the surrounding bulk
flow because of their larger size and higher inertia”. Hence, these particles do not directly follow
the interfacial flow and a moderately compressed NPSC layer thus cannot fully arrest their motion.
The limits in Figure 10 are set such that green denotes a mobile state and red an immobile state for
all measurement runs. The area in between is considered as a transition from mobile to immobile.

As visible from the different mobility states in the orange region of Figure 10, exact
reproducibility between repeated experimental runs could not be achieved at moderate
compression. The discrepancies might be a consequence of a certain variation in the number of
GBs attached to the bubble surface, or their relative position with respect to the inflow. The former

* A certain finite size effect already is visible at few larger PS particle agglomerates moving in the
opposite direction of the main interfacial flow in video V2.mp4 in the SI.
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can affect the area ratio required to reach the corresponding mobility state while the latter can affect
the magnitude of the forces that the GBs experience.
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Green=Glass beads showed movementin all cases
Red=No movement was observed for all cases
Orange=Highly dependent on experiment
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Figure 10. Mobility of glass beads at a bubble surface covered with NPSCs as a function of the
surface area ratio. Different symbols represent different experimental runs.

The reported shift towards a solid-like state during the surface compression (c.f. Figure 5c) is in
line with the immobilization of the interface that is observed in our hydrodynamic studies with
adsorbed NPSCs. To characterize the ratio of the interfacial forces acting against the shear stress
of the flow we introduce a dimensionless number, which resembles the Marangoni number defined
by Brenner %3

M= 5 Ry) ®
where E' = —dy/dIn(T) is the limiting value of the viscoelastic modulus for the particle-laden
interface and Fj, /R, is the drag force per unit length acting on the bubble by the asymmetric inflow.
In our experiments, the shear stress driving the interfacial flow mainly results from the different
velocity magnitudes (Au,) on both sides of the bubble. For simplicity, we replace Fp
by 6mn ¢ RpAu,, thus the ratio reads Ma™ = E’/(6mn¢Au,) in our configuration.

The Marangoni number defined by Brenner > describes the ratio of surface tension gradient
forces to viscous forces. However, in our case, the elasticity value expresses a rheological property
of the interface owing to the particle interactions rather than the acting surface tension gradient.
Therefore, we call this dimensionless number apparent Marangoni number (Ma*). The limiting
value of the elasticity (E') is a thermodynamic property and does not depend on the frequency of
the oscillations 3. However, this quantity requires knowledge on the governing relaxation
phenomena. For our rough estimation, we simplify the problem by assuming that E’ is equal to
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|E| = VE?2 + E" at 0.05 Hz, which is the magnitude of the viscoelastic modulus at low frequency.
|E| is calculated for the drops of different sizes during successive compression as depicted in Figure
6. Based on these approximate calculations (using a velocity difference of 7.5 mm-s™* and an
elasticity value of 26 mN-m™ which corresponds to the area ratio at the transition to an immobile
surface as seen in Figure 8a) a value of Ma* = 200 is estimated for the apparent Marangoni
number. This number provides an estimate of the critical ratio of interfacial forces to shear forces
that initiates interfacial immobility.

The switch to an immobile bubble surface implies a substantial change in the structure of the
interface. Since the hydrodynamic properties and the mass transfer processes in a multiphase flow
will be significantly influenced by this effect, we consider the boundary conditions at the bubble
surface in the following. For a non-deformable interface (zero normal velocity at the interface), the
shear stress balance at the interface reads
Tout _ pin — —\7)/. (9)
The superscripts in and out denote the inner and outer phases. In the absence of surface tension
gradients 7y, equation 9 reduces to T°% = t*, Supposing that the inner phase has negligible
viscosity such as air, equation 9 further reduces to 7°%¢ = 0. This is denoted as free-slip boundary
condition and implies the absence of velocity gradients at the interface in normal direction, i.e.
dugy/0r = 0. Here, ug is the tangential velocity component and r is the radial coordinate. In
contrast, a no-slip interface can take up shear stress from the surrounding flow i.e. dug/0r # 0.
Furthermore, our experiments show that under asymmetric shear stress interfacial flow exists even
at high surfactant concentration, i.e. when dug/0r # 0. To illustrate the above points, we
summarize the relevant boundary conditions for our bubble experiments:

e Theoretical case of ideally clean bubble: free-slip dug/dr = 0 and mobile interface uy # 0
e Bubble covered with soluble surfactant: no-slip duy/dr # 0 and mobile interface uy # 0
e Compressed, particle-laden bubble: no-slip duy/dr # 0 and immobile interface ug = 0

Indeed, a bubble with immobile interface suspended in a liquid can show nonzero velocities at the
interface due to translation and rotation while in our setup the immobile interface is arrested by the
capillary needle. Besides, Figure S.IV in the Sl indicates that a certain deformation can occur under
the dynamic pressure from the flow field. The above listed boundary conditions clearly underline
the disparate interfacial properties set by the type of adsorbed material.

Conclusion

In this work, we investigate the behavior of surfactant- and particle-laden bubbles under the
influence of asymmetric shear flow. It is revealed that the interface experiences unbalanced shear
stress that is not curl-free under asymmetric flow. These shear forces cannot be compensated by
Marangoni stress and hence provoke an interfacial flow in the presence of both surfactants and
nanoparticle-surfactant complexes (NPSCs). Although a no-slip boundary condition was observed
for both cases, the response of the interfacial flow (i.e. surface mobility) to a surface compression
(i.e. reduction of the surface area) substantially differs for each case. In the presence of soluble
surfactants, the surface concentration does not change upon compression and the interface remains
mobile. However, due to the irreversible adsorption of NPSCs, a solid-like skin may form at the
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interface of a bubble upon compression. This skin appears when reducing the surface area below a
critical fraction and immobilizes the interface. The ratio of the surface elasticity to shear force is
used to describe the immobilization of the interface upon compression.

Our results underline that submicron particles, which are present as ultrafine fraction in many
technological processes, considerably affect the interfacial and hydrodynamic properties of the
system. For example, in froth flotation, the presence of adsorbed submicron particles can affect the
system in two different ways. Firstly, they change the surface properties, and therefore the stability
of dispersed systems or surface-driven processes like bubble-bubble coalescence 5+, Secondly,
they change the hydrodynamic properties of the system, influencing flow-driven processes like
bubble-particle collision or film drainage *’. For the micron-sized particles which are in the typical
size range of target particles in a flotation process further interaction with the surrounding flow
field by their geometrical extension and density effects have to be considered.

To conclude with a practical example, we consider the coalescence of three bubbles with equal
size. The surface area of the combined bubble equals 69% of the initial surface area, which
according to our findings can cause a mobile surface to become immobile in the presence of
adsorbed fine particles. In order to gain an in depth understanding of the mechanisms causing the
immobilization, future studies should include a defined variation of nanoparticle size, concentration
and hydrophobicity. Coupled with measurements of the interfacial velocity field under surface
compression in very fine steps this may provide further insights on the processes during the abrupt
transition to an immobile interface.
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Electronic supplementary information (ESI) available. In the supplementary material, the size
distribution of nanoparticles (NPs) and glass bead (GBs) along with zeta potential measurements
of the employed NPs are reported. Furthermore, the out of plane velocity component for Figure 9
and the response of a bubble fully covered with GBs to the asymmetric flow are shown. Two videos
visualize the mobility of the interface under successive compression for complex- and surfactant-
laden interfaces.
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