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Foams can be stabilized for long periods by the adsorption of solid particles on the liquid—gas interfaces.
Although such long-term observations are common, mechanistic descriptions of the particle adsorption
process are scarce, especially in confined flows, in part due to the difficulty of observing the particles in
the complex gas-liquid dispersion of a foam. Here, we characterise the adsorption of micron-scale
particles onto the interface of a bubble flowing in a colloidal aqueous suspension within a microfluidic
channel. Three parameters are systematically varied: the particle size, their concentration, and the mean
velocity of the colloidal suspension. The bubble coverage is found to increase linearly with position in
the channel for all conditions but with a slope that depends on all three parameters. The optimal
coverage is found for 1 um particles at low flow rates and high concentrations. In this regime the
particles pass the bubbles through the gutters between the interface and the channel corners, where
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Accepted 7th January 2018 and therefore provide very poor coverage. In contrast, particle aggregates can sediment onto the
microchannel floor ahead of the bubble and get swept up by the advancing interface, thus improving

the coverage for both large and medium particle sizes. These observations provide new insight on the
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1 Introduction

Liquid foams are inherently out-of-equilibrium systems that are
nevertheless ubiquitous in everyday life and industrial settings.
Among the many ways that have been devised to slow down
their aging, the adsorption of solid particles onto the liquid-air
interfaces'” has attracted strong attention in recent years.>*
This approach is of special interest to the industry for two
reasons: (i) the particles confer extra stability, including for non-
aqueous systems,” when they replace or are combined with
molecular surfactants; (ii) particles can represent a natural alter-
native to molecular emulsifiers, in particular in the food area.®
Solid particles play a similar role as surfactants since a
particle that adsorbs onto an interface reduces the total free
energy of the liquid-solid-gas system for any contact angle
other than full wetting.” Since the energy gain due to this
adsorption is orders of magnitude larger than thermal fluctuations,
particles tend to remain adsorbed once they reach the interface,
unlike molecular surfactants.® This equilibrium picture however
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does not address the question of getting the particles onto the
interface, which requires the system to overcome energetic barriers
such as electrostatic repulsion between the interface and the
particle, the resistance of the lubrication film to drainage, or the
forced dewetting of the initial suspension liquid at the contact with
the particle.?

Indeed the adsorption process comprises multiple steps:
collision between the particle and the bubble, attachment to
the interface and, potentially, detachment.” While attachment
and detachment are controlled by both hydrodynamics and the
physical chemistry of the system,”® collision has a purely
hydrodynamic origin.>'® These processes have been extensively
studied in the context of froth flotation®*® but mostly by
considering a particle adsorbing onto a single bubble'”*® far
from other solid or liquid interfaces.

Recently, the advent of microfluidics has enabled the controlled
production of bubbles covered by particles, sometimes called
armored bubbles. This can be achieved either at high flow rates
in which inertial effects push the particles onto the interface,"*>"
or at low flow rates by squeezing the particles into the thin film
between the gas-liquid interface and a solid wall.>*** Similar
physical mechanisms can be found in industrial processes: while
the whipping of a liquid suspension at high average Reynolds
number at kitchen or industrial scale would involve large
inertial effects, the whipping of a colloidal gel at lower Reynolds
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number, e.g. below the turbulent regime, would involve particles
being squeezed between two bubbles, or between a bubble and a
solid boundary.

In contrast with large-scale foaming methods however,
microfluidics allows the production of armored bubbles while
independently tuning the bubble size and the time during
which colloidal particles adsorb onto the interface. It also
provides optical access to observe the kinematics of the coverage
process.*>?*?> These properties were used by Kotula and Anna,**
who probed the adsorption dynamics of nanometric particles at
the liquid/air interface in a microfluidic channel, reporting that
particle adsorption could lead to bubble break-up in the channel.
Similarly, Zoueshtiag et al.>* investigated the influence of different
wetting configurations for the particles and the channel walls on
the formation of an armored bubble within a microfluidic device.
Finally, Yu et al.>* considered the interactions between the particle
adsorption and the lubrication film between the bubble and
tube wall.

Here we use the same device as Taccoen et al.”” to measure
the dynamics of colloidal particle adsorption onto the interface
of a bubble flowing in a microchannel. The influence of three
parameters is studied: the particle size, the particle concentration
in the suspension, and the speed at which the bubble is pushed
through the device. We first address the hydrodynamic questions
through the relative velocity of the bubble and the outer fluid.
Then we find that particles can adsorb to the bubble interface by
two distinct routes: small particles reach the interface as they pass
the gutters between the bubble and the channel walls, while large
aggregates tend to sediment onto the channel floor where the
interface captures them as the bubble passes by. The final coverage
decreases with increasing flow speed, and increases when particles
have had time to aggregate.

l. 25

2 Material and methods
2.1 Colloidal particles

FluoSphere® carboxylate-modified 0.5 and 1.0 um polystyrene
microspheres were purchased from Molecular Probes/Life
Technologies (Grand Island, NY), 4.5 pum Fluoresbrite™ carboxy
microspheres were purchased from Polysciences Inc. (Warrington,
PA). Concentrations ranging between 0.1-1.0 wt% of solids
(Table 1) were prepared in an aqueous solution of 0.5 M NacCl
(Analytical, NormaPur, 99.5% min) in Milli-Q water.

The concentrations in suspension were varied according to
Table 1, where the weight and number concentrations are
reported for all of the experimental conditions.

Table 1 Particle sizes and colloidal concentrations used in the coating
experiments

Cparticles (Partides per mL)

¢, wt% d=0.5 um d=1.0 pm d=4.5 pm
0.1 1.46 x 10'° 1.82 x 10° 2.05 x 10’
0.5 7.28 x 10*° 9.09 x 10° 1.03 x 10°
0.8 1.46 x 10'°
1.0 1.82 x 10"
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2.2 Microfluidic design

The microfluidic device was produced by soft lithography,
by first producing a brass mold using a CNC micromilling
machine (Minitech Machinery Corporation, USA), following
a 3D model of the channel drawn under a CAD software
(RhinoCAM, Rhinoceros, McNeel Europe). Liquid PDMS (Sylgard
184, Dow Corning, USA) with curing agent at a ratio of 1:10 was
then cast over the mold and cured on a hot plate at 150 °C for at
least 24 h. This thermal aging was necessary to reduce the
hydrophobic recovery of the PDMS after plasma treatment.>®
The patterned PDMS was sealed to a glass slide after 35 s of
plasma treatment (Harrick Plasma, USA), and the resulting
channel was immediately filled with distilled water (Milli-Q,
Merck, Germany) to ensure walls hydrophilicity. The microfluidic
chips were stored in a 100% humidity sealed container in order
to prevent drying and to keep the channels hydrophilic.

The microfluidic device had two inlets and two outlets. The
inlets were connected to a liquid and air filled syringes, controlled
by a syringe pump (Nemesys, Cetoni). In turn, the outlets were
connected to a controlled pressure source (MFCS, Fluigent). The
geometry consisted of three successive regions: One for bubble
creation, followed by a “coating” channel for particle adsorption,
and a final dome-shaped chamber for bubble monitoring (see
Fig. 1). The device was placed on an inverted microscope (Nikon
Eclipse Ti-U) and images were acquired using a Photron Fastcam
SA3 camera. Images were analyzed using Fiji*” and custom Matlab
code (The MathWorks, Inc., USA).

2.3 Experimental protocol

In a typical experiment a syringe containing the colloidal
suspension was connected to the first inlet and the entire device
was pre-filled with the colloidal suspension. Then, a syringe filled
with air was connected to the second inlet. Experiments began
when an air bubble was created quasi-statically in the first region
through the use of a confinement gradient”® in roughly
30 seconds to 1 minute, letting very little time for the colloids
to aggregate. Typical bubble volumes in our experiments were
23 nL, which corresponded to a length of approximately 1 mm in
the coating channel.

Once the bubble was created, a flow of the colloidal suspension
was imposed, forcing the air bubble to travel through the

obser:ti> N
chamber ||
\\

|fluid with
| particles

injector of
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Fig. 1 An optical microscope image of the microfluidic device. The two
inlets on the left hand side allow the injection of the air and the aqueous
solution. The observation chamber on the right hand side has a dome-shaped
cross-section and is connected to a pressure controller through the two
outlet channels. A more detailed description of the 3D shape is given in ref. 25.
Dimensions are h = 78 um, w = 300 pum. Scale bar is 2 mm.
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Table 2 List of the flow rates Q used throughout the study, together with
the corresponding average fluid velocities U = Q/(w x h), and capillary
numbers Ca

Q (UL min™) U(x10 3 ms™) Ca (x107%)
0.5 0.36 0.051

1.0 0.71 0.10

1.5 1.07 0.15

2.0 1.42 0.20

5.0 3.56 0.51

10.0 7.12 1.0

rectangular coating channel. The flow rates Q used in this study
are listed in Table 2, together with the corresponding average fluid
velocities U = Q/(w x h), and the capillary number Ca = nUjy.
Using 5 = 10 * Pa s for the dynamic viscosity of water and y = 7 x
102N m ! for the interfacial tension between air and water, Ca was
in the range [0.051-1.0] x 10~*. The flow profile in the coating
channel in the absence of a bubble is shown in Fig. S1 (ESIt).

3 Experimental observations
3.1 General overview

Typical fluorescence micrographs of a bubble being trans-
ported through the channel are shown on Fig. 2A-H. They
show a bubble entering the coating channel and flowing from
left to right towards the exit. The gradual adsorption of particles
on the interface is visible from the fluorescent intensity of the
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bubble, which begins dark (no adsorbed particles) and gradually
becomes bright (many adsorbed particles). Therefore the variation
in fluorescent intensity of the bubble is an indicator for the
adsorption of particles on the interface.

Information about the bubble’s evolution can be summarized
on a single kymograph, which displays the fluorescence intensity
along the channel centerline as a function of time, as shown in
Fig. 2I. Two signatures of particle adsorption onto the air/liquid
interface are apparent on the kymograph. First, the brightness of
the bubble increases with time. Second, the fluorescence of the
solution is higher upstream than downstream of the bubble,
indicating that the concentration of particles in solution is higher
upstream of the bubble - i.e. on the left-side of the kymograph -
than downstream. Note that the fluorescence intensity of the
depleted region is non zero, indicating that not all particles are
adsorbed onto the interface. Moreover, the size of the depleted
region grows with time, as a result of the speed differential between
the bubble and the particles in the channel centerline. A more
thorough analysis of the depleted region is given in Section 4.4.

3.2 Bubble speed

The speed of a drop or bubble advected by an outer fluid in a
rectangular microfluidic channel depends on many parameters,
such as the aspect ratio of the channel, the size of the droplet, the
capillary number, and the viscosity ratio between the continuous
and discontinuous phases.”*”*° Moreover, the presence of particles
at the interface could potentially influence the speed of the bubble.

Depleted region

Downstream

Position in channel

Fig. 2 (A)—(H) Time-lapse of a bubble flowing through the coating channel. Flow speed: U = 0.71 mm s~*. Colloidal suspension: 0.5 wt% 1.0 pm particles.
Scale bars: 1 mm. The centerline of the channel is indicated by the dashed red line. (I) Kymograph showing the evolution of the fluorescence intensity
along the channel centerline (x-axis) as a function of time (y-axis). Time goes from top to bottom. Flow is from left to right. Particles adsorb onto the
bubble interface, which appears as two bright lines. Upstream of the bubble, the average fluorescence value is /,,. Downstream of the bubble, the fluid is
depleted in particles and has an average fluorescence value /4. The front of the depleted region is highlighted by the green dashed line.
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In our devices the bubble speed was evaluated at different
locations and found to be constant throughout the channel
(Fig. S2, ESIt), always matching the mean velocity U of the
liquid, defined as U = Q/A, where Q is the imposed fluid flow
rate and A the channel cross-sectional area (see Fig. S2, ESIT).
These measurements were consistent with results reported by
Fuerstman et al.*' and more recently by Jakiela et al.,**?*° in
spite of the difference in aspect ratios and bubble lengths
between the different conditions. It is noteworthy that the
bubble velocity did not depend on the presence of particles at
the interface in our conditions, even for high surface coverage,
in contrast with surfactant covered bubbles.?"

The residence time 7 of the bubble in the coating channel
was therefore directly linked to U through t = L/U, where
L = 32 mm is the length of the channel. Varying the flow rates
produced residence times between 5 and 90 s in the coating region.

3.3 Zooming in on a bubble

Zooming in on a moving bubble provides indications on the
mechanism of adsorption, as shown in Movies S1 and S2 (ESI¥).
These movies show that colloidal particles in the central region
of the channel catch up with the bubble and are diverted
towards the gutters at the sides of the bubble, as sketched
by the black particle in Fig. 3A. The particles seem to adsorb on
the front of the bubble (i.e. region facing the outlet) as they exit
the gutters downstream of the bubble. Once adsorbed on the
interface the particles recirculate toward the channel floor and
ceiling, where they are trapped in the lubrication film between
the bubble and the walls, as indicated by the red particles in
Fig. 3A and B. As the bubble back (i.e. interface facing towards
the inlet) passes over these trapped particles, the colloids
remain at the bubble interface and recirculate again towards
the front. These observations are consistent with PIV results for the
flow around a bubble in a rectangular microfluidic channel,****
and for the recirculation along a droplet interface.**

Therefore, two different mechanisms of adsorption are at
play and complement each other. On the one hand, particles in
the bulk suspension enter into the gutters and can adsorb onto
the interface in the gutters, or at the bubble front. On the other
hand, particles already at or near the channel walls will adsorb
onto the interface at the bubble back. We investigate both
mechanisms in the following.

4 Adsorption in the gutters

We now turn to measurements of particle adsorption on the inter-
face as the three experimental parameters are varied: first the
particle concentration, then the particle size, then the flow velocity.

4.1 Influence of the particle concentration

The coverage of the bubble interface increased as the bubble
advanced in the coating channel, as evidenced by an increase in
the fluorescence of the interface. For 1.0 pm particles at a
concentration of 0.1 wt%, the fluorescence intensity increased
linearly with the bubble position (see Fig. S3, ESIt). In contrast,
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Fig. 3 (A) Sketch of a bubble flowing in the microchannel. Colloidal

particles traveling faster than the average flow speed catch up with the
bubble, and are diverted towards the gutters between the bubble and
the channel corner (black bead). They are captured at the interface in the
gutters or at the bubble front. Particles trapped in the lubrication film (red
beads) adsorb on the interface. (B) Side view of a bubble: particles trapped
at the interface at the front of the bubble (black) recirculate towards the
channel floor or ceiling. They are then trapped in the lubrication film (red
beads). Then, as the bubble passes over them, they become trapped at the
bubble back. (C) Bubble shape in the coating channel, cross-section view.
The lubrication film has a thickness 6. The bubble is rounded, leaving space
for gutters (in blue) between its curved interface and the channel walls.
(D) Zoom on the corner region, showing the typical gutter size a. We
estimate @ ~ 9 pm in our channels.

at higher concentrations of 0.5 and 0.8 wt%, the surface coverage
first increased with the bubble position, then saturated and
reached a plateau towards the end of the coating channel, an
indication that the interface was becoming crowded with particles.
These results were similar for all flow speeds and particle sizes that
were tested, see Fig. S4 (ESIT).

4.2 Influence of the particle size

Three different particle diameters were used in our study: 0.5,
1 and 4.5 pm. The behavior of these particles depends on their
size relative to two characteristic length scales in the experiment,
namely the size of the gutters (a) and the thickness of the
lubrication film (), as sketched in Fig. 3C and D.

In the range of capillary numbers used in our study
(Ca =[0.051-1.0] x 10~ %), the radius of curvature R in the corners
of the bubble is prescribed, to leading order, by the channel
geometry:*

R h4+w— \/h24—0— w2 + (n — 2)hw’ )
-n

Soft Matter, 2018, 14, 992-1000 | 995
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so that R & 32 pm. The typical size of the gutter is therefore given
by a ~ (V2 —1)/vV2R ~ 9 um, see Fig. 3D.

In contrast, the thickness ¢ of the lubrication film is much
smaller than R. The relationship between J, R and the capillary
number is given by:**%°

J = 0.643(3Ca)*R.

(2)

The thickness of the lubrication film is therefore between 13
and 96 nm, depending on the speed at which the colloidal
suspension flows. This estimate is based on a purely hydro-
dynamic model and neglects other effects (disjoining pressure,
wall roughness, etc.) which could influence the thickness §.%°
Nevertheless, ¢ is expected to remain small compared to the
other length scales of the problem.

Typical snapshots of bubble coverage are displayed in Fig. 4.
Two main behaviors are observed, depending on the size of the
beads: while the smaller particles (0.5 and 1 pm) are efficient in
coating the interface, independently of the bubble speed, the
4.5 pm particles display a much weaker coating efficiency. The
reason is that aggregates of particles of size 0.5 and 1 pm are
small enough to enter into the gutters, but aggregates of two or
more 4.5 pm particles are too large to flow through the gutters.
Once a small aggregate is stuck at one of the gutters, successive
particles are filtered out and blocked from reaching the inter-
face, leading to the formation of large aggregates.

4.3 Influence of the flow speed

Finally we investigate the effect of flow speed on particle
adsorption, focusing on experimens with 0.5 and 1 pm particles.
For this we estimate the number of adsorbed particles from

0.36 mm/s

0.71 mm/s 1.07 mm/s

0.5um
Cparticles = 1.46 x 1012

1.0um
Chparticles = 9-09 x 10"

4.5um

C =1.03 x 10"

particles
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kymographs, such as the one shown in Fig. 2I and Fig. S5 (ESIt),
which reveal that the fluorescence intensity directly downstream of
the bubble is smaller than upstream of the bubble. This is a
consequence of particle capture by the interface, since the colloids
that adsorb onto the interface are removed from the bulk flow. We
may therefore define the ratio ¢ = (I, — Iy)/l,, where Iy and I,
represent the fluorescence intensities downstream and upstream of
the bubble, respectively. The value of ¢ is a measure of the amount
of colloids adsorbed onto the bubble interface.

The value of ¢ for different flow rates is shown on Fig. 5. For
0.5 um particles, ¢ displays a non-monotonic dependence on
the flow rate, while remaining at values below 15% (Fig. 5A). In
contrast, for 1 pm particles ¢ displays a maximum value at low
flow rates, decreasing to a plateau at high flow rate values, as
shown in Fig. 5B. The absolute values of ¢ for these particles
are in the range of 35 to 75%.

4.4 Final surface coverage

While ¢ measures the amount of particles captured by the
bubble, a complementary measurement is the relative bubble
area covered by the particles for each condition. This quantity is
measured by releasing the bubble into the conical observation
chamber, where it adopts a spherical shape with radius R,.
Then by increasing the ambient pressure, the bubble can be
shrunk until the particles on the interface form a jammed state
at a final bubble radius R (see Fig. S6, ESIt).>

The particle coverage of the interface in the coating channel
can therefore be defined as:

Ar x 100%,

coverage =
g Ao

(3)

1.42 mm/s 3.56 mm/s 7.12mm/s

Flow
direction

Fig. 4 Bubble coverage in the channel at position E from Fig. 2, for particles of different diameters and various flow speeds. Bubbles get coated by
particles or aggregates small enough to enter into the 9 pm-gutters. Particles of 0.5 and 1.0 um uniformly coated the bubble interface. Aggregates of
4.5 um particles were too large to enter into the gutters, and could not coat the bubble efficiently.

996 | Soft Matter, 2018, 14, 992-1000

This journal is © The Royal Society of Chemistry 2018



Paper
A 0.15
A
A
0.10 4
A A
=
A
0.05 1 A
0.00 T T T T
0 2 4 6 8
Umm/s)
B
0.8
A
) ¢
061 @ A, n
Ny
| |
< 04 ® o A
) [ °
0.2
0.0 T T T T
0 2 4 6 8
U@mm/s)
Fig. 5 (A) The fraction ¢ = (I, — I4)/1, of adsorbed particles at the interface

shows no clear dependence with the speed of the colloidal suspension for
0.5 pm particles. (B) For 1 um particles, ¢ decreases when the speed of
the colloidal suspension increases, except at the highest colloidal concen-
tration. Concentration of the colloidal suspension: 0.1 wt% (A), 0.5 wt%
(@) and 0.8 wt% (H).

where A¢ = 4Ry is the surface area of the jammed bubble and
Aoy = 4nR,* is the surface area of the bubble before pressure
increase. The evolution of surface coverage with particle size,
particle concentration, and flow speed, is summarized in the
plots in Fig. 6.

For 0.5 pm particles at a concentration of 0.1 wt% (Fig. 6A),
the bubble interface was covered on average at 40% at the end
of the coating channel and no clear dependence between the
surface coverage and the fluid velocity could be observed.
Increasing the concentration of particles to 0.5 wt% led to a
qualitatively different behavior: as the bubble flowed within
the channel, the available interface became entirely coated
with particles before reaching the observation chamber. This
induced the formation of a neck, and eventually to the break-up
of the coated bubble into two bubbles, similarly to what was
reported by Kotula and Anna* (see Fig. S7 and Movies 3, 4, ESI¥).

For 1.0 pm particles, increasing the flow rate reduced the bubble
coverage, as seen in Fig. 6B. At a concentration of 0.1 wt%, the
coverage varied between almost none at all, for the highest speed, to
25% for the slowest speed. At higher particle concentrations, the
average coverage increased, with a similar dependence on the flow
speed: higher flow speeds led to worse coverage.

Finally for 4.5 pm particles, the surface coverage was always
below 20%, as shown in Fig. 6C. The highest coverage occurred

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Percentage coverage of the bubble interface as a function of the
fluid velocity for (A) 0.5 um, (B) 1.0 pm and (C) 4.5 um particles. For 1.0 um
colloids, the particle concentration was varied between 0.1 wt% (A),
0.5 wt’% (@) and 0.8 wt% (H). No dependence of the coverage on the
flow speed can be observed for 0.5 pm particles. Coverage decreases with
increased flow speed for 1.0 and 4.5 um particles.

at the lowest flow speed, and coverage went down as the flow
speed was increased. At all speeds, aggregates of 4.5 um
particles were too large to pass through the gutters, leading
to poor coverage. Note that the final surface coverage observed
in the conical observation chamber is consistent with the local
adsorption dynamics reported on Fig. 5A and B.

4.5 Discussion

The results described above contradict what is expected when
considering solely the flux of particles towards the bubble.

Soft Matter, 2018, 14, 992-1000 | 997
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Indeed, the flux J of particles towards the bubble is proportional
to the particle concentration ¢ and to the relative speed Av
between the bubble and the fastest particles in the flow:
J oc cAv. The relative speed Av is fixed by the channel geometry
and, in our case, Av = 0.8U for the fastest particles, where U is
the mean flow speed (see Fig. S1, ESIT). Therefore, the particle
flux should be larger at larger flow speeds, leading to an
increased coverage when the flow speed increases. In contrast,
we observed a decreasing coverage with increasing flow speed
for 1 um particles, and a non-monotonic relationship between
coverage and flow speed for 0.5 pm particles.

This contradiction implies that the rate of adsorption is
limited by a different mechanism than simply the transport of
particles past the bubble. A possible source of limitation is the
time spent by a particle in the gutters Tgy¢ter, compared with the
time Tqis required to approach the interface by diffusion. Tyycer
is given by Tyutter = Ib/(Vgutters — Vbubble), Where [ is the length of
the bubble, and vgyers is the speed of a particle in the gutters.
From the experimental movies, we estimate Vgytters X 5Vpubble
(see Movies S1 and S2, ESIT). This leads to a time spent in the
gutters between 35 < Tyyer < 800 ms for the fastest to
the slowest bubbles, respectively. The diffusive time to cross
the size a of the gutter is Tqr ~ a’/D, where D is the diffusion
coefficient of the particles. We find D ~ 10”'> m* s~ using the
Stokes-Einstein equation, yielding Tqi¢r = 80 s. Therefore, only
a small fraction of the particles in the gutters could diffuse to
the interface in a time Tyygter-

Given the inability of particles to cross the gutters during the
advection time, we therefore assume that only the particles that
are initially very close to the bubble will adsorb for the higher
flow velocities. At lower flow velocities however, Toyger & 15,
which is about the time for a 1 pm particle to diffuse across its
own size. This would increase the zone of capture of particles by
about 1 particle diameter and would be consistent with the
doubling of ¢ at the lowest values of U. Such a transport-
limited scenario is consistent with the observed trends for 1 pm
particles but should be verified by further experiments.

The evolution of the fraction of adsorbed particles with the
flow speed shows no clear trend both for 0.5 um particles at
0.1 wt%, and for 1 pm particles at 0.8 wt%, see Fig. 5. These two
mass concentrations correspond to the highest number density
of particles (see Table 1). In this case, it is possible that the
crowding of the interface modifies the transport and the ability
for new particles to adsorb on the already-crowded interface.

5 Adsorption in the lubrication films

Up to now we have solely considered the adsorption of particles
flowing through the gutters. Yet, particles can sediment onto
the floor of the microchannel, where they remain stationary in
the presence of a mean flow. As the bubble arrives over these
sedimented particles, they get pulled into the bottom lubricating
film between the bubble and the wall and are finally adsorbed
onto the interface at the back of the bubble, in a similar
mechanism as what was described by Zoueshtiagh et al*
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The particles then circulate and get redistributed along the
interface, carried by the interfacial flow.

The adsorption in the lubrication film was investigated by
favoring particle aggregation and sedimentation in the experiments,
namely by keeping the fluids stationary for 1-30 min before the
bubble was pushed through the coating channel. During this
waiting period the individual particles formed aggregates, whose
size increased with the waiting time, and that sedimented to the
floor faster than individual particles would. After this waiting time
the experiment was performed, as above, by flowing the bubble
through the coating channel, and the interfacial coverage was
measured when the bubble was released in the observation
chamber at the end of the coating channel.

The evolution of the interfacial coverage with the waiting
time is plotted on Fig. 7, for both 1 and 4.5 pm particles. Flow
speed in the coating channel was kept at 3.56 mm s~ ', a value at
which adsorption was sub-optimal in the absence of sedimentation.
As seen on Fig. 7, the presence of aggregates always enhanced
interfacial coverage. For 4.5 pm particles and in the absence of
aggregation, only ~10% of the bubble interface was covered at the
end of the coating channel. As the waiting time was increased and
larger aggregates formed, the coverage increased and reached a
plateau for waiting times larger than 5 minutes. In the plateau
region, 40% of the interface was covered with particles, there-
fore increasing the coverage by a factor of 4 compared to the
no-aggregation condition. For 1 um particles, the effect was
even more spectacular: as the waiting time increased from 0 to
5 minutes, surface coverage increased from 20 to 100% (see
Fig. 7). Increasing the waiting time further led to the break-up
of the coated bubble into two bubbles, an indication that the
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Fig. 7 Effect of aggregation on surface coverage. Particles were allowed
to aggregate and sediment on the channel floor for times ranging from 1 to
30 minutes. Then, the air bubble was pushed through the coating channel.
Flow speed: U = 3.56 mm s~*. Interfacial coverage greatly increased as
aggregates formed, both for 1 and 4.5 um particles. Dashed lines show the
maximal coverage obtained.
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surface was extensively covered before reaching the observation
chamber.

6 Summary and conclusion

In this study we explore the dynamics of particle adsorption at
an air-liquid interface, as the bubble is transported by a
colloidal suspension in a microchannel. The first question that
we address is the relative velocity of the bubble and the outer
flow. Our measurements of bubble velocity are in agreement
with these previous results that indicate that bubbles should
travel at the mean speed of the carrier fluid.**" Nevertheless
the particles flow past the bubbles in the gutters, suggesting
that the bubble velocity is in fact slower than the mean flow in
reality. This contradiction can be explained by noting that the
ratio of cross-sectional area between the gutters and the micro-
channel amplifies any velocity differences. A simple geometric
calculation gives an amplification factor of 70, indicating that
even a velocity difference of a few percent will lead to a strong
flow of particles in the gutters. Moreover, we observe that the
presence of adsorbed particles at the interface does not influence
the speed of the bubble, contrary to the strong effect of surfactants
that reduce the bubble speed.*

We then identify two complementary mechanisms to cover
the bubble interface. In the first mechanism, particles are
adsorbed as they pass through the gutters formed between
the interface and the channel corners (Movies S1 and S2 (ESI¥)
and Fig. 3A). In this condition, particles adsorb from the
upstream direction and the coverage seems limited by the time
required for the colloids to diffuse towards the interface rather
than the flux of particles carried past the bubble by the outer
fluid. This hypothesis is supported by the fact that the coverage
is best at low flow rates (Fig. 5B), even though the flux of
particles towards the bubble is lower at low flow rates than at
high flow rates. Once the particles are sufficiently close to the
interface, the flow profile can transport them to the front of the
bubble where they are trapped either directly on the interface or
in the lubrication film.

It is important to note that the particular flow patterns of
microfluidic flows play a major role in the bubble and particle
behaviors in our experiments, in contrast with unconfined
flows such as in froth flotation where particles can move freely
around the bubble.’**'>™*® For instance the confinement in
microfluidics sets an upper limit on the size of individual particles
that can reach the interface: particles with a size comparable to the
gutter size jam at the entrance of the gutters and cannot flow
through them. In contrast, in a froth flotation experiment,
increasing the particle size leads to an enhanced surface coverage
because of favorable hydrodynamic and inertial interactions.’
Moreover, the interactions between advective and diffusive
particle transport in a complex flow pattern, in addition to
the presence of the walls, complicate the comparison of time
scales with the classical contact time of froth flotation studies.

Finally, when particles are too large to pass through the
gutters we observe a second coating mechanism that relies on

This journal is © The Royal Society of Chemistry 2018
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the adsorption of particles initially sedimented at the channel
floor. The effect can be enhanced by waiting for a few minutes
before flowing the bubbles, thus allowing the particles to form
larger sedimented aggregates. Then as the bubble passes by,
colloids on the wall get trapped in the lubrication film between
the bubble and the wall, eventually being caught at the back of
the bubble. Even though the aggregates are usually three-
dimensional, images captured during the bubble passage show
that the interface flattens them into a two-dimensional layer,
therefore ending up with a monolayer coverage of the bubble.
The presence of aggregates has already been shown to enhance
surface coverage in traditional froth flotation setups, which has
typically been explained by the increased effective size of the
particles, enhancing collision.®*”*° The mechanism shown
here proposes a complementary process, where the presence
of boundaries plays an important role.
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