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A Microfluidic Approach to Chemically Driven Assembly of Colloidal
Particles at Gas-Liquid Interfaces**
Jai Il Park, Zhihong Nie, Alexander Kumachev, Ahmed I. Abdelrahman, Bernard P. Binks,

Howard A. Stone, and Eugenia Kumacheva*

Colloidal particles with appropriate wettability strongly
adsorb at liquid—gas interfaces and thereby act as efficient
bubble stabilizers.'””! Bubbles that are encapsulated by a
close-packed monolayer of solid particles (armored bubbles)
have an extremely high stability toward coalescence, the
ability to acquire anisotropic shapes, and the capability to
suppress the dissolution of the trapped gas.'"*) These proper-
ties make armored bubbles useful for the fabrication of
thermal and acoustic insulators, and lightweight materials
with high structural stability.[*1!

Currently, the production of armored bubbles relies on
injection methods or the shear of a mixture of two immiscible
fluids.>*"! These methods generate polydisperse bubbles in
an uncontrollable manner, thus precluding the fabrication of
materials with hierarchical periodic structures and related
interesting optical and mechanical properties. Recently,
hydrodynamic flow was used for the controlled assembly of
colloidal particles at gas-liquid interfaces.”) The strategy
relied on the shear-assisted delivery of particles to the gas
surface and the productivity of the method was approximately
10 bubbles per second.

Herein, we report an efficient strategy, which uses local
perturbations of pH on the length scale of an individual
bubble, for the continuous, single-step production of armored
bubbles with a predetermined size, narrow polydispersity, and
high productivity. Our method yields armored bubbles with
polydispersity below 5% and a productivity of up to
3000 bubbles per second. The generality of the strategy is
demonstrated by the ability to control the size of the
encapsulated bubbles and by coating the bubbles with a
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variety of colloidal particles. The described approach provides
a new route to the fabrication of materials with advanced
properties such as optical resonators, three-dimensional
foams with ordered structures, and ultra-light two-dimen-
sional coatings with controlled pore sizes.

The proposed approach employs the following steps:
1) the microfluidic generation of monodisperse CO, bubbles
in an aqueous dispersion of anionic colloidal particles, 2) the
rapid dissolution of CO,, which results in the shrinkage of the
bubbles and an increase in the acidity of the solution in the
neighborhood of the bubbles, and 3) the adsorption of the
particles at the gas-liquid interface, the process being driven
by the chemically induced in situ change in the surface energy
of the particles. We used a planar microfluidic T-junction
device to produce plugs of CO, in an aqueous dispersion of
anionic polymer particles (Figure 1a).' A dispersion of
poly(styrene-co-acrylic acid) (PS-co-PAA) particles in an
aqueous NaOH solution was supplied to the main channel at a
typical flow rate Q; ranging from 7.5 to 24 mLh™', and
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Figure 1. Continuous microfluidic generation of armored bubbles by
dissolving CO,. a) A schematic drawing of a microfluidic T-junction
bubble generator. The widths of the main and the side channels are
220 and 40 um, respectively. The height of the channels is 130 um.

b) Optical microscopy images of the CO, plugs generated at 28°C,

pH 14, Pco, =5 psi, ©, =10.5 mLh™', and particle concentration
C,=1.5 wt% (top); progression of the plugs to spherical armored
bubbles, within 2 s after their formation, at a distance of 150 mm from
the T-junction (bottom). c,d) Optical microscopy images of armored
bubbles generated as in (b) and collected at the outlet of the
microfluidic device. Scale bars: 200 um (b, c) and 25 um (d). e) SEM
image (side view) of the shell of the microtomed armored bubble
infiltrated with poly(ethylene glycol) diacrylate. Scale bar: 10 pm. The
inset shows a CFM image of the bubble coated with HY-labeled PS-co-
PAA particles (scale bar: 25 um).
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gaseous CO, (99.8%, BOC Canada) was introduced into the
orthogonal channel. The CO, thread periodically broke up to
release gaseous plugs with a polydispersity of 2-5 %, which,
owing to the dissolution of CO,, underwent a dramatic
decrease in volume and acquired a spherical shape (Fig-
ure 1b).[*?

Figure 1c shows a typical image of the bubbles collected
at the outlet of the microfluidic device. A uniform dissolution
and mass transfer achieved in the microchannels yielded
armored bubbles with a narrow size distribution. The particles
formed a close-packed two-dimensional crystalline shell on
the bubble surface (Figure 1d). Imaging of microtomed
bubbles by using SEM confirmed that the particles formed
a monolayer-thick shell (Figure 1¢). Labeling of the polymer
particles with the fluorescent dye Hostasol Yellow (HY)
allowed visualization of the colloidal shell by using confocal
fluorescence microscopy (CFM; Figure 1e, inset).

The armored bubbles were stable toward coalescence and
disproportionation, and had a narrow polydispersity of 2-5 %.
The approximate generation frequency of the armored
bubbles was up to 700 bubbles per second, however, the
productivity of the method was increased to around 3000 bub-
bles per second by using a microfluidic flow-focusing bubble
generator (see Figure S1 in the Supporting Information).™!

We also conducted a series of control experiments
(Figure 2). In a particle-free environment at pH 14, the

Figure 2. Optical microscopy images of bubbles and plugs flowing
through the microchannels. a) Dissolution of CO, plugs in particle-free
aqueous NaOH solution at pH 14. b) Plugs of gaseous N, formed in a
dispersion of anionic PS-co-PAA particles. c) Bubbles of CO, generated
in a dispersion of PS-co-PAA particles containing 2 wt% of the non-
ionic surfactant TX-100. d) Plugs of N, formed in a dispersion of

700 nm diameter cationic PMMA-co-PVP particles. e) Bubbles of CO,
dispersed in an aqueous dispersion of 700 nm diameter PMMA-co-PVP
particles. In all experiments @ =10.5 mLh™', C,=1.5 wt%, pH 14,
and P.o, =5 psi. Scale bar: 200 um.

shrinkage of CO, plugs was similar to that shown in Figure 1b,
which suggests that, at this pH value, the size of the bubbles
was determined by the dissolution of CO, and not the
formation of the colloidal shell (Figure 2a). The role of CO,
and the carboxylation of microbeads was established by
showing that the armored bubbles did not form in experi-
ments conducted with PS-co-PAA particles and N, bubbles
(Figure 2b), or with PS-co-PA A particles and CO, bubbles in
the presence of surfactants (Figure 2c). The surfactants
changed a delicate balance in the wetting angles of the
particles and the gas-liquid interface. Cationic poly(methyl
methacrylate-co-vinyl pyridine) (PMMA-co-PVP) beads
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loosely covered negatively charged N, and CO, bubbles
(Figure 2d and e, respectively)," which were prone to
coalescence and acquired a broad size distribution when
collected at the outlet of the device.

We explain the formation of armored bubbles as follows.
The dissolution of CO, was followed by the reaction CO, +
20H =CO0;>" 4+ H,0, which, when the pH value is equal to
or greater than 10, is dominated by the step CO,+
OH =HCO; 'Yl Consequently, this reaction led to a local
decrease in the pH of the liquid adjacent to the bubble
surface, which caused the protonation of the carboxylic
groups on the surface of the particles and an increase of the
wetting angle 6 of water on the polymer surface (Figure 3a).
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Figure 3. a) Variation in contact angle of an aqueous solution of
NaOH in air on the PS-co-PAA film, measured at different pH values.
b—d) Effect of experimental variables on the final diameter D; of
armored bubbles () and on the fractional change in volume of the
CO, plugs (0). b) Effect of initial pH value of the continuous phase at
Pco,=4.5 psi, C,=1.5wt%, O, =9.5 mLh™". ¢) Effect of C, at

Pco,=5 psi, pH 14, Q. =10.0 mLh™". d) Effect of the flow rate Q, of
the continuous phase, Pco,=5 psi, pH 14, C,=1.5 wt%.

The protonation of the carboxylic groups on the particle
surface in the region with reduced pH-favored adsorption of
the microbeads on the bubbles. The particles adsorbed at a
gas-liquid interface with a surface-energy reduction E=
wa’yg(1£cosh)?, where yg, is the interfacial tension of the
gas-liquid interface and a is the radius of the particles.'”) We
stress that the particles were hydrophobized only in the
vicinity of the bubbles. In the rest of the continuous phase,
mixing led to the equalization of the concentration of HCO;™,
and the particles retained their colloidal stability. This feature
favorably contrasts our approach to previous methods
producing particle-stabilized foams, which involved the
application of an external stimulus to the entire system and
thereby compromised the stability of the particles in the
dispersion.!'®!

The final diameter D; of the armored bubbles was
controlled by several experimental variables (Figure 3).
Figure 3b shows the effect of the original pH value of the
continuous phase on the final diameter D; of the bubbles and
the fractional change in volume AV/V, of gaseous plugs at a
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particle concentration C, of 1.5 wt % (V,, and AV are the initial
volume and the change in volume of the plugs, respectively;
see also Figure S2 in the Supporting Information). As the pH
value increased, a more rapid dissolution of CO, yielded
smaller bubbles that were uniformly covered with particles.
At pH 14, the value of AV/V, reached 99.5%. In the
experiments conducted at pH 14 in a particle-free environ-
ment, the CO, plugs underwent a similar 99.5% change in
volume, which suggests that, at this pH value, the size of
bubbles was not affected by particle adsorption. The concen-
tration of dissolved CO, in the water phase was 0.02 mol L™,
that is, the system was far from the saturation concentration of
1.03 molL™! (see the Supporting Information).">'” Thus, we
conclude that the final volume of the bubbles was determined
by the remaining inert gas. When the pH was less than 10, the
bubbles retained their pluglike shape and were only partly
covered with particles, because of the substantially slower
dissolution of CO, than at pH 14.¥ Owing to the incomplete
coverage with microbeads, these plugs were prone to coa-
lescence and, when collected at the outlet, they formed large,
nonspherical armored bubbles (see Figure S2 in the Support-
ing Information). Figure 3¢ shows that the final diameter of
the armored bubbles increased with an increasing value of C,
(the initial dimensions of the CO, plugs did not depend on the
value of C,). Rapid formation of the colloidal shell counter-
acted the shrinkage of the plugs, thereby providing additional
control over the size of the armored bubbles. For the
concentration of particles in the range 1 wt% <C,<5wt%
(1 wt% =4.3 x 10°® particlesmL™"), the colloidal armor sup-
pressed coalescence of the bubbles, whose polydispersity
remained below 5 %. When the C,, value was less than 1 wt %,
the bubbles were poorly covered with particles and coalesced
at the outlet of the microfluidic device to form large armored
bubbles with a broad size distribution (see Figure S3 in the
Supporting Information).

Figure 3d shows the effect of the flow rate of the
continuous phase Q; on the final diameter of the armored
bubbles at pH 14. As the O, value increased, the final
diameter of the armored bubbles decreased (see also
Figure S4 in the Supporting Information). This effect occur-
red because of the generation of smaller gaseous plugs and a
more efficient dissolution of CO, achieved at high values of
O.."®1 At the largest values of Oy , the fractional reduction in
volume AV/V,, of the plugs reached 99.5 %, that is, almost all
the CO, left the plugs.

We developed a model that rationalizes our observations
and accounts for the shrinkage of bubbles and the adsorption
of particles to the gas-liquid interface. These two processes
are coupled: dissolution of CO, occurs only through uncov-
ered regions of the gas-liquid interface. For a bubble of radius
Ry(f) and the number of adsorbed particles n,(f), the
uncovered bubble area is (4nR,(1)’—ana’n,(t)) where a
depends on the contact angle. The two evolution equations
have the form [Eq. (1)]

dRy(1)
dt

dn, (1)
dt

= —qy(47R,(1)* = 5(17[”2”;:0))

= qp(4r[Rb(t)2 — amlznp(t))
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where the constant 3~ 1 accounts for the elimination of CO,
dissolution once the particles are close-packed.”! The gas and
particle fluxes, g, and g, respectively, depend on the speed U
and the radius of the bubble. For large Peclet numbers,
UR,(t)/D > 1, where D is the respective diffusion coefficient,
we expect the values of g, and g, to scale similarly with U and
Ry,(t). For such transport processes, g, is proportional to C,,
which is analogous to Fick’s law. The bubbles shrink faster
when the pH is higher, since the diffusion of dissolved CO, in
the liquid boundary layer is accompanied by the reaction with
OH™ ions. Thus, we expect the value g, to increase with
increasing pH value. When the weak dependence on f is
neglected, the ratio of the two equations yields [Eq. (2)]

dR, (1)}
dn,(t)

- _B 2)

where the value of B is practically constant at fixed pH and C,
values but decreases as the C, value increases, and increases
as the pH value increases. Thus, for the initial condition
Ry(0) =R, and n,(0) =0, the equilibrium bubble radius R,
satisfies the equation [Eq. (3)]

R, —R), 4B
R, @

3)

that is, the R, value decreases monotonically as the B value
increases. Given the characterization of B above, we conclude
that the bubble radius increases as the particle concentration
C, increases, which is consistent with our observations
(Figure 3c¢). Also, since faster gas dissolution (increasing B
value) occurs at high pH values because of the simultaneous
CO, diffusion and the reaction with OH™ ions, we conclude
that the bubble radius decreases as the pH increases, which is
in agreement with the experimental trends shown in Fig-
ure 3d.

The generality of our approach to armored bubbles was
exemplified by coating the bubbles with different types of
anionic particles and mixtures thereof. Figure 4 shows bub-
bles encapsulated by a mixture of HY-labeled and dye-free
PS-co-PAA microspheres of similar dimensions (Figure 4a),
carboxylated silica particles (Figure 4b), a mixture of car-
boxylated silica particles and HY-labeled PS-co-PAA, and
20 nm diameter carboxylated silica nanoparticles loaded with
CdSe/ZnS core-shell quantum dots (QDs; Figure 4c).

We also encapsulated bubbles with the protein bovine
serum albumin labeled with fluorescein isothiocyanate
(FITC-BSA), which was dissolved in an aqueous phase at
pH 7. Following the dissolution of CO,, the bubbles were
coated with 1-2 um sized protein in size (Figure 4d). We
believe that this observation indicates that, in the acidic
environment adjacent to the shrinking bubbles, the protein
molecules reached their isoelectric point of pH4.8 and
aggregated to form clusters that precipitate on the bubble
surface.”

In summary, our strategy for the chemically mediated
generation of armored bubbles maintains the high colloidal
stability of particles in bulk materials, increases productivity,
and can be used to form bubbles with precisely controlled
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Figure 4. Generation of bubbles with various types of colloidal armor.
a) Fluorescence microscopy image of bubbles coated with a close-
packed shell of 2.8 um diameter HY-labeled PS-co-PAA particles
(C,=0.5wt%) and 3.5 um diameter PS-co-PAA particles
(C,=1.0Wt%), Pco,=6 psi, @ =12 mLh™", pH 14. Scale bar: 50 um.
b) Optical microscopy image of bubbles coated with 3 um diameter
carboxylated silica particles. Pco, =12 psi, @, =24 mLh™", pH 14, and
C,=1.5wt%. Scale bar: 100 um. The inset shows a fluorescence
microscopy image of the surface of an armored bubble coated with

3 um diameter carboxylated silica particles and 2.8 um diameter HY-
labeled PS-co-PAA polymer particles in the continuous phase in the
weight ratio 3:1, respectively. Scale bar: 25 um. c) CFM image of
bubbles encapsulated with 20 nm diameter carboxylated silica nano-
particles loaded with CdSe/ZnS QDs, A.,. =480 nm. Py, =8 psi,

Q@ =23mLh™", pH 10, and C,=0.12 wt%. Scale bar: 100 um. d) Fluo-
rescence microscopy image of armored bubbles engulfed with the
FITC-BSA shell, A.,. =495 nm. The bubbles were generated at
Peo,=6.5 psi, Q=13 mLh™", pH 7, and a protein concentration of
0.02 wt %. Scale bar: 100 pm.

dimensions. The armored bubbles generated by using the
proposed strategy have potential applications in the produc-
tion of three-dimensional foams with hierarchical order and
ultralight two-dimensional coatings with precisely controlled
pore sizes, for use as ultrasonic and magnetic resonance
imaging (MRI) contrast agents, aerated food, and optical
resonators. Furthermore, the generation of small bubbles is
usually either expensive,®! or it lacks control over bubble size
distribution. By using the described approach, these problems
can be solved by 1) producing large monodisperse bubbles
from gaseous mixtures and 2) controllably removing one of
the components of the mixture to reach the targeted bubble
size.

The described strategy can be expanded in several ways.
The deposition of cationic particles can be achieved by
dissolving, for example, NH; and increasing the pH in the
region adjacent to the surface of the bubbles. An increase in
the productivity of the process can be achieved by using
parallel integrated microfluidic bubble generators.”""?* Con-
trollable transfer of one of the components of the gaseous
mixture to the continuous phase would provide the ability to
control the composition of the bubbles and the surrounding
medium, and activate a particular reaction on demand.
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Experimental Section

Photolithographic masters were prepared using SU-8 50 photoresist
(MicroChem) in bas relief on silicon wafers. The microfluidic devices
were fabricated in PDMS by using a standard soft lithography
procedure.”®! The CO, gas was supplied to the microfluidic device
through polytetrafluoroethylene tubing (Small Parts, USA) attached
to the Bellofram pressure regulator. The continuous phase was
introduced into the device using a syringe pump (Harvard Apparatus,
USA, PHD 2000 series). An Olympus BX51 microscope and a high-
speed camera (Photometrics CoolSNAP ES) were used to acquire
optical microscopy images. Image Pro (Media Cybernetics) software
was used to determine the size of the bubbles. The volume of the
spherical armored bubbles was calculated as V., =4/371(D,/2)* where
Dy is the diameter of armored bubble. The size distribution of the
bubbles was characterized by the coefficient of variation as CV(%) =
(0/D) x 100, where D is the mean diameter of the bubbles and o is the
standard deviation of the bubble diameter. When the unperturbed
diameter D of the bubbles (determined as D = (6 V/n)"” where V is
the volume of the bubbles) was larger than the dimensions of the
microchannel, they acquired the shape of a plug, as shown in
Figure 1b. The effective final diameter (D) of the gaseous plugs was
calculated as D;=2(3 V,,,/47)'"* =2(3 A h/47)'” where A is the area
of a bubble and 4 is the height of a microchannel. Advancing contact
angles between the spin-coated PS-co-PAA film and an aqueous
solution of NaOH were measured in air at different pH values by
using a droplet shape analyzer (DSA100, Kriiss). The syntheses of
polymer particles and silica-encapsulated quantum dots are described
in the Supporting Information.
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