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The crossflowing rupture technique was first used in a microfluidic device to prepare
microbubbles, and successfully prepared monodisperse microbubbles with polydispersity
index (o) values of <2%. The parameters affecting the microbubble-formation process,
such as two-phase flow rates, continuous-phase viscosity, surface tension, and surfactants
were investigated. The microbubble-formation mechanisms of the crossflowing rupture
technique with those of the techniques of both flow-focusing rupture and geometry-
dominated breakup were also compared. It was also found that the bubble size decreased
with increasing continuous-phase rate and its viscosity, while independent of surface
tension. The different species of surfactants also influenced the microbubble-formation
process. Moreover, the bubble-formation mechanism by using the crossflow rupture
technique was different from the techniques of both hydrodynamic flow focusing and
geometry-dominated breakup. The microbubble-formation process using the crossflowing
rupture technique is controllable. © 2006 American Institute of Chemical Engineers AIChE J,
52: 2254-2259, 2006
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Introduction

Microbubbles have countless applications in science and
technology. For example, fundamental medical applications of
micron-size bubbles range from ultrasound contrast agents to
thrombus destruction, targeted drug delivery, tumor destruc-
tion, and even as a flotation column.!-5 In addition, intravenous
injection of a stabilized solution of sufficiently small bubbles
might be used in acute lung dysfunction. The control of bubble
size and its distribution is critical in all these applications.
Monodisperse microbubbles are more useful for fundamental
studies because the interpretation of experimental results is
much simpler than that of polydispersed microbubbles. They
can also serve as useful systems for measuring important
properties of microbubbles. For instance, the stability of mi-
crobubbles can be conveniently monitored. Monodisperse mi-
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crobubbles can also greatly reduce Ostwald ripening by reduc-
ing the effective Laplace pressure difference because the
bubbles size is uniform.

Recently, the growing trends in the miniaturization of ex-
perimental systems and the development of advanced func-
tional materials have facilitated applications of micromachin-
ing techniques in various fields, such as microanalysis, on-chip
separation, protein crystallization, and microchemical reac-
tion.> The control of small volumes of fluids and understand-
ing of multiphase flows are required in microfluidic devices.
Liquid-liquid dispersions in microfluidic devices have been
generated by a number of methods, including both geometry-
dominated breakup,!© crossflow rupturing through microchan-
nel arrays,!! hydrodynamic flow focusing through a small
orifice,'>!3 and two-phase crossflowing rupture streams in T-
junction microchannels.”-%-14-1¢ Furthermore, highly uniform
emulsion droplets with polydispersity index (o) < 5% can
alternatively be generated.!?13.14 These investigators found that
droplet formation of the dispersed phase was affected by all the
parameters relevant to the drag force of the continuous phase

AIChE Journal



microchannel w=300p=

aqueous phase flow /
e

—

capillary d=50 p

air phase flow

Figure 1. Micrograph of the cross section of microfluidic
device.

and the momentum of the dispersed phase, such as flow rates,
viscosities, and the interfacial tension. Although fewer studies
have dealt with gas-liquid dispersions, Ganan-Calvo et al.!”
first described the formation of monodisperse gas bubbles in
capillaries by using the hydrodynamic flow-focusing method.
Garstecki et al.'®!? described a flow-focusing device incorpo-
rated directly into a microfluidic chip that was capable of
delivering monodisperse bubbles at frequencies exceeding 10°
bubbles per second. In their work, the bubbles were highly
uniform and o was <2%. Yasuno et al.?° reported monodis-
perse microbubble formation using the method of geometry-
dominated breakup in a microchannels (MCs) plate. From their
work, the microbubble formation appears to be based on the
spontaneous transformation caused by surface tension; more-
over, the bubble size was affected by viscosity and the dispers-
ing agents, but independent of the interfacial tension. However,
microbubble formation by the crossflowing rupture technique
in T-junction microchannels has not yet been reported.

In the present work, we attempt to form monodisperse mi-
crobubbles using the crossflowing rupture technique in a mi-
crofluidic device. We investigate the parameters affecting mi-
crobubble formation, such as two-phase flow rates, continuous-
phase viscosity, surface tension, and surfactants. We also
compare crossflowing rupture microbubble formation with the
processes of both flow-focusing rupture and geometry-domi-
nated breakup.

Experimental
Microfluidic device

The experiments were performed in a T-junction microchen-
nel device fabricated on a thin plate (100 X 20 X 5 mm) of
polymethyl methacrylate (PMMA) using an end mill (kindly
provided by the Dept. of Biological Sciences and Biotechnol-
ogy, Tsinghua University, Beijing, China). Figure 1 shows the
micrograph of the T-junction section of the microfluidic de-
vice. The continuous (aqueous) phase flow channel dimensions
are approximately 300 X 200 um (width X height). A quart-
zose capillary with inner diameter of 50 um was embedded
into the vertical channel [200 X 200 wm (width X height)] as
the gas flow channel and the microfluidic device was sealed
using another PMMA thin plate of 1 mm thickness by using a

AIChE Journal June 2006 Vol. 52, No. 6

high-pressure thermal sealing technique. Two microsyringe
pumps and two gastight microsyringes were used to pump the
two phases into the microfluidic device, respectively.

Materials

Air was used as the dispersed phase. Deionized water was
used as the continuous phase. Different concentrations of so-
dium dodecyl sulfate (SDS) or polyoxyethylene (20) sorbitan
monolaurate (Tween 20) used as the surfactants were added to
the aqueous phase. SDS concentrations ranged from 0.01 to 0.5
wt % to control the interfacial tension between the aqueous
phase and the air phase. Tween 20 concentrations of 1.0 and
2.0 wt %, which exceed the critical micelle concentration
(CMC), were used to investigate the effect of surfactants on the
microbubble-formation process. Glycerol was used to control
the viscosities of the aqueous phase; in our experiments, three
different glycerol concentrations of 24, 52, and 62 wt % were
used. The properties of the experimental system are listed in
Table 1.

Visualization and analysis

Experiments were carried out with a microscope at magni-
fications of X100. A high-speed CCD video camera was con-
nected to the microscope and the images were recorded with a
frequency of 200 images per second. The bubble-formation
processes under different conditions were analyzed from mi-
croscope images. The size and distribution of microbubbles
were recorded using the same microimaging system in a glass
slide when the fluids flowed out onto it. After changing any of
the flow parameters, we allowed at least 100 s of equilibration
time. The average bubble size (d,,) and the polydispersity
index (o) were determined by measuring the sizes of at least
100 microbubbles from recorded pictures using custom-made
image-analysis software. o is defined by the following equation

o= 8/d,, X 100% (1)

where o is the polydispersity index, & is the standard deviation,
and d,,, is the average bubble diameter.

Results and Discussion
Monodisperse microbubble formation and its distribution

The possibility of monodispersed microbubble formation
was tested by pumping the air and the aqueous phase into the
capillary and continuous-phase flow channel, respectively. Fig-
ure 2 shows four pictures of the bubble-formation process in
the microchannel device under two different experimental con-

Table 1. The Experimental System

Surface  Viscosity,
Tension y W
Continuous Phase (mNm~') (mPa-s)
0.01-0.5% SDS/water 55.0-31.0 0.92
1% Tween 20/water 39.7 0.92
2% Tween 20/water 37.0 0.92
0.5% SDS/24% glycerol aqueous solution 30.3 2.0
0.5% SDS/52% glycerol aqueous solution 30.3 6.4
0.5% SDS/62% glycerol aqueous solution 30.3 10.84
Published on behalf of the AIChE DOI 10.1002/aic 2255
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Figure 2. Micrographs of the air-water interface at the
intersection channel during bubble-formation
processes.

(a) Air-phase flow rate = 25 pL/min, aqueous phase flow
rate = 80 pL/min; (b) air-phase flow rate = 25 pl/min;
aqueous phase flow rate = 180 wL/min.

ditions. At a low aqueous-phase flow rate of 80 wL/min, the
continuous shear force was low and induced the air phase to
isolate slugs only because their diameters were greater than the
microchannel width. When we increased the aqueous-phase
flow rate (Q,) to 180 wL/min, microbubbles as spheres could
be observed. Thus, we could conveniently obtain regular air-
water slugs and bubble flow patterns by varying two-phase
flow rates.

Then, we investigated the microbubble size and its distribu-
tion under different experimental conditions. Figure 3 shows
the micrographs of monodispersed microbubbles formed under
different experimental conditions. The formed microbubbles
had spherical shape with regular size. Figure 4 shows the
bubble size distributions and Table 2 shows the values of
average bubble size (d,,) and polydispersity index (o) under
different experimental conditions. The microbubble size was
highly uniform and o values were <2% for all of our experi-
mental results, whereas in conventional bubble-formation
methods using nozzle, orifice, stirring, and so on, o values are
normally much greater than 2%.

The previous studies for liquid-liquid systems also show that
the droplet size is affected by viscosity, interfacial tension,
two-phase flow rates, and wetting properties.”'#+'® Thus the
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Figure 4. Bubble sizes distribution under different ex-
perimental conditions.

The physical properties and experimental conditions are listed
in Table 2. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

bubble formation is similar to the droplet-formation process
using the crossflowing rupture technique in the microfluidic
device. Therefore, we investigated in detail the effects of
two-phase flow, continuous-phase viscosity, and surfactants on
the average microbubble size.

Figure 3. Micrographs of monodispersed microbubbles formed under different experimental conditions.

The physical properties and experimental conditions are listed in Table 2.
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Table 2. Comparison of Formed Microbubble Sizes and Distributions under Different Physical Properties of Continuous
Phases and Two-Phase Flow Rates

Surface Tension, Viscosity, 0,:0.* Average Bubble o
No. Continuous Phase vy (MmN m ") w (mPa - s) (L min~") Size d,,,, (um) (%)
(a) 0.5% SDS/water 31.0 0.92 50:100 310.1 1.7
(b) 0.5% SDS/water 31.0 0.92 50:500 189.5 1.3
(c) 0.5% SDS/water 31.0 0.92 200:500 212.7 1.4
(d) 0.05% SDS/water 41.2 0.92 50:500 190.0 1.3
(e) 2% Tween 20/water 37.0 0.92 50:500 174.4 1.8
(f) 0.5% SDS/24% glycerol 30.3 2.0 50:500 168.6 14

aqueous solution

Q,, air-phase flow rate; Q,, aqueous-phase flow rate.

Effects of two-phase flow rates and continuous-phase
viscosity on bubble size

Figure 5 shows the effects of two-phase flow rates on bubble
size when the continuous phase of 0.5 wt % SDS aqueous
solution was applied. The bubble size decreased with increas-
ing continuous-phase flow rate under a certain air-phase flow
rate, and the bubble size increased slightly as the air-phase flow
rate increased. The bubble size also decreased with increasing
continuous-phase flow rate under a certain phase ratio (Q,/Q,).
Figure 6 shows the effect of the continuous-phase viscosity on
the average bubble size when the continuous phases contained
different concentrations of glycerol with 0.5 wt % SDS. The
continuous-phase viscosities ranged from 0.92 to 10.84 mPa-s.
The average bubble size also decreased with increasing con-
tinuous viscosity. These results are similar to droplet-formation
processes in T-shaped microfluidic devices.!+1¢

Effects of surface tension and surfactants on bubble size

We investigated the effect of surface tension on microbubble
size by changing SDS concentrations. Figure 7 shows the effect
of surface tension on bubble size under different continuous
flow rates. The average microbubble sizes were independent of
surface tension, ranging from 55.0 to 31.0 mN/m (range of
SDS concentrations: 0.01-0.5 wt %). These results, although
different from droplet-formation processes in T-shaped mi-
crofluidic devices,®!4-1¢ are nonetheless similar to the micro-
bubble-formation processes using the techniques of both flow-
focusing rupture'?-'° and geometry-dominated breakup.2®

Furthermore, we investigated the effect of surfactants on the
microbubble size formed by using Tween 20 with concentra-
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Figure 5. Effects of two-phase flow rates on micro-
bubble size.

The continuous phase was 0.5 wt % SDS aqueous solution in
these experiments; the surface tension y = 31.0 mN/m; con-
tinuous phase viscosity w = 0.92 mPa-s. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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tions of 1.0 and 2.0 wt % as the other surfactant. Table 3 shows
the different properties of the continuous phases with different
surfactants. Figure 8 shows the effect of surfactants on bubble
size under different continuous flow rates when the air-phase
flow rate was 50 pL/min. The average bubble sizes were
almost identical in different surfactant concentrations when the
same surfactant was applied. However, it was found that the
bubble sizes formed by using Tween 20 or SDS as the surfac-
tant were considerably different. Bubble sizes with Tween 20
as the surfactant were smaller than those with SDS, even
though they have similar surface tensions. The primary reasons
for this difference may lie in the surface wetting and dynamic
interfacial properties.

Comparison of the three different monodisperse
microbubble-formation mechanisms

Monodisperse microbbules can be prepared by using three
different techniques: (1) geometry-dominated breakup, (2) hy-
drodynamic flow focusing through a small orifice, and (3)
crossflowing rupture in a T-junction microchannel. However,
the bubble-formation mechanisms are very different in these
techniques. In flow-focusing devices (FFDs), the volume V), of
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Figure 6. Effect of continuous phase viscosity on the
average microbubble size in different continu-
ous phase flow rates when the continuous
phases constituted different concentrations of
glycerol.

Glycrol concentrations of 24, 52, and 62 wt % were used,
respectively. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 7. Effect of surface tension on the average mi-
crobubble size in different two phase flow
rates when the continuous phases constituted
different concentrations of SDS solutions.

SDS concentrations of 0.01, 0.02, 0.05, 0.3, and 0.5 wt %
were used, respectively. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

the bubbles scaled with the flow rate of the liquid Q, and the
flow rate of the gas stream Q, as V,, = Q.,/Q,, whereas the
continuous-phase viscosity w. and surface tension y had no
effect on bubble size.!”-° Microbubble formation by using the
technique of geometry-dominated breakup appears to be based
on the spontaneous transformation caused by surface tension.
The bubble size increased with increasing continuous-phase
viscosity, but independent of surface tension and flow rate.?® In
the microbubble-formation process using the crossflow rupture
technique, bubble sizes decreased with increasing continuous-
phase rate and continuous-phase viscosity, but also indepen-
dent of surface tension. In all three bubble-formation processes,
surface tension did not influence average bubble size, but
continuous-phase viscosity and two-phase flow rates had dif-
ferent effects on bubble size. Thus the scaling law of bubble
formation by using the crossflow rupture technique is different
from that of both hydrodynamic flow focusing and geometry-
dominated breakup techniques.

Conclusions

In this work, we first attempted the formation of monodis-
perse microbubbles using the crossflowing rupture technique in
a microfluidic device. The parameters affecting microbubble
formation, such as two-phase flow rates, continuous-phase
viscosity, surface tension, and surfactant species, were inves-
tigated. We also compared the different bubble-formation

Table 3. Properties of Continuous Phases wit
hDifferent Surfactants

Surface Tension, Viscosity,

Continuous Phase v (mN m™ ") w (mPa - s)
0.5 wt % SDS/water 31.0 0.92
0.3 wt % SDS/water 36.2 0.92
1 wt % Tween 20/water 39.7 0.92
2 wt % Tween 20/water 37.0 0.92
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Figure 8. Effect of surfactants on the average micro-
bubble size in different continuous phase flow
rates when the continuous phases constituted
different concentrations of SDS and Tween 20.

SDS concentrations of 0.3 and 0.5 wt % and Tween 20
concentrations of 1.0 and 2.0 wt % were used, respectively.
The air phase flow rate contained 50 uL/min. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

mechanisms by using the techniques of crossflowing rupture,
flow-focusing rupture, and geometry-dominated breakup. We
found that bubble sizes decreased with increasing continuous-
phase rate and continuous-phase viscosity, but independent of
surface tension. The different species of surfactants also influ-
enced the microbubble-formation process because of the vari-
ety of wetting properties and dynamic interfacial properties
including interfacial viscoelasticity and dynamic interfacial
tension. Moreover, the bubble-formation mechanism by using
the crossflow rupture technique was different from both the
hydrodynamic flow focusing and the geometry-dominated
breakup techniques. Understanding of the influences of flow
rates, viscosity, contact angle, and wetting property on the
dynamics of bubble formation is critical to the theoretical
understanding of scaling law of the monodisperse micro-
bubble-formation process in microfluidic devices, thus leading
to potential applications in precise control of microbubble sizes
in small volumes.
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