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GRAPHICAL ABSTRACT

An efficient microfluidic emulsion generation system integrated with an orifice structure has been presented to separate aqueous droplets from the contin-
uous oil phase. The efficiency of separation is determined by a balance between pressure drop and droplet accumulation near the orifice. Scale bar: 60 pm.
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ABSTRACT

Because the size, size distribution, and concentration of emulsions play an important role in most of the
applications, controlled emulsion generation and effective concentration are of great interest in funda-
mental and applied studies. While microfluidics has been demonstrated to be able to produce emulsion
drops with controlled size, size distribution, and hierarchical structures, progress of controlled generation
of concentrated emulsions is limited. Here, we present an effective microfluidic emulsion generation sys-
tem integrated with an orifice structure to separate aqueous droplets from the continuous oil phase,
resulting in concentrated emulsion drops in situ. Both experimental and simulation results show that
the efficiency of separation is determined by a balance between pressure drop and droplet accumulation
near the orifice. By manipulating this balance via changing flow rates and microfluidic geometry, we can
achieve monodisperse droplets on chip that have a concentration as high as 80,000 drops per microliter
(volume fraction of 66%). The present approach thus provides insights to the design of microfluidic device
that can be used to concentrate emulsions (drops and bubbles), colloidal particles (drug delivery polymer
particles), and biological particles (cells and bacteria) when volume fractions as high as 66% are necessary.
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1. Introduction

Microfluidics has been demonstrated as an effective platform
for generation of emulsion droplets [1,2] and plays an important
role in manufacture of drugs, food products and synthetic materi-
als in the form of microparticles or microbeads, microgels, and
microcapsules [3-5]. Recent advances in microfluidics have
yielded unprecedented control over the generation of emulsions
and we can now manipulate the producing rate, size distribution,
and hierarchical structures of emulsion droplets [6-9]. An ultra-
high producing rate of emulsion drops over 1 kg/day, for example,
has been achieved using microfluidics [10,11]. Emulsions with
hierarchical structures including double emulsion [10], triple
emulsion [12], and multicomponent multiple emulsion [13] can
also be produced via microfluidic approaches.

The majority of microfluidic approaches, however, produce
emulsion drops with a low concentration. This is because, in order
to generate droplets with a small diameter (~a few to tens of
micrometers), the volumetric flow rate of the continuous phase
is usually higher than that of the disperse phase [14], resulting
in a low volume fraction of drops in the collection reservoir. As
a consequence, significant amount of fluids of the continuous
phase is required to produce a relatively large amount of emul-
sion drops. The large consumption of continuous fluids and low
concentration of emulsion drops significantly limit its applica-
tions in many fields in which large-scale production of drops is
preferred [15]. Strategies that can reduce the amount of continu-
ous fluids and concentrate emulsion drops are thus of great inter-
est. Filtering can separate droplets from the continuous fluids but
droplets either will break and/or stick to the filter paper during
filtering, resulting in a low harvesting yield. In addition, off-line
droplet collection and handling may cause contamination and
increased emulsion instability, which are undesired for most of
the droplet applications. Active sorting of microfluidic-generated
droplets, on the other hand, applies external electric [16],
dielectrophoretic [17], or magnetic forces [18] to manipulate
droplets individually in desired directions and thus have been
demonstrated to be able to achieve high volume fractions of dro-
plets. The need of fabrication of complex interfacing components
such as electrodes, piezoelectric and mechanical parts in
microfluidics, however, limits its application. Although alternative
approaches using different geometry of microchannel [19-21] and
surface wetting patterns [22] have been developed to manipulate
and sort droplets, most of them rely on the complex geometry
design and are used for size-dependent droplet separation.
Effective strategies to concentrate emulsion drops still remain to
be explored.

Here, we demonstrate a simple yet unique microfluidic device
with built in facility for simultaneous generation and concentra-
tion of uniform sized aqueous droplets in a continuous oil phase.
In particular, a flow-focusing design is used to generate droplets
whereas a downstream V-shape junction is used to concentrate
droplets. The developed microfluidic platform with simple geome-
try design enables direct size-dependent separation of droplets
from the continuous stream, which avoids the using of external
forces and the need of extra off-chip separating step. In addition,
the integrated microfluidic system is able to simultaneously gener-
ate and concentrate monodisperse droplets with a concentration as
high as 80,000 drops per microliter (volume fraction of 66%, drop
sizes of ~20 um) at a relatively low shear stress, i.e., ~12.5 Pa.
The demonstrated microfluidic system thus provides a potential
platform in which emulsion drops, particles or biological cells
can be separated and concentrated in an effective manner, which
are advantageous for applications in chemical, biomedical, and
pharmaceutical engineering.

2. Materials and methods
2.1. Device fabrication and experimental setup

PDMS microfluidics is fabricated using the standard soft lithog-
raphy technique. The setup for the generation of water-in-oil
emulsion drops includes a flow focusing junction continuously
generating aqueous droplets in a Novec® HFE 7500 oil phase (3-e
thoxy-1,1,1,2,3,4,4,5,5,6,6,6-dodecafluoro-2-trifluoromethyl-hex
ane, 99%, 3 M) with 2 wt% Krytox 157FSL (Fluorocarbon surfactant
with 21.6% carbon, 9.4% oxygen and 69.0% fluorine, DuPont), as
shown in Fig. 1A. Deionized water (18 MQ cm, 100%) is used as
the aqueous phase. The width of the channel for aqueous and oil
phase is 100 pm and 150 pm, respectively; the width of the central
channel where aqueous droplets are dispersed into the oil phase is
60 um. The height of the channel is equal to 30 pm everywhere.
The width of the constriction of the orifice in outlet 3 is 30 pm.
The orifice at the entrance of outlet3 has thus a square section
(30 x 30 um). In the experiment, the aqueous and oil phases are
loaded into two different syringes connected to syringe pumps
(NE 300) and transported from the syringes to the microfluidic
devices using polyethylene tubing (PE 20) connected from the syr-
inge needles to the inlet holes of the device. The interfacial tension
between water and HFE 7500 oil phase in the presence of Krytox
surfactant is approximately 1-5 mM/m [6]. Because the same
aqueous and oil phases are used to generate drops, the interfacial
tension of drops is the same. In addition, the fluorinated oil used
in the experiment wets the PDMS wall [23] and the interfacial
tension between the water and oil phase in the presence of Krytox
surfactant is low, surface energy has thus a minor impact on the
drop concentration. The generated drops are stable throughout
the experiment and during droplet collection, which takes approx-
imately 3-4 h. The aqueous and oil phases have the density of
1kg/m®> and 1614 kg/m>, respectively. Water-in-oil emulsion
drops are used for all the experiments. The typical Reynolds
number in our experiments is from 15 to 78.

2.2. Image analysis

Generation of droplets is observed using a high-speed video
camera (Phantom, Micro M110) mounted on a microscope (Leica).
The exit velocity of the droplets and their respective diameters are
analyzed using an image analysis program written in Matlab. An
algorithm is used to track and count the number of droplets enter-
ing the central channel and track the exit path they take in each
given device. It uses distance and Hough transforms with image
morphological operations to track each droplet’s path over a set
of frames in the given video of the process. As the accuracy of this
algorithm is highly dependent on the video quality of the process,
wavelet based de-noising is performed on each of the video frames.

3. Results and discussion

An illustration of the integrated V-junction microfluidic device
is shown in Fig. 1A. Aqueous droplets are generated in a continuous
oil phase using a flow-focusing design and exit through three out-
lets, namely, outlet 1, 2 and 3. In a typical experimental setup, it
has been observed that the majority of the dispersed droplets exit
through outlet 3 while the continuous oil phase exits through out-
lets 1 and 2 (Fig. 1B), resulting in an effective separation of the
emulsion droplets from the continuous phase. This observation of
passive hydrodynamic separation of emulsion drops triggers the
mechanistic investigation of the effect of flow parameters and
design factors on the separation. In particular, the effects of (i)
oil-to-water flow rate ratio (Q,/Q), and (ii) angles of orientation
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Fig. 1. Microfluidic approach to separate emulsion drops. (A) Schematic of the experimental apparatus (not to scale). Water-in-oil drops are generated using flow-focusing
microfluidics and then exit through three outlets. Outlet 1 and 2 are the side-exiting channels and have the same flow resistance (i.e., the same length of [;) and angles (6) of
0°, 15°, 45° or 75° relative to the horizontal direction. In the experiments, the majority of continuous phase is exited through outlet 1 and 2. Outlet 3 is the channel where
drops are concentrated and has a length of I,. (B) Representative experimental image of concentrating drops in microfluidics. The number of drops flowing into different
outlets is labeled with a blue circle and tracked using an image analysis program written in-house with Matlab software. Arrows indicate the flow direction of drops. 0 = 15°,
water flow rate (Q) is 2 pl/min, oil flow rates (Q,) is 28 pl/min. Scale bar: 60 um. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. Effect of oil-to-water flow rate ratio (Qo,/Q.) on the concentrating of emulsion drops. (A) Variation in the size ratio between drops and width of the orifice (Dgrop/Dorifice) With
Qo/Qu in microfluidic devices (I; = 17,848 + 1799 pm, I, = 42,042 + 949 um, and 6 = 0°, 15°, 45° and 75°). (B) Variation of the fraction of drops exiting through outlet 3 (Noygiets/
Niotal) With Qo/Qu. (C) Snapshots of droplets exiting through outlet 3 and side-exiting channels at Dg;op/Dorifice = 1 (I), 0.6 (1I), and 0.4 (III), which corresponds to Qo/Q., of 1.5, 14, and
20, respectively. 0 = 15°. Arrows indicate the direction of flow. Note that although high Noutiet3/Niotal can be achieved by increasing Qo/Quw, Ddrop/Dorifice decreases at high Qo/Qu.
Consequently, considerable amount of continuous phase flows into the outlet 3 and the concentration of drops in outlet 3 decreases, as shown in IIl. Scale bar: 60 pm.
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Fig. 3. Effect of total flow rates on the fraction of drops exiting through outlet 3 (Noytiet3/Nrotal)- (A) Dependence of Noytiers/Niotal ON increased total flow rates while the ratio of

oil-to-water flow rates (Qo/Qw) is kept constant (Qo/Qw = 5) and (B) Qo/Qw ~ 13.

of the outlets 1 & 2 (0) on emulsion generation and concentration
are studied. Because V-junction microfluidics has been used
recently for the generation of drug delivery polymer nanoparticles
[24-26], understanding of the effect of flow and geometric factors
on separation of emulsion drops in the integrated V-junction
microfluidic device is expected to inspire novel and much needed
approaches to concentrate drug delivery particles.

When the flow resistance in outlet 3, which is quantified by the
length of the channel, is higher than that in outlet 1 and 2,
i.e., I, > I;, we find that there are three regimes of Q,/Q,, that greatly
impact the separation process (Fig. 2). In regime I, Q,/Q,y is rela-
tively small (Q,/Qw < 10), and the diameter of aqueous droplets
(Ddarop) is either greater than or comparable to the hydraulic
diameter of the orifice at the entrance of outlet 3 (Doyifice) (Fig. 2A).
As a result, large droplets tend to trap and accumulate significantly
near the orifice and block outlet 3 (Fig. 2C, I). The exit fraction,
Noutlet3/Nrotal that is defined as number of droplets exiting through
the outlet 3 relative to the total number of droplets exiting through
all the outlets, is less than or equal to 0.5 (Fig. 2B). When Q,/Q. is
greater than 16 (regime III), the droplet size is smaller than the
orifice size (Dgrop/Dorifice < 0.5). Thus, almost all the droplets exit
straight through the outlet 3, resulting in a high exit fraction
(Noutleta/Ntotal = 1). However, the separation of emulsion droplets
from the continuous oil phase is not effective, as most of the
continuous oil phase also exits through the outlet 3 (Fig. 2C, III).
For the case when Q,/Q,, is between 10 and 16 (regime II), the
droplet sizes are slightly smaller than the orifice with 0.5 <
Derop/Dorifice < 0.7 as can be seen in regime II in Fig. 2A. Separation
of emulsion is observed to be most effective in this regime with
exit fractions greater than 0.5 and also having less continuous
phase through outlet 3. The results demonstrate that Q,/Q,y plays
an important role in the separation process by controlling
Darop/Dorifice- 1t should be noted that the effect of angles of outlet
1 and 2 (0) on the separation is not significant in the current exper-

imental setup. In addition, because the density of the continuous
oil phase (1614 kg/m®) is much higher than that of the aqueous
phase (1 kg/m?), sedimentation is not important in the current
separation device. Indeed, even when silicon or mineral oil are
used as the continuous oil phase, the sedimentation speed of the
drops (~1071°-107°m/s) is much slower than the flow velocity
(~10"1m/s) (Table S1 & S3), the time for drops to sediment is
much longer than the typical time it takes for drops to move
through the V shape. As a result, the effect of sedimentation is
expected to be negligible.

On the other hand, we notice that, in regimes I and II, the rate of
droplets exiting through outlets 1, 2 or 3 is lower than the rate of
droplets arriving at the orifice, which leads to a net increase of the
numbers of drops near the orifice at a given time. Accumulation of
drops at the orifice thus occurs. Intuitively, a reasonable accumula-
tion of droplets prevents the continuous phase from entering exit 3
while significant accumulation jeopardizes the separation process
by blocking the orifice. Thus, effective regulation of the accumula-
tion process near the orifice is likely able to improve the separation
efficiency. We thus examine the dependence of exit fractions on
the overall Q,/Qw. In particular, we keep Q,/Q. constant but
increase the overall flow rates, i.e., the sum of Q, and Q, is
increased for both regimes I&IL In this case, the size of drops does
not change (because Q,/Q, is constant) but the pressure drop
across the orifice increases due to the increased flow rates. The
results show that in regime [ where Q,/Q,, = 5, increased flow rates
do not seem to have any desired effect (Fig. 3A). This is probably
due to the increased generation rate of droplets whose sizes are
much larger than or equal to the size of orifice, resulting in a
further accumulation of drops near the orifice. However, when
the droplet size is about midrange (0.5 < Dgrop/Dorifice < 0.7,
Qo/Qw =~ 13), such as in regime II, the increased flow rates have a
preferable effect on exit fractions (Fig. 3B), suggesting that the
increased overall flow rates in regime II help forcing the droplets
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through the orifice more effectively and obtaining a higher exit
fraction. Furthermore, the angle (0) of the outlets 1 and 2 also starts
to affect the separation process. For example, exit fraction for
devices with 0=15° and 45° have a considerable increase in the
exit fractions with increasing flow rates (Fig. 3B). In both regimes
increased flow rates result in a significant accumulation of drops
in devices with 0=75° which block the orifice completely and
make the separation negligible. Note that the x-axis in Fig. 3 shows
the actual values of oil flow rate and water flow rate. For example,
15:3 indicates the oil flow rate is 15 pl/min whereas water flow
rate is 3 pl/min. There was no significant effect of accumulation
of drops on the size of generated drops observed in our
experiments.

When the flow resistance in outlet 3 is comparable to that in
outlet 1 and 2, i.e., I = I;, the angle (0) of the outlets 1 and 2 starts
to affect the droplet accumulation and exit fraction. For devices
with 0° and 15° angles, for example, the droplets do not accumu-
late significantly (~10 droplets) before the orifice regime and tend
to leave through the exits 1 & 2 (Fig. 4A). The 45° angle has a con-
siderable accumulation (~20-30 droplets) at any given time. For
devices with 75° angle, however, there is a large regime of trapped
droplets before the constriction (~60-70 droplets). Because simu-
lation has shown that for devices with 45° and 75° angles there are
pockets of low velocity regimes before the orifice, these pockets of
low velocity regimes is likely responsible for the observed accumu-
lation of droplets in Fig. 4A (Fig. S1A). Thus, it is possible that 0 reg-
ulates the accumulation of droplets near the orifice by controlling

1.5
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Fig. 4. Effect of 0 on the separation of drops using microfluidic devices with
l; =2634 + 169 um, [, = 2604 + 100 um. (A) Experimental images of drops flowing
in microfluidics with different 0. Arrows indicate the directions of flow. Scale bar:
60 um. (B) Dependence of the fraction of drops exiting through outlet 3 (Noytets/
Niotar) (solid symbols) and the ratio of droplet diameter to the width of the orifice
(Ddrop/Dorifice) (empty symbols) on Qo/Qw. The effect of 0 on Noutiets/Neota is
highlighted in the box with dot lines.

the local low velocity regimes. Furthermore, experimental data
indicate that the exit fractions in regime Il seem to be greater for
the device with 45° compared to all the other angles (Fig. 4B), solid
triangle symbols in the dotted box highlighting regime II). A 45°
angle device has lower accumulation of droplets and is aided by
appropriate pressure drop to achieve greater exit fractions than
75° device which has too much accumulation preventing droplet
exit even when there is relatively higher pressure (Fig. S1B). Thus,
devices with 45° angle seem to have the optimum or desired accu-
mulation of droplets (via the generation of local low velocity
regimes) and sufficient pressure to drive droplets through the exit
3. Highly concentrated emulsions, for example, ~80,000 per micro-
liter can be produced with a relatively low shear stress of 12.5 Pa in
a 45° angle device (Fig. S2, Table S2 & S3). It should be noted that
although the angle (0) has a considerable effect on the separation
of droplets from the continuous phase, any geometric modification
of the device that could change the pressure drop across the orifice
and droplet accumulation around the orifice will affect the
separation process. As a result, the conditions may vary for the
T-junction, Y-shape microfluidics and/or additional constriction
channels. In addition, other parameters such as surface tension
and the size of orifice may play roles in the separation process.

4. Conclusions

In summary, we have developed an integrated V-junction
microfluidic system for separation of droplets from the continuous
phase. We demonstrated that the separation efficiency depended
on the ratio of flow rates, accumulation of droplets near the orifice,
and the pressure drop across the orifice. Significant angle effects,
which appeared when the flow resistance was comparable for all
outlets, were ascribed to the change of local velocity and pressure
near the orifice. The 45° angle seemed to be the optimum choice
for producing concentrated emulsions (volume fraction of 66%,
drop sizes of ~20 pm) with the maximum Nyygers/Niotal. This sim-
ple yet unique microfluidic device thus enables direct concentra-
tion of droplets from the continuous stream and avoids the using
of external forces [16-18] and the need of extra off-chip separating
step. In addition, the current approach provides useful guidelines
to design microfluidics for concentration of emulsion droplets,
and may find many other applications including concentration of
microbubbles generated by electrohydrodynamics atomization
[27] or pressurized gyration [28,29]. Apart from using this device
as an integrated unit for generation of droplets and concentrating
emulsions, future work can also be directed to the separation
and concentration of particles and biological cells such as blood
cells and bacteria.
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