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e modified capillary microfluidic
device for fabricating water–oil Janus droplets and
hydrophilic–hydrophobic anisotropic
microparticles†

Ke Xu,‡ Xue-Hui Ge,‡ Jin-Pei Huang, Zhu-Xi Dang, Jian-Hong Xu*
and Guang-Sheng Luo

Here we developed a novel and facile microfluidic approach to produce W–O Janus droplets with a wide

operating range (Ca number and volume ratio of the two dispersed phases). We then used this approach to

fabricate hydrophilic–hydrophobic anisotropic Janus particles (HHAJPs). The volume ratio of the two

dispersed phases and the exposure area of a specific phase could be adjusted by controlling the

surfactant concentration in the continuous phase and the volume flow ratio of the two liquids. The

HHAJPs could be distributed in an ordered and stable manner on oil–water interface, indicating their

potential application as interface stabilizer and phase transfer catalyst.
Introduction

Anisotropic functional particles are particle materials that
integrate different functions on different geometric sides, and
they have been recently applied as multi-phase catalysts,1,2

optical pixel units,3–7 targeted drug release agents8–12 and
emulsion stabilizers.13,14 In these elds, the synergy of their
different functions enhances and broadens the applications of
particles signicantly.

Emulsion droplets are traditionally used as templates for
micro-particle materials. For example, researchers have fabri-
cated microbeads with different surface topographies from
single-phase droplets,15–18 core–shell microcapsules with single
and multiple cores from W/O/W or O/W/O double emulsion
droplets,12,19–23 micro-bubbles covered by gel-lms from G/W/O
or G/O/W double emulsion droplets,24–26 and more compli-
cated microparticles frommore complicated multiple emulsion
droplets.21,27 Janus emulsion droplets (Janus droplets) are
natural templates for anisotropic particles. When the interfacial
tensions in a tri-phase emulsion system with 1 continuous
phase and 2 dispersed phases satises a certain relationship,
the two dispersed-phase droplets connect to each other and
form an integral ‘Janus Droplet’.28,29 Aer a solidication
process, such Janus droplets become anisotropic particles. By
numerical calculations, researchers have found that the
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volume-ratio and exposure area ratios of the two faces could be
controlled by changing the liquid volume ratio and adjusting
the interfacial tension relationship, so the structure of the two
faces could be controlled.30,31

Traditionally, Janus droplets are produced by simply stirring
three immiscible phases,32–34 but such a process could hardly
control the uniformity of the products. Recently, microuidic
platforms have been used to realize highly controllable gener-
ation of mono-dispersed emulsion droplets,18,35–37 especially
droplets with complicated structures.12,19,20,24,25,38,39 Some
approaches have shown signicant progress to produce
uniform Janus droplets in microuidic devices.40 Researchers
produced engulng-structure droplets with the double-capillary
method rst with Janus-stable uid system, and then the inner
droplet could breakout and contact with the continuous phase,
forming a Janus structure.40–42 However, this dynamic process
for the inner droplet to contact with the continuous phase is not
controllable and may be extraordinarily long if the middle
phase has high viscosity (e.g. polymer solution or nanoparticle
suspension). Therefore, some researchers developed a more
controllable in situmethod, by forming the parallel laminar ow
of two dispersed phases upstream and then cutting the dual-
phase laminar ow into Janus droplets with continuous
phase.43 This in situ method is considerably more controllable
to produce uniform Janus droplets and then to subsequently
form anisotropic particles. It has been used to synthesize
anisotropic catalysts and also in medical applications.10,44

However, this in situ method requires spontaneously stable
laminar ow aer two dispersed phases converged, so the
operating condition has to be limited to (1) a relatively high
capillary number (Ca), e.g. low interfacial tension between the
RSC Adv., 2015, 5, 46981–46988 | 46981
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Table 1 The interfacial tensions of the different systems

Mass fraction
of Span80 (wt%)

gEW
(mN m�1)

gW

(mN m�1)
gE

(mN m�1)

0.05 6.13 4.89 3.47
0.1 6.13 4.34 3.49
0.15 6.13 4.27 3.5
0.5 6.13 4.12 3.53
1 6.13 3.77 3.48
2 6.13 2.71 3.47
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dispersed phases with relatively high total ow rates, and (2) a
considerably narrow volume ratio range of the two dispersed
phases. Such limits in two-phase systems have been previously
analysed by researchers.45 Consequently, the current application
of this method is restricted in generating O–O Janus droplets
(with interfacial tension less than 1 mN m�1). If the interfacial
tension becomesmuch larger, one phase will always be cut by the
other phase into droplets or plugs. This prevents its application
as phase transfer catalysts and as surface-stabilizers. Even for
O–O Janus droplet generation, those researchers could only
produce Janus droplets with phase ratio between 1 : 5 and 5 : 1.

Here in this work, we present an essential improvement of
the in situ method to produce water–oil Janus droplets, with a
region-selective modication (RSM) of the microchannel. By
modifying the wettability of selected region on the micro-
channel wall, the interaction between a liquid and the selected
region can be adjusted. We by this way distincted the surface
into a relatively hydrophilic region and a relatively hydrophobic
region. Then, the two uids formed a parallel co-laminar ow
adhering to the wall according to the responding selected
modied regions till the continuous phase cut them into Janus
droplets. By applying the RSM approach for the in situ method,
we successfully expanded the in situmethod to the systems with
relatively higher interfacial tensions (from �1 mN m�1 in
previous work to >6 mNm�1 in this work (gEW ¼ 6.13 mNm�1))
and larger volume-ratio ranges (from 1 : 5–5 : 1 in previous
work to 1 : 10–40 : 1 in this work), and lower capillary numbers
(from 10�2 to 10�1 in previous work to 10�4 to 10�1 in this
work).46,47 Thus, we could operate the W–O system in a stable
laminar ow over a considerably broadened operating range.
With the tolerance of higher interfacial tensions, we could
generate W–O Janus droplets in situ and then fabricate hydro-
phobic–hydrophilic anisotropic Janus particles (HHAJP).
Furthermore, we found that the volume ratio of the two
dispersed phase and the exposure area ratios of specic phases
in the particle could be modied easily by simply adjusting the
ow rate ratio of the liquids as well as by the surfactant
concentration in the continuous phase.

Experimental section
Microuidic device and materials

Here we use a two-stage capillary microuidic device. The
dispersed and continuous channels are micro-capillaries
crossing in a square 20 mm long � 20 mm wide � 3 mm high
polymethyl methacrylate (PMMA) chip. There are two capillaries
used here: the rst one ows the dispersed phases through the
region in which the inner wall is modied and the second one
ows in the continuous phase to shear the Janus droplet at the
tip. They all insert into the channels in the PMMA chip, which
were 1.50 mm wide � 1.50 mm high to assure their coaxality.
The diameter of the capillaries was 1.5 mm (O.D) � 1.05 mm
(I.D). The rst capillary was tapered using a micropipette puller
(P-97, SUTTER Co. Ltd., USA) to form a tip with approximately a
diameter of 200 mm. The two dispersed phases were injected
through micro-needles with an inner diameter of 160 mm and
outer diameter of 340 mm. One needle, which carries the water
46982 | RSC Adv., 2015, 5, 46981–46988
phase, was placed to touch inner wall of rst capillary near the
tip (less than 2 mm to the tip), whereas the other one, which
carries the oil phase, was in the upper middle of the capillary
and far away from the tip (more than 30 mm to the tip). Thus,
the water phase would stick to the wall as soon as it entered the
chip, while the oil phase would have enough time to form a
stable laminar ow before reaching that point. Thus, when the
two phases converge, they would ow parallel through the tip to
be sheared into Janus droplets. Microsyringe pumps (LSP01-1B,
Baoding Longer Precise Pump Co. Ltd) were used to pump the
uidic devices. Typical orders of magnitude of the two
dispersed phases and continuous phase were 10 mL min�1 and
1000 mL min�1, respectively.

We used two sets of uids in the device: one for modication
and the other for forming W–O Janus droplets. The modica-
tion system included aqueous uids with 20 wt% NaOH and
2.0 wt% Tween 80 (surfactant), normal octane with 2 wt%
Span80 (surfactant), liquid paraffin with 5 wt% Span80
(surfactant) and hexamethyldisiloxane.

The system to formW–O Janus droplets and the HHAJPs was
composed of deionized water with 10 wt% poly(ethylene glycol)
diacrylate monomer (PEGDA) and 0.5 wt% HMPF (photo initi-
ator), liquid paraffin with 0.05–2.0 wt% Span80 (surfactant, the
mass concentration changed when needed), and the photo-
curing material ethoxylated tri-methylolpropane triacrylate
monomer (ETPTA) with 0.5 wt% HMPF (photo initiator). For
both of the abovementioned conditions, the needle closer to the
tip carried the water phase, whereas the other needle far away
from the tip carried the oil phase. Table 1 shows the interfacial
tensions of the different systems.

Torza and Mason46,47 used the spreading coefficient (Si) to
predict the morphology of three uids as follows:

Si ¼ sjk � (sij + sik) (i s j s k ¼ 1, 2, 3),

sjk represent the interfacial tension between j and k uids.

S1 < 0 S2< 0 S3 > 0, engulfing structure

S1 < 0 S2 < 0 S3 < 0, Janus structure

S1 < 0 S2 > 0 S3 < 0, separating structure

here in our work, the interfacial tensions of the three uids were
diverse because we used a continuous phase with different mass
fractions of surfactant. We used all data to calculate the
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 A brief scheme of the RSM process step by step. (1)
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spreading coefficient, as shown in Table 2. It shows that we can
produce W–O Janus droplet with different structures by using
these systems.

The generated Janus droplets were polymerized and solidi-
ed into ETPTA and hydrogels composed of PEGDA under a UV
point light source (LC8, Model L9588-01, Hamamatsu) exposure
for l0 seconds. ETPTA is hydrophobic, whereas the hydrogel is
hydrophilic, and thus we obtained the HHAJPs. The chemicals
used were chemically pure and purchased from Bai Ling Wei
and Sigma corporations.

We used an optical microscope (BX61, Olympus) assembled
with a high speed camera (DK-2740, Dantech) to take micro-
photographs and movies. We also used a dynamic interfacial
tension measurement instrument (OCAH200, DataPhysics
Instruments GmbH, Germany) to utilize the pendant drop
method and the contacting angle method to measure the
interfacial tensions of the experimental systems and the contact
angles of capillary inner walls before and aer hydrophilic
modication. We also used SEM to observe the surface of the
wall to nd the mechanism of modication.
Capillary assembly. We put two needles into the micro-capillary as the
dispersed phase channels and modified the overall capillary into
hydrophobic and ETPTA-wetting. (2) Modifying fluids injection. An
aqueous solution containing NaOH and surfactant is injected through
a needle touching the inner wall after oil (octane) occupying the
channel with high flow rates of both liquids to form a steady co-
laminar flow in the dispersed-phase tube. This modification process
lasted for 5 hours. (3) After RSM. We obtained a selective region (the
blue region) to be hydrophilic while other parts remain hydrophobic.
(4) Generating Janus droplets. Working system which are water phase
and ETPTA are injected into the device after RSM process to form
stable parallel laminar flow and to be sheared at the tip by continuous
phase to form Janus droplet.
Region-selective modication process

Here we propose a novel RSM process and the construction of a
parallel hydrophobic–hydrophilic pathway for the two inner
phases. Scheme 1 shows the process step by step. First, we place
two needles at the separate positions, as shown in Scheme 1.1,
and then immerse the micro-device into hexamethyldisiloxane
for 5 hours at 80 �C to make the capillary overall hydrophobic
and ETPTA-wetting. Second, an aqueous solution containing
NaOH and surfactant is injected through the needle touching
the inner wall aer the oil phase owing through the other
needle and occupied the channel. With high ow rates of both
liquids, which leads to a high Ca condition, we formed a steady
co-laminar ow in the dispersed-phase tube. Aer continuously
owing for 5 hours, NaOH reacts with the capillary wall and
makes the contacting region water-wetting while keeping the
rest of the surface ETPTA-wetting. Third, we stopped owing the
modifying uids and obtained a selective region to be hydro-
philic (the blue region in Scheme 1.3) while other parts remain
hydrophobic. We then inject Janus formation uids, i.e. water
and ETPTA. Because of the difference in wettability of the inner
wall towards water and ETPTA, we obtain two parallel pathways
for the aqueous phase and the ETPTA phase, and they were then
sheared simultaneously at the tip by the continuous phase uid.
Table 2 The spreading coefficients of different systems

Mass fraction
of Span80 (wt%) S1 S2 S3

0.05 �7.55 �2.23 �4.71
0.1 �6.98 �1.7 �5.28
0.15 �6.9 �1.64 �5.36
0.5 �6.72 �1.52 �5.54
1 �6.42 �1.12 �5.84
2 �5.37 �0.05 �6.89

This journal is © The Royal Society of Chemistry 2015
Through this procedure, we obtained W–O Janus droplets by an
in situ method aer RSM.
Results and discussions
Modication result of the capillary inner wall

Aer modication, the wettability of the inner channel wall was
adjusted. A water-wetting pathway was formed on the ETPTA-
wetting capillary wall from the aqueous phase needle tip to
the capillary orice. Then, we compared the contact angle
between the water and inner wall before and aer NaOH solu-
tion modication. First, we modied two glass slides to be
hydrophobic using the same method as shown in Scheme 1.1,
and then further modied one using an NaOH solution to
become hydrophilic. Then we measured the contact angles of
the water droplet on the two glass slides in an ETPTA solution.
The comparison result is shown in Fig. 1b, where we nd the
contact angle is 169.9� on ETPTA-wetting glass (glass only
modied by hexamethyldisiloxane) and 52.1� on hydrophilic
glass (glass rst modied by hexamethyldisiloxane and then by
the NaOH aqueous solution), which suggest increase in the
hydrophilic wettability. The SEM pictures shown in Fig. 1c and
d indicate that the glass surface is considerably modied, full of
RSC Adv., 2015, 5, 46981–46988 | 46983
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Fig. 1 The microscopic image of hydrophilic modification process and
the modification effect comparison. (a) The microscopic image of the
hydrophilic modification process. The NaOH and octane formed co-
laminar flow in the dispersed tube. The red square is the collecting tube
to invent the NaOH aqueous solution to interact with the continuous
tube. It just exists temporarily in this step. (b) The comparison of contact
angles between capillary and water in ETPTA monomer before (169.9�)
and after hydrophilic modification (52.1�). c) The SEM pictures of the
glass surface after modification. (d) Themagnification of specific part of
the surface. The surface is eroded severely by the NaOH aqueous
solution. The black bar represents 200 mm.

Fig. 2 The microscopic images of the synthesis of mono-dispersed
Janus droplets: (a) Janus droplet formation process. Oil and water
phase formed co-laminar flow and adhered together to flow out from
the tip, then the integral drop grew bigger until it was sheared at the tip
to form a Janus droplet. (b) The colourful Janus droplet. The red part
represents oil phase (ETPTA) and the colourless phase represents
water phase. (c) Janus particles after solidification. They are mono-
dispersed. The scale bars above represent 500 mm.

Fig. 3 The two flow patterns of Janus droplets: single Janus and
multiple Janus and their formation condition. (a) Single Janus. One
water and one ETPTA droplet form together. (b) Multiple Janus. Many
small water droplets adhere to one ETPTA droplet. (c) and (d) The
relationship between Janus structure and the flow rates for different
flow rates of the continuous phase. Red squares represent multiple
Janus is formed in the corresponding flow rates, blue rhombus
represent rates at which single Janus is formed at the corresponding
flow, and the black triangle represent an unstable state in which the
formation changed between single Janus and multiple Janus. The
black bars represent 500 mm.
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ravines due to NaOH solution corrosion. In experiments, we
found that the modication would maintain effective for more
than 10 days.

Formation of droplets

The schematic diagram of synthesis process of Janus emulsion
droplets and particles is shown in Scheme 1.4. In the micro-
uidic device downstream from the RSM process region, we
formed stable and controllable Janus emulsions. A movie of
Janus droplet formation is in the ESI (Movie S1-formation
process†).

The growing, cutting and owing process is shown in Fig. 2a.
If we solidify the generated Janus droplets in situ under UV
exposure, we could get HHAJPs. Fig. 2b and c show the Janus
droplet in the channel and Janus particles aer solidication in
which we show that the HHAJPs were highly monodispersed.

During the formation process, we studied the ow rates
range to form stable Janus droplets. ETPTA and water uids
formed a parallel co-laminar ow and were sheared by the
continuous phase to form one water semi-sphere droplet
sticking to one ETPTA semi-sphere droplet. We call this Janus
droplet a “single Janus droplet”, as shown in Fig. 3a. Apart from
this, we observed another stable owing pattern. When the two
phases stayed longer in the tip while the ow rate of water phase
was high, there would be multiple water droplets formed and
stuck to one ETPTA droplet, forming a multiple Janus structure,
and we called that “Multiple Janus” as shown in Fig. 3b. Here in
this work, we focus on the single Janus droplet.
46984 | RSC Adv., 2015, 5, 46981–46988
We further explored the relationship between the two Janus
structures and the ow rates to nd out the ow rates scope to
form stable single Janus. Fixing the continuous ow rates as 1
mL min�1 and 1.6 mL min�1, we changed the ow rates of the
ETPTA and water phases. The results showed that a relatively
high continuous ow rate could help to avoid multiple Janus
droplets, as shown in Fig. 3c and d.
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 The comparison of Ca number range between our work and
previous work to show the enlargement of operation range in our work.
(a) The relationship with the flow rates to the Ca number in our work.
The blue circle represents stable single droplets, and the red cross
represents unstable droplets. It shows the stable range of the Ca
number varies from 0.0001 to 0.01. (b) The citation of previous work as
comparison.43 The stable range of Ca number here was from0.01 to 0.1.
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Enlargement of the operation range

The operation range of our RSM method is considerably
enlarged compared with previous in situmethods without RSM,
because the RSM reduces the difficulty to get stable laminar
ow in a dispersed-phase channel. Both the restrictions in
interfacial tension and in volume ratio are reduced consider-
ably. The ow rate in the dispersed-phase channel could be
operated at a 2-order lower Ca condition than in previous work.
The volume ratio of the two dispersed phases is also extended
considerably. Table 3 and Fig. 4 show the comparison between
our work and previous work. To elaborate on the advantages of
our work more clearly, we show the picture from a ref. 43 in
Fig. 4b and analyse our data in the same way. The blue circle
region represents the parameters in which we could obtain
stable Janus droplets and the corresponding Ca number. From
the comparison, we nd that we could produce stable droplets
at a lowest Ca number equal to 0.0001, while in the reference,
they could only form stable droplets when the Ca number was
more than 0.01, and this shows our signicant improvement in
the Ca number. Thus, we could synthesis in lower ow rates and
higher interfacial tension. This improvement allows us to
produce HHAJPs composed of water and oil phases (which
would have higher interfacial tension) at a larger ow rate range
(from low ow rates to high rates).
Precise control of the Janus droplets' size and structure

Moreover, we could control the size and structure of the Janus
droplets precisely by adjusting the ow rates and changing the
interfacial tension. Fig. 5 show the structure change of the Janus
emulsion when the ow-rate ratio of the two phases changes.
They are all Janus particles, but they have different volume
ratios of hydrophilic semi-sphere to hydrophobic semi-sphere.
Fig. 5a–c are the micrographs showing particles formed when
the ow-rate ratio of water to ETPTA was changed from 1 : 10 to
10 : 1. We can see that when the ow rates of the two phases
were the same, the semi-sphere of each phase almost have the
same volume. Actually, the ratio is not 1 : 1 and it is related to
the interfacial tensions of the three phases31 because of the
deformation between the two dispersed phases when they
touch. Here, when we ignored the inuence of the deformation
and assumed the dispersed phase as a spherical crown, we nd
that the diameter ratio of the two spherical crowns increased
with the increase of the ow rate ratio, as shown in Fig. 5d.
Through this relationship, we adjusted the size of each part of
the HHAJPs by adjusting the ow rates of each phase.
Table 3 The comparison of the operating ranges of this work and
previous work

Unmodied43,44 Modied

Interfacial tension <1 mN m�1 6 mN m�1

Inner phase ratio 0.2–5 0.1–40
Ca number 10�2 to 10�1 10�4 to 10�1

This journal is © The Royal Society of Chemistry 2015
Morphology control based on the change of interfacial
tensions

For some applications, like in the catalysis eld, the exposure
area is more important than the volume and considerable
research is devoted for achieving the highest exposure area of a
certain phase, i.e., the highest specic area. In our work, we
succeeded in nding an easy way to adjust the specic area.
When keeping the volumes of the two phases constant, we
found the exposure areas of each phase could be highly
controlled by simply changing the interfacial tension. In our
work, we adjusted the surfactant concentration in the contin-
uous phase to adjust the interfacial tension between water
phase and the continuous phase. Fig. 6a–c show the different
exposure areas of the hydrophilic phase (black part of HHAJPs)
when the surfactant (Span80) concentration is varied. This
change was seen because the surfactant changed the interfacial
tension, which in turn changed the contact angles between the
three phases. Therefore, for the same volume ratio, the
Fig. 5 The relationship of the dimension ratio of Janus semi-spheres
with the flow-rate ratio of the corresponding fluids. (a) to (c) The
micrographs of Janus particles with different flow-rate ratios of water
to ETPTA phase: (a) 1 : 10, (b) 1 : 1 and (c) 10 : 1 The scale bar repre-
sents 500 mm. (d) The relationship of the DWater/DETPTA and QWater/
QETPTA; they are positively correlated but they are not linearly
dependent. The red cross represents the experiment data.

RSC Adv., 2015, 5, 46981–46988 | 46985

https://doi.org/10.1039/c5ra05690j


Fig. 6 The exposure surface area adjustment of hydrophilic phase. (a–
c) The micrographic images of Janus droplets with the concentration
of Span80 in the outer phase changing from (a) 0%, (b) 0.4 wt%, (c) 0.8
wt%, respectively. (d–f) The interfacial tensions, the contact angles and
the specific exposure areas of the ETPTA phase changed with the
concentration of Span80. The scale bar represents 200 mm. Hydro-
philic–hydrophobic anisotropic microparticles dispersion in oil–water
interface.

Fig. 7 The HHAJPs oriented and adsorbed on the water–oil interface.
(a) Many particles dispersed at the interface of octanol and water. (b)
Several HHAJPs scattered in the surface of a water drop. The red part of
the HHAJPs represents the oil phase (ETPTA) and the colourless part
represents the water phase (PEGDA hydrogel). When dispersed on the
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encapsulation part of the hydrophilic phase was different.
Fig. 6a shows the extreme case in which the hydrophilic phase
was almost engulfed by the other phases. As shown in Fig. 6b,
the major part of the hydrophilic phase was encapsulated, while
as shown in Fig. 6c, only a minor amount of the hydrophilic
phase was encapsulated, which means the exposure area rises
when the surfactant concentration increases. Fig. 6d and e
demonstrates how the interfacial tension changed when the
surfactant concentration changed. For water and liquid paraffin
(continuous phase), the interfacial tension between them
decreased as the Span80 concentration in the liquid paraffin
increased. Aer the concentration increased to the critical
micelle concentration (CMC), the increase of the concentration
did not decrease the interfacial tension. As for the ETPTA and
liquid paraffin (continuous phase), because they are both oil,
the surfactant had only a scarce effect on their interfacial
tension, so the interfacial tension almost stayed unchanged
during the whole process. Fig. 6e shows that the contact angles
changed with the Span80 mass concentration. When neglecting
gravity (because our droplets are small), the interfacial tension
would balance to zero according the Neumann's triangle at the
three-phase boundary. The contact angles between each two-
phase system were determined by their interfacial tensions.
Here, a represents the contact angle between water and liquid
paraffin, b represents the contact angle between ETPTA and
liquid paraffin, and d represents the contact angle between
water and ETPTA. gW represents the interfacial tension between
water and liquid paraffin, gE represents the interfacial tension
between ETPTA and liquid paraffin, and gEW represents the
interfacial tension between water and ETPTA. Their schematic
plot is shown in Fig. 6e and their relationship meets the
following equations:

a ¼ a cos[0.5(gW
2 + gEW

2 � gE
2)/(gW � gEW) (1.1)

b ¼ a cos[0.5(gW
2 + gE

2 � gEW
2)/(gW � gE) (1.2)

d ¼ a cos[0.5(gE
2 + gEW

2 � gW
2)/(gE � gEW) (1.3)

From Fig. 6e, we nd that when the Span80 mass concentra-
tion increased (the interfacial tension decreased according to
Fig. 6d), all contact angles changed, where a decreased and b and
d increased, and thus the exposure area of the hydrophilic phase
increased. Because the volume of the water phase was xed, aer
normalizing the volumes of all phases (thus the mass concen-
tration of Span80 is transformed to the mass fraction), the expo-
sure area was equal to the specic area. Then, we determined the
relationship of the specic surface area of the hydrophilic phase
and the mass fraction of Span80. From Fig. 6f, we could nd that
the specic surface area increases fast when mass fraction of
Span80 increased until reaching the CMC. Such a method allows
us to minimize the amount of some expensive materials when
keeping a relatively high surface area, which is of signicance in
some areas such as catalysis and interfacial stabilization where
the exposure area determines the efficiency and the volume
46986 | RSC Adv., 2015, 5, 46981–46988
determines the cost. High specic exposure surface areas of an
expensive material are always more economical.

Furthermore, we tested the hydrophilic–hydrophobic prop-
erty of the HHAJPs. When we put about 200 HHAJPs into a
mixture of 20 g octanol and 3 g water and shook it for about 30
seconds, we found that all of the HHAJPs are adsorbed and
directionally distributed on the oil–water interface, with the
ETPTA side immersed in the octanol and the PEGDA side
surface, the oil phase always orients towards octanol, whereas thewater
phase orients towards the water. The scale bar represents 200 mm.

This journal is © The Royal Society of Chemistry 2015
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immersed in the water side. These particles packed closely and
covered the interface, similar to the behaviour of a solid
surfactant. Fig. 7 shows the microscopy images of the disper-
sion. Fig. 7a shows that the particles were orderly scattered at
the interface. The red part represents the hydrophobic phase,
and they are all directed to the octanol, whereas the other part,
which could not be seen clearly because it was covered by the
boundary of the octanol and water, represents the hydrophilic
phase and they all are directed to the water. From Fig. 7b, we
can see the dispersion of phases more clearly. It depicts three
HHAJPs scattered along a water droplet surface with the octanol
environment. The red part of the HHAJP (hydrophobic phase)
directs towards octanol, whereas the colourless part (hydro-
philic phase) directs towards water. Such a property of HHAJPs
makes them promising in phase transfer catalysis applications.

Conclusions

In summary, by regional selective modication (RSM) tech-
nology, we improved the in situ generation of W–O Janus
droplets in a microuidic device and successfully obtained
monodispersed water–oil Janus droplets and hydrophobic–
hydrophilic anisotropic Janus particles (HHAJPs). Compared
with previous work, the improved method allows a considerably
higher interfacial tension between two dispersed phases, a
larger volume ratio range, and a larger Ca range. The size of
HHAJPs could be precisely controlled. By adjusting the surfac-
tant concentration in the continuous phase, the exposure
surface area could be optimized, which allows us to use the least
amount of some expensive dispersed phase to gain a specic
exposure area. Such HHAJPs can directionally distribute on the
oil–water interface stably, indicating a potential application as
an interface stabilizer and phase transfer catalyst.
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