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Driven by the need to prepare monodisperse compound droplets, the formation mechanism of compound
droplets was comprehensively investigated. With increasing poly(vinyl alcohol) (PVA) concentration in the
W2 phase, the formation mechanism of inner W1 droplet is not affected while the behavior of the O
phase in the W2 phase is different. The W1/O compound droplets can form stably in an inner squeezing
— outer dripping regime, but the structure of the W1/O compound droplets are affected by the
formation time matching between inner W1 droplet and W1/O compound droplets, which influences the
stability of the compound droplets. Moreover, the formation process of the W1/O compound droplet is
composed of cone recoiling, neck formation, neck developing, neck thinning and neck pinch-off. The
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Laplace pressure difference increasing, which promotes the thinning of the neck in the neck pinch-off

DOI: 10.1039/c9ra07141e stage. The results provide more in-depth insights of the effects of surfactants on the formation of
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1. Introduction

With the advantages of protecting important components by
encapsulation, polymer shells have found applications such as
drug delivery, food additives and bioreactors." Especially, poly-
mer shells such as polystyrene (PS), deuterated polystyrene
(DPS), and poly(a-methylstyrene) (PAMS) shells have been used
for preparing targets for laser-driven inertial confined fusion
(ICF), laboratory astrophysics, high field physics and so on.>™
Generally, these polymer shells are made by the microfluidic
technique, in which water-in-oil-in-water (W1/0) compound
droplets, consisting of three phases and two interfaces, are
formed first and then the solvent in the O phase is removed by
evaporation during the solidifying process.>” There are strin-
gent specifications on the size of these shells since they contain
deuterium and tritium fuels.>** Therefore, it is important to
precisely control their corresponding compound droplets, the
precursor of polymer shells.****

Compound droplets are successfully prepared by kinds of
microfluidic devices with different structures including cross-
flow, co-flow and flow-focusing, but the formation mechanism
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compound droplets, benefiting for preparing monodisperse and stable compound droplets.

is not clear enough, unfavorable to precise controllability of their
structure and size."*™ Especially, the formation process is
significantly affected by surfactants, which are an important part
of the components in the preparation of compound droplets.*”**
Fresh interface between dispersed and continuous phases is
formed during the droplet formation, so the adsorption of the
surfactant on the interface is important.” The dynamic interfacial
tension depends strongly on the adsorption of the surfactant,
affecting the formation process.?*** Roché et al. showed that the
dynamic interfacial tension controlled by the surfactant led to the
changes of the neck thinning rate.?* Kovalchuk et al. pointed out
that the dynamic interfacial tension during the formation process
depended on the adsorption kinetics of the surfactant at the
surface of the droplet®?° and the effect of the surfactant on the
transition between flow regimes correlated with the dynamic
surface tension. Kamat et al. demonstrated by the simulation and
experiment that Marangoni stresses resulting from the nonuni-
formity of surfactant concentration on the interface led to reduced
thread thinning rate and formation of multiple satellites.””
From the literature, it is clearly seen that the processes of
both neck thinning and pinch-off have been paid attentions
during the formation of single droplet, but the whole formation
process of the droplet, especially initial stage of neck formation,
is little studied. On the other hand, the surfactants studied in
the literature are always surfactants with low molecular weight
such as cetyltrimethylammonium bromide (CTAB), and sodium
dodecyl sulfate (SDS). In fact, polymers such as partially
hydrolyzed poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA)
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are widely used to prepare stable droplets due to its non-toxicity
and biodegradability.®**** Moreover, the formation of
compound droplets is more complicated than that of single
droplet since both the formation processes of inner and outer
interfaces in the compound droplets are probably affected by
the introduction of surfactants in any phase. However, as far as
we know, there are a few reports about the effects of surfactants
on compound droplet formation.” Therefore, it is necessary to
investigate the effects of these macromolecule surfactants on
the formation of compound droplets.

In the paper, to avoid surfactants adsorbing on both inner
and outer interfaces, aqueous solutions with different PVA mass
fractions were used as the outer phase (W2) while there were no
surfactants in both inner and oil phases. The adsorption of
surfactants at oil/water interface on the whole formation
process of compound droplets in a coflow microfluidic device
was comprehensively investigated, and the effect of the inter-
facial tension on the formation mechanism of compound
droplets were also discussed.
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2. Experimental
2.1 Materials

Polystyrene (PS, My,= 250 kg mol ', p; = 1.05 g cm >, Acros
Organics Inc.), and PVA (M,, = 13-23 kg mol *, 87-89%
hydrolysis degree, Sigma-Aldrich Company) were all used as
received without further purification. Fluorobenzene (FB)
(Shanghai Aladdin Bio-Chem Technology Co., Ltd) was purified
by the distillation. Distilled, deionized water was used in the
preparation of all aqueous phases.

2.2 Preparation of W1/O compound droplets

As shown in Fig. 1, W1/O compound droplets were prepared by
a coflow microfluidic device. The device was composed of a steel
needle (d;w; = 330 pm, do, w1 = 500 pm), a plastic tube (d;o =
D, do,o = 1588 pm) and a transparent glass tube with 1800 pm
inner diameter (d; w, = 1800 um), which were used as the inner,
middle and outer channels, respectively. The microfluidic
device used in the study was a “two-step” device, in which the

White (W1 phase): deionized water
Orange (O phase): 8.2% PS/FB solution

Green (W2 phase): PVA aqueous solution

N 3D microscopy

O O 0o /i \
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Fig. 1 Schematic of compound droplet formation in a “two-step” microfluidic device: (a) key parameters during the formation and (b) exper-

imental setup.
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end of steel needle was located upstream to the end of the
plastic tube.** Pure water and PS/FB solution with 8.2% PS mass
fractions were used as the inner phase (W1) and oil phase (O),
respectively. Aqueous solutions with different PVA mass frac-
tions (0.002%, 0.04%, 0.1%, 0.5% and 2.0%) were used as the
outer phase. The flow rates of the W1, O and W2 phases (Qws,
Qo and Qwy,) are 1.5 ml h™', 3.0 ml h™' and 500 ml h™*,
respectively, which are controlled by three separate syringe
pumps (PHD ULTRA™ Advanced Syringe Pumps). Details of the
preparation process were described in the ref. 8. The formation
of compound droplets was monitored at 1000 fps using a high
speed videocamera (Optronis) equipped with a Navitar objective
(Fig. 1). Image processing was carried out using Image ] free
software created by the National Institutes of Health (NIH).

2.3 Characterization

The densities of the phases were measured precisely by
a densitometer (Anton Paar®, DMA 5000) at 25 °C. The densi-
tometer accuracy is 10~® g em 3. The viscosities of the phases
were measured precisely by a microviscometer (Anton Paar®,
Lovis 2000M) at 25 °C. The microviscometer accuracy is 10>
mPa s. The dynamic interfacial tensions (IFT) were measured by
an interfacial tensiometer (Kriiss, DSA25) via the pendant drop
method.*>*

3. Results and discussion
3.1 Density, viscosity and dynamic interfacial tension

The results of the density and viscosity measurement are listed
in Table 1. When the PVA mass fraction increases from 0.002%
to 2.0%, the increase of the density is only about
0.004496 g cm > while that of the viscosity is 0.781 mPa s.
Moreover, it is interesting to note that the viscosity of the O
phase is much higher than that of both the W1 and W2 phases,
since there are more PS with higher molecular weight in the
solution (compared with PVA). Compared with the density and
viscosity, PVA concentration shows more significant effect on
the dynamic interfacial tension. As shown in Fig. 2, with
increasing the PVA mass fraction from 0.002% to 2.0%, the
dynamic interfacial tension decreases obviously for a fixed time,
which indicates that there are more PVA molecules migrating to
the O/W2 interface. Therefore, PVA makes the dynamic inter-
facial tension decrease sharply by increasing its concentration,
but have little effect on the density and viscosity.

Table1 W1, O and W2 phases and their physical properties at 25 °C

Phases Components Density (g ecm ™) Viscosity (mPa s)
w1 Distilled water 0.997053 0.887
O 8.2% PS/FB 1.024433 23.57
w2 0.002% PVA 0.997014 0.889
0.01% PVA 0.997091 0.894
0.04% PVA 0.997175 0.903
0.1% PVA 0.997298 0.922
0.5% PVA 0.998333 1.047
2.0% PVA 1.001510 1.670

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Dynamic interfacial tension between O and W2 phases with
different PVA mass fractions vs. time at 25 °C.

3.2 Formation of W1/0O compound droplet in W2 phase with
different PVA concentrations

Since the “two-step” microfluidic device is used to produce the
W1/0 compound droplet, the W1 droplet is firstly formed and
flows with the O phase (Fig. 1(a)). Then, the O phase containing
the W1 droplet is stripped off by the W2 phase, forming a W1/O
compound droplet in the W2 phase. Therefore, the formation of
W1/0O compound droplet can be divided into two processes
including the formation of inner W1 droplet and the formation
of the O droplet with inner W1 droplets.

3.2.1 Formation of the W1 droplet in the O phase. For the
W2 phases with different PVA concentrations, the formations of
the W1 droplet in the O phase are almost the same, as shown in
Fig. 3 (¢, is the time at the pinch-off of the filament). When the
W1 phase flows out from the W1 tube, it expands and forms
a bulb-shaped droplet. With more W1 phase flowing out, the
droplet grows to almost occupy the whole space of the O tube, so
it deviates from spherical shape to pear-shaped shape, forming
a pendent droplet. Then, a cylindrical fluid filament is formed
to connect the droplet with the cone of the W2 phase. Finally,
the filament breaks up symmetrical, accompanying with the
formation of a W1 droplet and a very tiny satellite droplet in the
O phase. The “symmetrical rupture process” is also observed by
Du et al*»* The part of the filament close to the W1 droplet
retracts, merging into the W1 droplet, while another part also
recoils, merging into the cone. A very tiny satellite droplet is also
formed, probably due to large viscosity ratio of the O phase and
the W1 phase.*

From the formation process, it is clearly seen that the W1
droplet is formed in squeezing regime, in which the growing
droplet occupy the whole space of the O tube.” PVA concen-
trations show no significant effect on the formation mechanism
of the W1 droplet, but affect the formation time of W1 droplets,
which is defined as the interval time between the break of the
filament and that of the next. As shown in Table 2, the forma-
tion time increases firstly and then decreases with increasing
PVA concentration.

RSC Adv, 2019, 9, 41943-41954 | 41945
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Fig. 3 Snapshots of W1 droplets formation in O phase (762 um inner diameter of the O tube): (a) formation of neck and (b) pinch-off of neck.

3.2.2 Formation of the O droplet with inner W1 droplets in
the W2 phase. Compared with the formation of the W1 droplet,
PVA concentrations have more significant effect on the forma-
tion of the O droplet. For the W2 phases with 0.002% PVA and
0.04% PVA (Fig. 4), the initial stages of the O phase flowing out
from the O tube are almost the same. It becomes wider, almost
completely blocking the W2 tube at the end of the O phase. With
more O phase flowing out, it adheres to some parts of the W2
tube probably due to that the inner surface of the W2 tube is not
completely hydrophilic and smooth. So, the O phase flows
slower and the W2 flows faster. The flow rates of the O and W2
phase in their tube calculated from the fluid volumes are
0.002 m s~ and 0.05 m s~ ', respectively. With more O phase
entering into the W2 phase, more than half of the W2 tube
space is occupied by the O phase, and the velocity difference

Table 2 Effect of PVA concentration on the formation time of W1
droplets

Sample Formation time of W1 droplets (ms)
0.002% PVA 822 + 105

0.04% PVA 964 £ 10

0.1% PVA 1077 £ 11

0.5% PVA 1022 £+ 12

2.0% PVA 996 £ 15

41946 | RSC Adv, 2019, 9, 41943-41954

increases. It has been reported that the Kelvin-Helmholtz (KH)
instability probably occurs when the velocity difference is
higher than 0.1 m s ' for liquid-liquid fluids with similar
densities.***” With the increase of the velocity difference,
a wave-like interface between the O and W2 phases appears,
indicating that the KH instability occurs. Finally, the head of the
O phase narrows, but it is very difficult to obtain W1/O
compound droplets in the W2 phase with 0.002% PVA even
with increasing the W2 flow rate. For the W2 phase with 0.04%
PVA (Fig. 4(b)), a wave trough deepens at the adjacent head,
which is far from the end of the O tube, forming a neck region.
Then the neck becomes thinner, forming a cylindrical fluid
filament. Finally, the filament breaks up symmetrical, forming
either a W1/O compound droplet or a O droplet, and a satellite
droplet due to the Plateau-Rayleigh (PR) instability (Fig. 4(c)).*®

For the W2 phases with 0.1% PVA, 0.5% PVA and 2.0% PVA,
the formation process of the O droplet containing inner W1
droplets in W2 phase are similar. They are formed in the drip-
ping regime. As shown in Fig. 5, with the O phase flowing out
from the O tube, it becomes a little wider, forming a cylindrical
shape. The width of the cylinder is almost the same as the outer
diameter of the O tube. Then, waves are formed on the sides of
the cylindrical O phase at the adjacent end of the O tube and the
W1 droplets move to the head of the O phase. The waves
become deeper over time, forming a neck. The neck becomes
thinner over time, forming a cylindrical fluid filament

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Behaviors of the O phase in the W2 phases (1800 um inner
diameter of the W2 tube) with 0.002% PVA and 0.04% PVA: (a) 0.002%
PVA, (b) formation of neck in 0.04% PVA and (c) pinch-off of neck in
0.04% PVA.

connecting a pear-shaped head with inner W1 droplets and
a cone near the O tube. Wave-like interfaces appear on the
cylinder sides of the filament, leading to two necks formed
between the middle of the filament and the cone, and between
that and the droplet due to the PR instability. Finally, the two
necks break up, forming a satellite droplet in the middle of the
filament. The part of the filament close to the W1/O compound
droplet retracts, merging into the O shell, while another part
also recoils, merging into the cone. It seems that the breakup
type of the filament is also symmetrical rupture.

This journal is © The Royal Society of Chemistry 2019
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However, the number of the W1 droplets in the O droplet is
different though the formation mechanisms of the O droplet
in W2 phase with 0.1% PVA, 0.5% PVA and 2.0% PVA are the
same. For 0.1% PVA, there is one O droplet containing one W1
droplet inside formed after two O droplets containing two W1
droplets inside formed. For 0.5% PVA, one O droplet con-
taining one W1 droplet inside is formed after one O droplet
containing two W1 droplets inside formed. For 2.0% PVA,
there is only one W1 droplet in all O droplets. Moreover, the
formation time of a W1/O compound droplet containing one
W1 droplet decreases with increasing PVA concentration
(Table 3). Therefore, the formation period of W1/O compound
droplets prepared from 2.0% PVA is shorter than that of W1/O
compound droplets prepared from 0.1% PVA and 0.5% PVA.
Compared with Tables 2 and 3, it is clearly seen that W1/0
compound droplets with only one W1 droplet inside can be
obtained when the formation time of W1 droplet is almost the
same as that of the O droplet.

3.3 Formation mechanism of W1/O compound droplets in
W2 phases with different PVA concentrations

As mentioned above, PVA concentrations show no significant
effect on the formation mechanism of the W1 droplets, but
affect their formation time. Since PVA is in the W2 phase, it
does not affect the properties of W1 and O phases including the
density, viscosity and dynamic interfacial tension. Therefore,
most of the forces acting on the W1 phase in the O phase such
as the gravity, shear force and interfacial force are not signifi-
cantly affected by PVA concentrations in the W2 phase. In the
squeezing regime, the pressure jump (AP) across the droplet is
the dominant force for the neck thinning while the interfacial
tension resists it.*> The pressure jump can be calculated by

AP =P, — P, (1)

where P, and P, are the pressures above and below the droplet,
respectively (Fig. 3(b)). P, are different for the W2 phases with
different PVA concentrations, since it is affected by the behavior
of the O phase in the W2 phase. Therefore, the formation time
of W1 droplets is affected by PVA concentration in the W2
phases, which leads to different sizes of the W1 droplet.

With increasing PVA concentrations, the behavior of the O
phase in the W2 phase are different. To study the transition, the
dimensionless numbers including the capillary number (Caw,)
and Reynolds number (Rew,) are calculated by eqn (2) and (3),

respectively****

u
Caw, = HwaUw2 [2)
Yo/w2
14 szdi,wz
Rewz = Fwarw2r,we (3)
Hwa

where pw,, tw, and uw, are the density, viscosity and flow
velocity of the W2 phase, respectively. v,y and d;yy, are the
dynamic interfacial tension between the O and W2 phases, and
the inner diameter of the W2 tube, respectively. It is difficult to
obtain the dynamic interfacial tension during the formation

RSC Adv, 2019, 9, 41943-41954 | 41947
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Fig. 5 Snapshots of compound droplets formation in the W2 phases with 0.1% PVA and 2.0% PVA (1800 um inner diameter of the W2 tube): (a)
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to-5 to-3 to-1
formation of neck in 0.1% PVA, (b) pinch-off of neck in 0.1% PVA, (c) formation of neck in 2.0% PVA, and (d) pinch-off of neck in 2.0% PVA.

time of W1/O compound droplets. To investigate the effect of was used to calculate the values of the capillary number. The
the interfacial tension on the formation of W1/O compound flow velocity of the W2 phase in the W2 tube is calculated by the
droplets, the dynamic interfacial tension measured at ¢t = 1 s following equation.

41948 | RSC Adv, 2019, 9, 41943-41954 This journal is © The Royal Society of Chemistry 2019
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Table 3 Effect of PVA concentration on the formation time of
compound droplets

Formation time of W1/O compound droplets (ms)

Containing one Containing two

Sample W1 droplet W1 droplets Period
0.1% PVA 2168 £+ 69 1656 £ 197 5736 £ 413
0.5% PVA 1564 + 99 1717 £ 129 3271 £ 263
2.0% PVA 992 + 16 — 992 + 16
4
= @

e 7'C(di,w22 - ddz)

where Qw, are flow rate of the W2 phase controlled by the
syringe pumps. diw», and dq are the diameter of the W2 tube
and the droplet, respectively. From the properties of the W2
phase, compared with the density and viscosity, the dynamic
interfacial tension increases more quickly with increasing PVA
concentrations (Table 1). Moreover, the Rey, is in the same
order of magnitude, while the capillary number increases from
0.002 to 0.02 indicating that the dynamic interfacial tension
plays an important role on the transition (Table 4).

As shown in Fig. 6, on the vertical direction, the interfacial
force (F,) prevents the cylindric-like liquid from being elongated
and thinned, while the shear force (F;) makes the liquid become
long and thin. With increasing the dynamic interfacial tension,
the interfacial force increases, unfavorable to the neck forma-
tion. On the horizontal direction, the Laplace pressures (P) are
different due to different radii of the liquid. The Laplace pres-
sure in the neck (P;) is the highest, while the Laplace pressure
far from the neck is low. The Laplace pressure difference make
the liquid flow from the neck. Therefore, the neck becomes
thinning. With increasing the dynamic interfacial tension, the
Laplace pressure difference increases, benefiting the thinning
of the neck.

At the initial of the droplet formation in our study, the radius
is large and the interfacial force plays a major role. When the
PVA concentration is low (0.002% PVA and 0.01% PVA), the
interfacial tension is also high. All make it is difficult to form
the neck near the end of the O tube. The O phase flowing out
from the O tube becomes wider. With more O phase flowing out,
it adheres to some parts of the W2 tube probably due to that the
inner surface of the W2 tube is not completely hydrophilic and
smooth, which makes that it is more difficult to form the neck
near the end of the O tube. If the inner surface of the W2 tube is

Table 4 Dimensionless number values for the W2 phase

Samples Rew, (W2) Caw, (W2)
0.002% PVA 55.1 0.002
0.04% PVA 54.3 0.004
0.1% PVA 53.2 0.006
0.5% PVA 46.9 0.015
2.0% PVA 29.5 0.02

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Effect of interfacial tension on the vertical and horizontal
direction of the compound droplet formation.

completely hydrophilic and smooth, the O phase can not adhere
to the tube. It is deduced that the O phase would almost occupy
the whole space of the W2 tube. A squeezing regime probably
occurs when the pressure jump across the droplet is high
enough. With decreasing the interfacial tension (0.1% PVA,
0.5% PVA and 2.0% PVA), the interfacial force decreases, which
makes that it is easy to form the neck, leading to the occurrence
of the dripping regime in our study.

In the dripping regime, W1/O droplets form stably. To
investigate the droplet formation quantitatively, the evolution
of liquid-liquid interface is analyzed by measuring the neck
width (w). As shown in Fig. 7(a), according to the thinning rate
of the width, the formation process of the W1/O droplet can be
divided five stages including cone recoiling, neck formation,
neck developing, neck thinning and neck pinch-off. Both
recoiling and neck pinch-off stages are very short, less than 5
ms. The cone firstly recoils due to the pinch-off of former
droplet, while the Plateau-Rayleigh instability occurs in the
cylindrical fluid filament, making it breaking in the neck pinch-
off stage. Compared with those of the neck developing and neck
thinning stages, the neck formation process is much slower due
to its large radius. Therefore, the formation time of W1/O
droplets is mainly determined the neck formation stage.
Moreover, the formation time decreases with increasing the
PVA concentration due to the decrease of the interfacial tension.
The shear force is the dominant factor making the neck
becoming narrower in the stage. With the W1 droplet being
pushed through the wave trough into the head, the head
expands, leading to the increase of the shear force acting on the
head, which making the wave trough developing into the neck.

In the vicinity of the pinch-off stage, whether in 0.1% PVA,
0.5% PVA or 2.0% PVA, it seems that the neck thinning
processes are almost the same. It has been shown to proceed in
three different regimes (Fig. 7(b)), which is similar to that of

RSC Adv, 2019, 9, 41943-41954 | 41949
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Fig.7 Profile of neck width versus the relative time during the formation
process of W1/O droplets: (a) formation process, and (b) short time
kinetic of the neck thinning in 0.1% PVA, 0.5% PVA and 2.0% PVA.

a single droplet.>**® For Newtonian fluids, the scaling theories
of pinch-off have been developed to describe the dynamics of
the pinch-off process. The visco-inertial (VI) regime predicted by
Eggers describes the dynamics of the vicinity of the pinch-off
singularity, in which the minimum neck radius (Amin)
decreases linearly with the time (¢, — ¢).2**"*

i = 0.03 7222 (4 — p) 5)
Mw2

The inertial (I) regime predicted by Keller is used to explain
the neck evolution close to the pinch-off when the viscous force
can be neglected, in which the #,,;, is the following.?*****

1/3
Bnin = 0.7 (m) (ty — 1)*? (6)

Pw2

When viscous effects are strong, the viscous (V) regime
described by Papageorgiou is given as*

41950 | RSC Adv, 2019, 9, 41943-41954
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B = 0.07 792 (40— ) 7)
Mwo

Here, it seems that the pinch-off process undergoes the
transition from the V regime to VI regime, and two different
slopes appears in the V regime due to the change of the inter-
facial tension. Eqn (5) and (7) are used to correlate the
minimum neck radius with the time in each regime and the
effective interfacial tensions are calculated (Table 5). With the
neck thinning, the interfacial tension increases due to the
depletion of the surfactant.>**® Moreover, the trend shows more
significant in low PVA concentration.

The neck thinning rates (V;, V, and V;) in the regimes are
also calculated by the slope of their linear fits, and the results
are listed in Table 6.

dhmin
Y= a0 ©)

where ¢, is the times at the pinch-off of the neck and ¢ is the time
at the image taken before the pinch-off. For the same PVA
concentration, with approaching the pinch-off, the neck thin-
ning rate increases firstly, and then decreases when the neck
evolves into a cylindrical filament, which is combination role of
the effective interfacial tension and Marangoni stress. The
interfacial tension increases with the neck thinning, benefiting
the acceleration of the pinch-off, so the neck thinning rate
increases firstly. On the other hand, the nonuniform surfactant
distribution along the surface of the filament results in Mar-
angoni stress. It has been proved that Marangoni stress acting
near the pinch point plays more important role, which not only
reduces the thinning rate, but also leads to formation of satel-
lites.”” Moreover, for the same regime, the pinch-off process is
delayed with increasing PVA concentrations (Fig. 7(b) and Table
6), probably due to the combination role of the effective inter-
facial tension and Marangoni stress.

3.4 Unstable behaviors of W1 droplets in microfluidic device

Two types of unstable behaviors of the W1 droplets are
observed in the W2 tube (Fig. 8). There are more and more W1

Table 5 Effective interfacial tension in the vicinity of the pinch-off
stage

Sample 71 (MmN m™) v, (MmN m™) vs (MmN m™)
0.1% PVA 14.5 9.3 5.5
0.5% PVA 10.3 6.8 4.5
2.0% PVA 7.0 5.0 4.2

Table 6 Neck thinning rate in the vicinity of the pinch-off stage

Sample Vi (ems™) V, (em s Vs (em s™)
0.1% PVA 1.8 2.6 1.5
0.5% PVA 1.3 2.0 1.3
2.0% PVA 0.9 1.5 1.2

This journal is © The Royal Society of Chemistry 2019
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droplets in the O phase since it is difficult to form W1/0
compound droplets in the W2 phases with 0.002% PVA and
0.04% PVA. There are some W1 droplets pushed by other
droplets close to the W1/O interface. With the role of the shear
force of the W2 phase and the Laplace pressure of the inter-
face, the interface becomes thinner and thinner. Finally, the
interface breaks up and the W1 droplet merges into the W2
phase (Fig. 8(a)). Moreover, the coalescence also occurs to
form a bigger W1 droplets when two W1 droplets are close

View Article Online

RSC Advances

enough whereby the van der Waals forces is strong enough to
make the dissepiment film rupture, since there are no
surfactant in both W1 and O phases (Fig. 8(b)).*” Therefore,
both coalescence and rupture can happen in the O phase. For
the W2 phases with 0.1% PVA, 0.5% PVA and 2.0% PVA, W1/O
compound droplets are formed stably and W1 droplets does
not accumulate in the O phase. They do not push each other
and there is a distance between W1 droplets in the O phase, so
the W1 droplets are stable in the channel.

(b)

Fig. 8 Unstable behaviors of W1 droplet in microfluidic device: (a) rupture and (b) coalescence.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Effects of PVA concentrations on the structure of the W1/O compound droplets: (a) 0.1% PVA, and (b) 2.0% PVA.
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Fig. 10 Structure evolutions of W1/O compound droplets containing two W1 droplets: (a) Schematic of the drainage, (b) a W1/O compound
droplet containing two W1 droplets, (c) a W1/O compound droplet containing a large W1 droplets from the coalescence, (d) a W1/O compound
droplet containing a W1 droplets and (e) a single droplet.
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3.5 Unstable behaviors of collected W/O compound droplets

Fig. 9 shows the morphologies of collected droplets prepared
from 0.1% PVA and 2.0% PVA. Though only W/O compound
droplets with one W1 droplet and W/O compound droplets with
two W1 droplets are formed in the microfluidic device, there are
four kinds of collected droplets in 0.1% PVA including W/O
compound droplets with either a W1 droplet inside, a larger
W1 droplet inside, two W1 droplets inside or without inner
droplet, due to the structure evolution of W1/O compound
droplets containing two W1 droplets (Fig. 10). As shown in
Fig. 10(a), the W1/O compound droplet containing two W1
droplets is ellipsoid and the radii of the arcs at the end of longer
axis of the W1/O compound droplet (R, and R,) are usually
shorter than those at the end of the shorter axis (R, and Ry,). The
corresponding pressures (P,, Py, Py and P,) in the O phase are
calculated by the following equations.>*®

Pa::PW2+—%z%éya (9)
Py = Py, + }Y%LWZ) (10)
PI::PW24-EZ%%YQ (11)
o= o 10 (12)

Therefore, the pressure at the end of the longer axis (P, and
P,) is higher than those at the end of the shorter axis ((P, and
Pp), making the O phase moving from the former to the latter.
The shell films at the end of the longer axis becomes thinner
and thinner. When the P; and P, increases to an extent that the
interfacial film cannot resists it, the interfacial film at the
highest-pressure ruptures, which leads to the transfer of the W1
droplets to the W2 phase, making the droplets losing either one
W1 droplet or all W1 droplets to form droplets with a W1
droplet inside or O single droplets (Fig. 10(d) and (e)).*> More-
over, the Laplace pressure (2v/R) tends to make the compound
droplets become spherical, which would push the W1 droplets
move close, making the dissepiment film become thinner.* The
van der Waals forces become significant when the W1 droplets
approach close enough, which leads to local rupture of the thin
film, forming a W1/O compound droplet with a larger W1
droplet inside (Fig. 10(c)).*” From Fig. 9(b), it is clearly seen that
the structures of collected W1/O compound droplets from 2.0%
PVA are the same and they are stable, since each compound
droplet contains only one W1 droplet inside and there are more
surfactants at the O/W2 interface. Therefore, to obtain the
compound droplets with good monodispersity, it is important
to prepare the compound droplet with one W1 droplet inside.

4. Conclusions

Monodisperse and stable compound droplets were successfully
prepared by adjusting PVA concentrations in the W2 phase and

This journal is © The Royal Society of Chemistry 2019
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the adsorption of surfactants at oil/water interface on the
formation of compound droplets was comprehensively investi-
gated by measuring the dynamic interfacial tension and
analyzing the W1/O and O/W2 interface evolution. Some useful
insights are obtained. (I) With increasing PVA concentration in
W2 phase, the formation mechanism of inner W1 droplet does
not be affected but the formation time of W1 droplets does,
since the pressures below the W1 droplet are affected by the
behavior of the O phase in the W2 phase. (II) W1/O compound
droplets can form stably in inner squeezing - outer dripping
regime, but the structure of the W1/O compound droplets are
affected by the formation time matching between inner W1
droplet and compound droplet. (III) The dynamic interfacial
tension plays a different effect on different stages of the W1/O
compound droplet formation. The higher interfacial tension
is unfavorable to the neck formation at the initial stages, but it
makes the Laplace pressure difference increasing, which
promotes the thinning of the neck in the neck pinch-off stage.
(IV) The formation time of W1/O droplets decreases, but the
pinch-off process is delayed with increasing PVA concentration
in W2 phase, due to the decrease of the interfacial tension and
the increase of the Marangoni stress. (V) Both coalescence and
rupture occur in the microfluidic device when the O phase
adheres to some parts of the W2 tube, due to the accumulation
of W1 droplets and no surfactant in both W1 and O phases.
Similar phenomenon also takes place in collected W1/O
compound droplets with two inner W1 droplets, leading to
four different droplets either with a smaller W1 droplet inside,
a larger W1 droplet inside, two inner W1 droplets or without
inner droplet. Therefore, preparing the compound droplet with
one W1 droplet inside benefits improving the monodispersity
and stability.
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