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Abstract6

To date, there is no information on the microfluidic emulsification of dibutyl adipate and7

n-butyl acetate in water. Since these solvents are very suitable for microencapsulation by8

interfacial polymerization, it is highly necessary to study the emulsification behavior of these9

solvents in microchannel. This work shows that the microfluidic emulsification of these sol-10

vents in water may fail to obtain stabilized flow regimes. This is due to droplet coalescence11

and wall wetting, even if a hydrophilic microchip is used. Hydrodynamic results show that12

squeezing and dripping regimes are especially affected because of the wall wetting by the13

dispersed phase. This difficulty can be circumvented by adding a surfactant (here Tween14

80) into the aqueous phase. However, high surfactant concentrations (ten times the crit-15

ical micelle concentration) should be used for the water-dibutyl adipate system. Indeed,16

comparison of flow maps for several surfactant concentrations seems to indicate that the17

dynamic interfacial tension is higher than the one expected (equilibrium), for surfactant18

concentrations lower than one hundred times the critical micelle concentration. The esti-19

mated diffusion time of Tween 80 is compared to the droplet formation time at different20

conditions. The choice of more appropriate dimensionless numbers to represent flow maps21

is also discussed.22

Keywords: Flow regimes, Wetting, Surfactant, Dibutyl adipate, n-Butyl acetate, Droplet,23

Microfluidics24

1. Introduction25

Polyurea microcapsules have a very hard and dense shell with a high chemical and26

mechanical stability (Scarfato et al., 2007; Ji et al., 2010; Polenz et al., 2014). Thus, they27

have attracted much interest for protecting relevant core materials such as catalysts (Yu28

et al., 2003), phase-change materials (Cho et al., 2002; Liang et al., 2009; Zhan et al., 2016),29

and fragrances (Jacquemond et al., 2009).30
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Their production begins by dissolving one of the reactants (isocyanate), in a relevant31

solvent such as an ester, a ketone or an aromatic hydrocarbon. Then this oil phase is32

emulsified by an aqueous phase to form an O/W emulsion. Then, another reactant (an33

amine) will be added into this emulsion. As a consequence, polycondensation happens34

between these two reactants at the interface of emulsion. Dibutyl adipate and n-butyl35

acetate were chosen to be the candidate solvents for isocyanate in this study because of36

their low toxicity ("green" solvents, Diogo et al. (2014, 2015)) and good miscibility with37

isocyanate.38

However, conventional emulsification in a batch usually produce polydisperse droplets,39

eventually resulting in difficult control of the size distribution of microcapsules. In this case,40

microfluidic emulsification has been considered as a promising technique because it can41

ensure the production of monodispersed droplet templates. Therefore, microfluidic emul-42

sification combined with fast interfacial polycondensation (forming solid film within a few43

milliseconds, Polenz et al. (2015)) makes this microencapsulation method more attractive,44

as a facile and highly efficient route for continuous production of monodispersed polyurea45

microcapsules (Lone et al., 2013; Polenz et al., 2014, 2015).46

Nevertheless, there is still a lack of information about the flow maps obtained when47

dispersing the two solvents (dibutyl adipate and n-butyl acetate) in water by using a mi-48

crofluidic device. Indeed, common used organic liquids for microfluidic emulsion studies49

such as silicone oil and mineral oil can not dissolve the isocyanate. Since dibutyl adipate50

and n-butyl acetate have a lower hydrophobicity than silicone or mineral oil, they could51

eventually wet (at least partially) the surface of the microchannel. This could lead to the52

advent of disordered regimes (Dreyfus et al., 2003). Furthermore, if the microencapsulation53

step takes place in the microchannel, the wetting of the microchannel surface may lead to54

polyurea formation on these surfaces; since polyurea is not soluble in most solvents, this de-55

posit would become permanent. Moreover, it could exacerbate the wetting by the dispersed56

phase, leading to a vicious circle.57

Generally, there are three methods for solving wetting problems of the dispersed phase58

within microfluidic devices: surfactants addition (Tostado et al., 2011; Bashir et al., 2014;59

Yao et al., 2018); surface treatment (Li et al., 2007; Roberts et al., 2012; Li et al., 2018);60

and employment of non-planar geometry (Rotem et al., 2012; Jose and Cubaud, 2014; Yoon61

et al., 2018). The first two methods focus on increasing the equilibrium contact angles.62

On the other side, using a non-planar geometry can increase the droplet velocity and thus63

the dynamic contact angle between dispersed phase and the surface of microchannel, which64

also leads to ordered formation of droplets even when the equilibrium contact angle is not65

favourable.66

Until now, the organic solvents used in existing studies (Table 1) about dewetting by67

adding surfactants are not adaptable to dissolve isocyanates. Therefore, an exploration68

about wetting behaviours with dibutyl adipate and n-butyl acetate within microfluidic de-69

vices is highly necessary. This exploration of wetting behaviours should also take into70

account previous works concerning the importance of the dynamic interfacial tension in71

microfluidic droplet generation (Tostado et al., 2011; Yao et al., 2018).72

When a fresh surface is created during the formation of a drop or a bubble, initially73
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the surface excess Γ of surfactants is initially less than the equilibrium value Γ∞. Hence,74

these "vacant sites" cause a flux of surfactant molecules from the bulk to the developing75

interface (Eastoe and Dalton, 2000). Consequently, the dynamic interfacial tension at the76

fresh interface decay from σt to σeq, until Γ reaches its equilibrium value, Γ∞. However,77

within microfluidic devices, the frequency of droplet generation is so high that surfactant78

molecules may not have time to be transferred to the developing droplet interface, and79

the dynamic interfacial tension may be higher than expected from static (after one minute80

equilibration) measurements. Therefore, to avoid the effects of dynamic interfacial tension81

during droplet formation, excessive amounts of surfactant, tens to hundreds of times higher82

than the critical micelle concentration (CMC), are usually used in previous studies (Xu83

et al., 2006, 2012; Wang et al., 2009).84

Table 1: Previous works using surfactants to avoid wetting the microchannel surface with the dispersed
phase

Wall
material

Dispersed
phase

Continuous
phase

Emulsion Surfactant Reference

Glass Tetradecane. Water O/W Span 80 Dreyfus et al. (2003)

n-octane Water O/W SDS Xu et al. (2006)

Water Mineral oil W/O Span 80 Wu et al. (2007)

PMMA Water Corn oil W/O CTAB Tostado et al. (2011)

Water+glycerol Octane W/O Span80 Yao et al. (2018)
Octane Water+glycerol O/W SDS

PDMS Water Mineral oil W/O Span 80 Bashir et al. (2014)

In the present work, these two special organic liquids are emulsified by water containing85

Tween 80 in a glass-made microchannel. The questions that this work wants to answer86

are thus the following: is there a partial wetting of the glass microchannel by the dibutyl87

adipate and n-butyl acetate dispersed phase and does it lead to a modification of the flow88

map? If the use of a surfactant is needed, should the dynamic interfacial tension be taken89

into account? We first map out different regimes of water-dibutyl adipate system in a90

hydrophilic flow-focusing microchannel and discuss the influence of wetting conditions on91

different regimes. Then, we show that the wall wetting by dibutyl adipate (dispersed phase)92

can be modified by adding a surfactant Tween 80 (HLB= 15.0) and the relationship between93

surfactant concentrations and dynamic interfacial tension is also studied. Finally, we use94

n-butyl acetate as the dispersed phase to study its wetting conditions (without and with95

surfactant) on different flow regimes and verify the consistency of its flow map with that of96

water-dibutyl adipate system.97
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2. Materials and Methods98

2.1. Materials99

The surfactant, Polyoxyethylenesorbitan monooleate (Tween 80, Sigma Aldrich, com-100

position: oleic acid, 58.0%, balance primarily linoleic, palmitic, and stearic acids); dibutyl101

adipate (TCI, 99.9%); and n-butyl acetate (Across Organics, 99.4%), are used without ad-102

ditional purification. Distilled water is produced by mono-distillate 2008, GFL. All liquids103

are filtered by syringe filter (JVLAB, PTFE with 0.45 µm pore size), before being supplied104

into the microchannel.105

Tween 80 (non-ionic surfactant) can be soluble in both aqueous and organic phases,106

which are confirmed by UV spectroscopy (Figure S1, given in the supplementary material).107

However, in this study, we dissolve Tween 80 in the aqueous phase and then make the108

emulsion within the microchannel. Considering the fast droplet formation (2ms–580ms) by109

microfluidics, the diffusion of Tween 80 into organic phases is probably negligible.110

2.2. Physical properties111

2.2.1. Density and viscosity112

The density (ρ) is measured by an Anton Paar DMA 35 densimeter with an accuracy of113

1kg/m3. All the measurements are performed at 25 ± 0.5
◦
C; the viscosity (µ) of all used114

liquids at 25± 0.5
◦
C is found in the literature (R.LIDE, 2009; Diogo et al., 2015; Szymczyk115

and Taraba, 2016), which are summarised in Table S1 (See in the supplementary material).116

The comparisons of the measured values for different Tween 80 concentrations and those by117

Szymczyk and Taraba (2016), show relative errors lower than 0.01%.118

2.2.2. Interfacial tension and contact angles after one minute equilibration119

Contact angles (CA) and interfacial tension (σ) are measured after one minute equi-120

libration by a tensiometer (Dataphysics OCA 20, resolution 0.01mN/m and 0.01 ◦) with121

Sessile drop method and Pendant drop method, respectively. For the measurements of CA,122

the microchip is immersed in aqueous phase with different concentration of Tween 80. Five123

micro-liters of phase (d) is injected through an inverted needle, because dispersed phase is124

lighter than the continuous phase. The outer surface of the microchannel is used for mea-125

suring CA. In fact, for an uncoated microchip of Dolomite, the outer and inner surfaces are126

the same (borosilicate glass). Before every measurement of CA, the microchip is deposed127

in an ultrasonic bath containing 2wt% sodium dodecyl sulfate (SDS) solution, acetone and128

water for 5 minutes each. And then the microchip is dried by compressed air. For the mea-129

surements of interfacial tension, a 5 µL organic drop is formed in the aqueous phase. After130

one minute, the value of σ is taken. For both measurements, the Young-Laplace fitting is131

chosen to calculate the CA and σ values.132

As presented in Figure 1, the equilibrium interfacial tension (σ) at 25± 0.5
◦
C, between133

distilled water and dibutyl adipate is measured to be 19.41mN/m. And the equilibrium134

interfacial tension between distilled water and n-butyl acetate is 14.12 mN/m, which is135

well consistent with the values presented by Donahue and Bartell (1952): 14.5 mN/m at136

25 ± 0.5
◦
C. Then the interfacial tension of both systems (Figure 1, represented by △ and137

4



▲) sharply reduces by adding Tween 80 into aqueous phase until 0.01wt%, which is the138

CMC (critical micellar concentration) of Tween 80 in water. After this point, the interfacial139

tension slowly reduces with further addition of Tween 80. Eventually, with 1wt% of Tween140

80 in water, the interfacial tension is reduced to 7.01 mN/m for dibutyl adipate and 6.36141

mN/m for n-butyl acetate.142

Firstly, the contact angle of water on the clean surface of microchip is measured to be143

34.3±0.2
◦ at 25±0.5

◦
C, which is consistent well with the values presented by Sumner et al.144

(2004), in presence of air. Both organic liquids partially wet the surface of microchip when145

no surfactant is added. The contact angles at 25 ± 0.5
◦
C, are 157.53

◦ for water-dibutyl146

adipate system and 154.23
◦ for water-n-butyl acetate, respectively. An opposite evolution147

is observed for contact angles of two organic phases on the surface of the microchip with148

the addition of Tween 80 (Figure 1, represented by ◇ and ◆). At above CMC, for both149

chemical systems, the contact angles increase up to an angle close to 180
◦. When the contact150

angles reach this level, the formed drop would detach from the surface and finally float on151

the surface of water. In this case, aqueous phase completely wet the surface of the microchip.152

Figure 1: The interfacial tension between distilled water and organic liquids and contact angles measured
after 1 min equilibration, at varying surfactant concentrations of Tween 80 and at 25 ± 0.5

◦
C.

2.3. Experimental set-up153

We perform the experiments in a hydrophilic microchip made of borosilicate glass (Droplet154

Junction Chip, Dolomite Microfluidics ©, UK) during the preparation of an O/W emul-155

sion. The geometry of chip is named flow-focusing with junction width 105µm, wide channel156

width 300µm and overall height 100µm, as presented in Figure 2(a).157
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(a)

(b)

Figure 2: (a). Microfluidic chip geometry. Reprinted with permission from the Dolomite Product Datasheet.
(b). Schematic diagram of the microfluidic set-up. A - tank of dispersed phase; B - tank of continuous phase;
C - pressure pumps; D - valves; E - three-way connector; F - microchip.

The feeding of the aqueous and organic phases is realized by using two pressure pumps158

(Mitos P-Pump, response time <4s, Dolomite Microfluidics ©, UK), equipped with two159

types of flow rate sensors (Mitos Flow Rate Sensors of 0.2–7µL/min for the dispersed phase160

and 6-1000µL/min for the continuous phase, response time <30ms, Dolomite Microfluidics161

©, UK). The droplet formation and flow regimes are visualized using a high-speed cam-162

era with a built-in microscope (Meros High Speed Digital Microscope, 4000fps, Dolomite163
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Microfluidics ©, UK). The entire experimental set-up is presented in Figure 2(b).164

2.4. Experimental method165

According to the static measurements of interfacial tension, at a concentration of Tween166

80 above 0.01 wt% (CMC), the interfacial tension is only slightly affected by a further167

addition of surfactant (8.73mN/m for 0.01 wt%, 7.45mN/m for 0.1 wt% and 7.01mN/m168

for 1 wt% respectively). The same behaviour is obtained for equilibrium contact angles, as169

they approach a value of 180
◦ (no wetting problem under static conditions) for the three170

concentrations. We firstly perform the study with water-dibutyl adipate system to show the171

wetting influence of dispersed phase on different regimes. Then, we have obtained the flow172

maps for three different concentrations (CMC, 10 CMC and 100CMC) of Tween 80 aqueous173

solution and dibutyl adipate, for exploring the relationship between dynamic interfacial174

tension and concentration of Tween 80. Finally, another organic phase n-butyl acetate is175

also studied with and without Tween 80, for the reason that it has similar interfacial tension176

and contact angles as dibutyl adipate but a different viscosity.177

Experiments are carried out at constant (controlled) volumetric flow rates of the dispersed178

phase (Qd) and continuous phase (Qc). After any change in the flow rate, film acquisition179

is switched on after a stabilisation period of at least one minute.180

After each experiment, a cleaning protocol is carried out as follows: firstly, a 2wt%181

sodium dodecyl sulfate (SDS) aqueous solution flows to the microchannel for at least 30182

minutes; then distilled water and acetone are introduced to the microchip for further cleaning183

the surface of microchannel, respectively; finally, the microchannel is dried by compressed184

air.185

Experiments in the results section are described as a function of the Capillary numbers186

(Ca) or Weber numbers (We),187

Ca =
uµ
σ =

Viscous forces
Interfacial forces (1)

We =
ρu

2
L

σ =
Inertial forces

Interfacial forces (2)

where the characteristic velocities used for these estimations are the average velocities (ud =188

Qd/A, uc = Qc/A, m/s) at the junction of microchannel in Figure 2(a), and A is the189

cross-sectional surface at the junction which can be considered as a circle combined with190

a small rectangular (A = π × 50
2 + 5 × 100 = 8.35 × 10

3
µm

2). The hydraulic diameter L191

(L = 4A/(2π × 50 + 5 × 2) = 103µm) at the junction, is chosen as a characteristic length192

scale.193

3. Results194

3.1. Flow map for the water-dibutyl adipate system195

The flow map for the water-dibutyl adipate system is shown in Figure 3. The values of196

Cac and Cad are in the range of 1.0⋅10
−3
< Cac < 3, 0⋅10

−2 and 1.0⋅10
−3
< Cad < 1.0⋅10

−2,197
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respectively. Six different flow regimes are observed for this system in the microchannel: dis-198

ordered squeezing, ordered squeezing, disordered dripping, dripping, jetting and threading.199

Because of the partial wetting of dibutyl adipate, part of squeezing is replaced by dis-200

ordered squeezing at very low flow rates of both phases. By increasing the flow rate of201

dispersed phase, the transition from disordered squeezing to ordered squeezing is attained.202

Further accelerating the dispersed phase can produce a more important inertial force, which203

leads to a transition of squeezing to jetting or threading. On the other hand, by increasing204

the flow rate of continuous phase can induce a transition from squeezing to dripping as a205

result of a more important external shear stress overcoming of interfacial tension. Also,206

because of the partial wetting of dispersed phase, the disordered dripping is obtained when207

the flow rate of continuous phase is not high enough. In general, two critical capillary num-208

bers (Cad > 6.0 × 10
−3 or Cac > 1.0 × 10

−2) can be obtained from Figure 3, where the209

wetting conditions are not important even if there is partial wetting of dispersed phase on210

the surface of microchannel.211

Figure 3: Flow map for water-dibutyl adipate system. Flow rates of dispersed phase: 2 − 19µL/min; Flow
rates of continuous phase: 15 − 300µL/min.

3.2. Different flow regimes for the water-dibutyl adipate system212

In this section, all the different flow regimes are discussed in detail.213

3.2.1. Squeezing regime214

When the flow rate of the continuous phase is small, the squeezing regime (disordered215

and ordered) is observed: the large droplet obstructs the cross-section of wide channel and216
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finally broke up because of increased pressure of continuous phase upstream(Romero and217

Abate, 2012).218

1) Disordered squeezing regime219

Disordered squeezing regime happens when both capillary numbers are extremely small220

(Cad < 5.7 ⋅ 10
−3 & Cac < 3.2 ⋅ 10

−3), which gives the droplets with different size and shape.221

This non-classic regime is due to the partial wetting of the microchip by the dispersed phase.222

Firstly, the growing droplet arrives at a size comparable to the thickness (100µm) of223

microchannel, it wets the upper and bottom surfaces of the microchannel (Figure 4(a)).224

In the next stage, the growing droplet adheres to the left and right sides (Figure 4(b)) of225

the microchannel. When the growing droplet obstructs the channel the continuous phase226

accumulates and increases its pressure. Once this pressure is high enough, the continuous227

phase pinches off the droplet (Figure 4(c)).228

These formed droplets move very slowly under such low flow rates of the continuous229

phase after the detachment, which can not provide enough distance among them. Besides,230

the velocity’s field near the junction and the pressure in two fluids can be modified by these231

slow-moving droplets. Consequently, droplets with different size and different distance are232

produced. Formed droplets are very close and can get in contact within microchannel. As233

there is no surfactant’s protection, coalescence of these droplets can happen.234

2) Ordered squeezing regime235

The ordered squeezing regime is obtained at slightly larger capillary numbers (3.2⋅10
−3
<236

Cac < 5.1 ⋅ 10
−3, 3.7 ⋅ 10

−3
< Cad < 5.7 ⋅ 10

−3), by increasing the flow rates of two phases.237

Although those large droplets contact directly with the confining walls of microchannel, it238

seems that a higher shearing stress can easily force the formed droplet to move downstream.239

As a consequence, it does not influence the flow field near the junction and ensure the240

formation of droplets regularly with the same size and fixed distance. However, because of241

partial wetting, there is some trace of dispersed phase left on the surface of microchannel242

when it moves, as shown in Figure 4(d).243
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(a)

(b)

(c)

(d)

Figure 4: Mechanism of droplet formation within disordered and ordered squeezing regime with a water-
dibutyl adipate system. (a)-(c). Different stages of droplet formation for disordered squeezing regime at
uc = 0.030m/s, ud = 0.010m/s, Cac = 1.3 ⋅ 10−3, Cad = 2.6 ⋅ 10−3. (d). Ordered squeezing regime at
uc = 0.070m/s, ud = 0.015m/s, Cac = 3.2 ⋅ 10−3, Cad = 3.7 ⋅ 10−3.

3.2.2. Dripping regime244

By increasing flow rate of the continuous phase, a more important shearing stress by con-245

tinuous phase is achieved. The drops are formed inside or near the junction of microchannel,246

and eventually pinch off due to an absolute stability (Utada et al., 2008). Also because of247

the partial wetting of dispersed phase on the surface of microchannel, dripping is not stable248

at low flow rates of continuous phase.249

Indeed, when this flow rate is not high enough, the diameter of the droplet is equal to250

the height of the microchannel. The velocity of the droplet decreases after the junction,251

because the microchannel become wider. Therefore, the new droplet reaches the previous252

one (Figure 5(a)). Since there is no surfactant’s protection, the two droplets merge into a253

larger droplet (Figure 5(b)). This larger droplet is more likely to adhere to the surface of254

the microchannel because of a larger contact area with the surface of microchannel, causing255

fusion with the droplets formed later (Figure 5(c)).256

Figure 5(c) to 5(e) illustrate the evolution of disordered dripping to ordered dripping257

by increasing the flow rate of the continuous phase. Formation of droplets becomes more258

and more stable with the flow rate of the continuous phase.259
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(a)

(b)

(c)

(d)

(e)

Figure 5: Disordered and ordered dripping regimes at different flow conditions with a water-dibutyl adipate
system: (a)-(c). Mechanism of droplet formation within disordered dripping regime at uc = 0.111m/s,
ud = 0.010m/s, Cac = 5.1 ⋅ 10−2, Cad = 2.6 ⋅ 10−3; (d). Disordered dripping regime at uc = 0.152m/s,
ud = 0.010m/s, Cac = 7.0 ⋅ 10−2, Cad = 2.6 ⋅ 10−3; (e). Ordered dripping regime at uc = 0.234m/s,
ud = 0.010m/s, Cac = 1.1 ⋅ 10−2, Cad = 2.6 ⋅ 10−3.

3.2.3. Jetting regime260

By increasing the flow rate of the dispersed phase, a jetting is formed (Figure 6) and261

the drop pinches off downstream due to a convective instability (Utada et al., 2008). When262

the inertial force of dispersed phase and the shearing force of continuous phase are large263

enough to overcome the interfacial tension (the only force holding the dispersed phase inside264

the junction), the dispersed phase is dragged downstream before the instability arrives at265

the critical value needed to break up the droplet.266

This regime is not influenced by the wetting of the dispersed phase on the surface of267

microchannel. This observation is because the jetting regime only happens at very high268

flow rates of both phases. Therefore, the formed droplets are dewetted from the surface of269

microchannel by the high shearing force of the continuous phase.270
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Figure 6: Jetting regime at uc = 0.30m/s, ud = 0.044m/s, Cac = 1.4 ⋅ 10−2, Cad = 1.1 ⋅ 10−2, with a
water-dibutyl adipate system.

3.2.4. Threading regime271

Keeping a low flow rate of the continuous phase and further increasing the flow rate272

of the dispersed phase, a thread can be formed (Figure 7), which is confined at the top273

and bottom surface of microchannel. Within this regime, no pinch-off of droplets within274

microchannel is observed.275

As can be seen from Figure 7(a), 7(b), the thread of dispersed phase adheres either to276

the left side or right side of the wide channel. This is also caused by the partial wetting of277

dispersed phase on the surface of the microchannel, which is not regular during the operation.278

(a)

(b)

(c)

Figure 7: Threading regime at different flow conditions with a water-dibutyl adipate system: (a). uc =

0.030m/s, ud = 0.027m/s, Cac = 1.3 ⋅ 10−3, Cad = 6.7 ⋅ 10−3; (b). uc = 0.030m/s, ud = 0.038m/s,
Cac = 1.3 ⋅ 10−3, Cad = 9.6 ⋅ 10−3; (c). uc = 0.030m/s, ud = 0.044m/s, Cac = 1.3 ⋅ 10−3, Cad = 1.1 ⋅ 10−2.

3.3. Influence of surfactant on the flow maps for water-dibutyl adipate systems279

Figure 8 shows the flow maps for the water-dibutyl adipate system when Tween 80 is280

added to the aqueous (continuous) phase. All the Capillary numbers are calculated by using281

the measured interfacial tension presented in Figure 1. Since the interfacial tension falls282

to 40% of that without surfactant, lower flow rates of both phases are used to obtain flow283

maps with the same orders of magnitude of the Capillary numbers.284
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(a)

(b)

(c)

Figure 8: (a). Flow map for CMC of Tween 80 aqueous solution-dibutyl adipate. (b). Flow
map for 10 CMC of Tween 80 aqueous solution-dibutyl adipate. (c). Flow map for 100 CMC
of Tween 80 aqueous solution-dibutyl adipate. The flow rates of dispersed phase: 1− 7µL/min;
The flow rates of continuous phase: 4 − 96µL/min.
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The addition of Tween 80 at its CMC reduces the region of disordered regimes, as it285

can be observed in the flow maps (Figure S2) given in the supplementary material. When286

the Capillary numbers are used to draw the flow map (Figure 8(a)), it can be seen that287

all the regime transitions happen at larger Cac and Cad. This could be explained by an288

underestimation of the interfacial tension (see the Discussion section below).289

Further addition of Tween 80 with a concentration of 10 CMC into distilled water,290

eliminates the disordered flow regimes, as shown in Figure 8(b). However, the transition291

of different regimes on the flow map for 0.1wt% Tween 80-dibutyl adipate system, still occurs292

at larger values of apparent Cac than that of a surfactant-free system.293

Finally, when the concentration of Tween 80 is 100 times the CMC, the flow regime294

transitions (Figure 8(c)) are observed at values of capillary number very close to those of295

the surfactant-free system.296

3.4. Flow maps for the water-n-butyl acetate systems297

In this section, n-butyl acetate which is less viscous than dibutyl adipate, is used as a298

dispersed phase. Except for this difference, both organic liquids have very close evolution299

of contact angles and interfacial tension at the same concentration of Tween 80 (see Figure300

1).301

There are also disordered flow regimes caused by partial wetting of n-butyl acetate302

(Figure 9(a)), when no surfactant is added into the aqueous phase. To verify the influence303

of surfactant on dynamic wetting behaviours of n-butyl acetate within microchannel, a 1304

wt% of Tween 80 aqueous solution is used as continuous phase. Like water-dibutyl adipate,305

the disordered regimes could be eliminated by adding 1 wt% of Tween 80 into aqueous306

phase. And the flow map with 1 wt% of Tween 80 (Figure 9(b)) is well consistent with307

that without adding Tween 80.308

However, the flow maps for n-butyl acetate are noticeably different to those with dibutyl309

adipate. Apparently, jetting regime occurs at much smaller values of Cad for n-butyl acetate.310

This observation makes us wonder about the appropriate use of Cad when characterising311

flow regimes transition in the case of different chemical dispersed phases.312
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(a)

(b)

Figure 9: (a). Flow map for water-n butyl acetate system. (b). Flow map for 1 wt% of 100 CMC of Tween
80 aqueous solution-n butyl acetate system. The flow rates of dispersed phase: 12 − 92µL/min for (a) and
7 − 42µL/min for (b); The flow rates of continuous phase: 10 − 200µL/min for (a) and 4 − 76µL/min for
(b).
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4. Discussion313

4.1. Importance of dynamic interfacial tension314

The flow maps (Figure 8) for Tween 80 (aq)-dibutyl adipate systems, show that the315

different flow regimes do not match with those without surfactant (Figure 3). Only when316

the concentration is at 100 CMC, the transition of dripping to jetting is close to that of317

a surfactant-free system. This observation may indicate that the interfacial tension is un-318

derestimated and thus the capillary numbers are overestimated. One explanation is that319

the interfacial tension is measured after 1 min equilibration, whereas droplet generation is320

a dynamic process with small characteristic time.321

In fact, the frequency of formation of the drops within a microfluidic device is so high that322

it may not allow the Tween 80 to diffuse into the new interface. When the concentration of323

surfactant is above CMC (our cases in this study), there are three steps for the adsorption324

of surfactant on the new interface: the transport of the free molecules and micellars of325

surfactant, through the boundary layer; the adsorption of free surfactant molecules onto326

the interface and the disaggregation of micellars at the boundary layer; and finally the327

rearrangement of the adsorbed molecules on the interface into an equilibrium state (Chen328

and Neumann, 1998; Xu et al., 2012).329

By adding more Tween 80 (much more than CMC), an increased number density of330

micellars in the continuous phase creates a larger concentration gradient for the first step331

above (Wang et al., 2009), which would enhance the mass transfer of micellars into the332

boundary layer. Therefore, for the concentrations of Tween 80 at CMC, 10 CMC and 100333

CMC, the dynamic interfacial tension with 100 CMC of Tween 80 in continuous phase, would334

be more close to the equilibrium value.335

4.1.1. Film theory for estimating the characteristic transport time of Tween 80 molecules336

To estimate the characteristic transport time for three surfactant concentrations used in337

this study, a film theory model is used to describe the mass transfer of Tween 80 molecules338

from the aqueous phase to the new interface in microchannel.339

This characteristic time scale can be estimated by (Paria and Khilar, 2004),340

τ =
δ
2

D
(3)

where δ is the thickness of the film (boundary layer) across which diffusion occurs and D is341

the diffusion coefficient.342

4.1.2. Effective diffusion coefficient343

In our study, three concentrations used are at or over CMC. Therefore, the contribution344

of micellars in the surfactant transport should also be considered. Based on the assumption345

that micellization kinetics are fast compared to diffusion for Tween 80 (Joos and Uffelen,346

1995; Glawdel and Ren, 2012; Kovalchuk et al., 2018), an effective diffusion coefficient (Deff )347

including the effects of micellars can be represented as348

Deff =
Dc0
CMC

[1 + ( c0
CMC

− 1)Na
−2/3] (4)
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where c0 is the concentration of surfactants in the solution,mol/m3 andNa is the aggregation349

number of micellars. For Tween 80, Na is found to be 22 at 25
◦
C (Glenn et al., 2005). D is the350

diffusion coefficient of Tween 80 monomers, which is reported to be 5.1×10
−11
m

2/s at 25
◦
C351

(Léonard-Akkari et al., 2018). CMC is taken from our measurement as 0.076mol/m3 at 25
◦
C.352

All these parameters are constant for three concentrations used in this study. And Deff for353

three concentrations (CMC, 10 CMC and 100 CMC) are calculated as 5.1 × 10
−11
m

2/s,354

1.1 × 10
−9
m

2/s and 7.0 × 10
−8
m

2/s, respectively. Replacing D by Deff in Equation 3355

results in356

τ =
δ
2

Deff
(5)

4.1.3. Thickness of boundary layer357

According to the film theory, a thin stagnant film (boundary layer) exists on either side of358

the interface. And mass transfer through this film is regarded as affected only by molecular359

diffusion. Therefore, the thickness (δ) of this hypothetical film can be calculated as (Doran,360

2013),361

δ =
Deff

kc
(6)

where kc is the convective mass-transfer coefficient.362

Sherwood number Sh represents the ratio of the convective mass transfer to the rate of363

diffusive mass transport,364

Sh =
kc

Deff/L
(7)

where L (103µm) is the hydraulic diameter at the junction. Substituting Equation 6 into365

Equation 7, the thickness of the boundary layer is estimated to be,366

δ =
L

Sh
(8)

4.1.4. Characteristic transport time of Tween 80 at different conditions367

The transport of Tween 80 molecules can take place by diffusion and convection. To get368

an idea of a characteristic order of magnitude, we consider that there are two limiting cases:369

the limiting case where transport takes place only by molecule diffusion and the limiting370

case where convection is predominant.371

When the droplet is under static situation (mainly pure molecule diffusion), the thickness372

of the boundary layer is373

δ1 =
L

Sh
=
L

2
(9)

where Sherwood number equals 2 for natural convection and molecule diffusion to a single374

spherical particle (Ranz and Marshall, 1952). The maximum characteristic transport time,375

τmax is given as,376

τmax =
δ
2
1

Deff
=

L
2

4Deff
. (10)
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When forced convection dominates the transfer of Tween 80 molecules, the minimum377

characteristic transport time, τmin is given as,378

τmin =
δ
2
2

Deff
(11)

where δ2 is the thickness of the boundary layer at the highest average velocity (0.23m/s) of379

the continuous phase in this study.380

For the forced convective mass transfer of species into liquid streams, the Sherwood381

number is correlated (Welty et al., 1969) as,382

Sh = (4 + 1.21Pe
2/3)1/2(Pe < 10000) (12)

or383

Sh = 1.01Pe
1/3(Pe > 10000) (13)

Pe is the Peclet number outside the droplet,384

Pe =
ucL

Deff
(14)

where uc is the average velocity of continuous phase. The thickness of boundary layer for385

forced convective mass transfer is,386

δ2 =
L

Sh
=

L

(4 + 1.21Pe2/3)1/2
(Pe < 10000) (15)

or387

δ2 =
L

Sh
=

L

1.01Pe1/3
(Pe > 10000) (16)

Considering all the influences (micellars, diffusive or convective mass transfer) on the388

transfer of surfactant, the estimated characteristic transport time of Tween 80 is summarized389

in Table 2.390
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Table 2: Estimated characteristic transport time (τmax, τmin) of Tween 80 molecules and droplet formation
time (τmax−e, τmin−e) at different conditions.

Liquid Deff , m
2/s τmin, s τmax, s τmin−e, s τmax−e, s

0.01wt% (CMC)
Tween 80 aqueous
solution-dibutyl
adipate

5.1 × 10
−11

3.4× 10
−2

5.2 × 10
1

3.4× 10
−3

3.4× 10
−2

0.1wt% (10 CMC)
Tween 80 aqueous
solution-dibutyl
adipate

1.1 × 10
−9

1.2× 10
−2 2.4 3.2× 10

−3
3.3× 10

−1

1wt% (100 CMC)
Tween 80 aqueous
solution-dibutyl
adipate

7.0 × 10
−8

2.4× 10
−3

3.8× 10
−2

2.8× 10
−3

5.8× 10
−1

1wt% (100 CMC)
Tween 80 aqueous
solution-n butyl ac-
etate

7.0 × 10
−8

2.4× 10
−3

3.8× 10
−2

1.8× 10
−3

1.2× 10
−1

The maximum droplet formation time (τmax−e in Table 2) corresponds to the minimum391

velocities of continuous and dispersed phases where the droplet can be successively generated392

in the microchannel. Whereas, the minimum droplet formation time (τmin−e in Table 2) is393

obtained under the maximum velocities of the continuous and dispersed phases where the394

droplet is within the dripping regime. As for the widen jetting regime (big droplets) at395

higher velocity of the dispersed phase, its droplet formation time is not smaller than the396

smallest one within the dripping regime in this study.397

It is obvious that only at 100 CMC of Tween 80 is the newly formed interface completely398

saturated by the surfactant in the microchannel, because the overall droplet formation time399

is higher than that estimated by Film theory. However, for the concentration at 10 CMC400

(or CMC) of Tween 80, the range of droplet formation time at different flow conditions is401

an order (or two orders) of magnitude lower than that estimated by Film theory.402

These results are consistent with those of Wang et al. (2009), who observed a similar403

behaviour for Tween 20 aqueous solutions. Indeed, the physical properties of Tween 20 and404

Tween 80 are very similar.405

4.2. Importance of wetting conditions on the fabrication of microcapsules406

Although the essential part of this work concerns the influence of wetting on the flow407

maps, this is not the only effect on the success of the microfluidic emulsification. In fact, it408

can have some consequences on the cleaning protocol of microchip.409
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When no surfactant is used, it is necessary to avoid the wetting by the walls of mi-410

crochannel and thus the disordered and even ordered squeezing regime should be avoided.411

Using dibutyl adipate as a dispersed phase causes difficulty for cleaning the microchip. This412

is because the dibutyl adipate is viscous (4.85cp at 25 ± 0.5
◦
C) and can partially wet the413

surface of microchannel, and thus it is very hard to remove it from the surface of microchan-414

nel just by flowing some common cleaning liquids such as acetone or propanol. To remove415

the residues of dibutyl adipate on the surface of microchannel, we had to change our clean-416

ing protocol by flowing a 2wt% SDS solution through microchannel for at least 30 minutes417

before cleaning it by water and acetone. On the other hand, ordered dripping regime can be418

taken for the encapsulation process as it does not cause wetting of dispersed phase on the419

surface of microchannel. Also, within this regime, formed droplets are very monodispersed.420

Alternatively, adding enough surfactant (e.g. 100 CMC for Tween 80) into the system,421

can well eliminate the wetting problem of dispersed phase. Besides, through this method, it422

can also help to obtain different sizes and shapes of droplets within different flow regimes.423

4.3. Comparison of obtained flow maps with those in the literature424

We compared our results with those realized in a similar geometry. Our flow map (Figure425

3) of water-dibutyl adipate, is compared with that (Figure S5, given in the supplementary426

material) of silicone oil-water/glycerol in Kovalchuk et al. (2018), because both chemical427

systems have viscous dispersed phases (dibutyl adipate: 4.85 cp; water/glycerol: 6.00 cp).428

It is obvious that the dripping, jetting or threading of both chemical systems occurred429

at almost the same values of Cad and Cac. Except that, the disordered squeezing and430

disordered dripping existing in our system of water-dibutyl adipate does not happen for431

their system of water/glycerol-silicone oil. In fact, the system of water/glycerol-silicone oil432

does not have any wetting problem (Zhu and Wang, 2017), so it is often used for many433

studies concerning about microfluidic emulsification(Fu et al., 2012; Glawdel et al., 2012;434

Zhu et al., 2015). Generally, a good agreement of flow maps for dibutyl adipate with the435

literature is obtained.436

However, the flow map (Figure 9) for n-butyl acetate, is noticeably different to that437

(Figure 3) for dibutyl adipate. For example, the jetting regime occurs at very small Cad438

values (Cad > 2.2 ⋅ 10
−3) when n-butyl acetate is used as dispersed phase, whereas jetting439

regime does not happen until Cad > 1.1 ⋅ 10
−2 for a water-dibutyl adipate system. This440

observation might reveal a fact that the capillary number (viscous effects over interfacial441

tension) of dispersed phase, is not enough to identify the flow maps among different chemical442

systems within the same microchannel. The inertia effects (Weber number) of dispersed443

phase, might not be negligible according to types of dispersed phases.444
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(a)

(b)

Figure 10: (a). Flow regime transition from dripping to jetting regime represented by Red and Cac. (b).
Flow regime transition from dripping to jetting regime represented by (Cad +Wed) and Cac. The area at
and below curves corresponds to dripping regime and the area over curves correspond to jetting regime.

For the continuous phase, the capillary number is mostly chosen to represent the flow445

maps. For the dispersed phase, choosing either capillary number or Weber number among446

different chemical systems and different geometry of microchannels, remains as an opened447

question. Previous study of Utada et al. (2007) in a co-flow microfluidic device, shows that448

the inertial effects of dispersed phase would dominate the flow regime transition by changing449
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the flow rates of dispersed phase. However, according to the studies in a flow-focusing450

microchannel (Zhu et al., 2015; Kovalchuk et al., 2018), they underline that the viscous451

effects of dispersed phase should be more important for studying flow regime transition. More452

recently, Kovalchuk et al. (2019) explained that the Reynolds numbers (Red = Wed/Cad) of453

all the dispersed phases used in their study, are close to 1 for the transition of dripping-to-454

jetting, so Cad rather than Wed should be used.455

In our study, Red of dibutyl adipate for the transition of dripping-to-jetting is always456

less than 1 like the cases in the references (Kovalchuk et al., 2018, 2019). Therefore, the457

critical Cad of this dispersed phase for the flow regime transition is comparable to that in458

the literature. However, for n-butyl acetate, its inertial effects are more important than its459

viscous effects because the Red is much larger than the order of unity, as shown in Figure460

10(a). This might indicate that the inertial effects of n-butyl acetate are no more negligible.461

At least, the inertial effects of the latter dispersed phase should be considered as important462

as the its viscous effects in this study. If the flow regime transition is influenced by both the463

inertial and viscous forces of the inner phase, a sum of these forces (Wed + Cad) should be464

used to guide the transition (Mak et al., 2017).465

Therefore, we plotted the dripping-to-jetting transition as a function of (Cad+Wed) and466

Cac in Figure 10(b). Despite a shift of the transition lines to larger Cac and smaller (Cad+467

Wed) after adding 1wt% Tween 80 into the water phase, the transition lines have a good468

agreement among four systems by using these two parameters. The shift of the transition469

lines for these systems with Tween 80 is probably due to a decrease of the interfacial tension470

as Kovalchuk et al. (2019) also observe the same phenomena by adding surfactants. Please471

note that the noticeable difference of the transition’s lines in Figure 10(b) for n-butyl472

acetate comparing to that in Figure 9, is owing to the fact that the flow maps represented473

by Cad and Cac for n-butyl acetate in Figure 9 are relatively too sparse. Because of474

the low viscosity of n-butyl acetate, a little change for Cad causes great changes for Wed.475

Therefore, the transition lines in Figure 10(b) for n-butyl acetate are based on its flow476

maps represented by Wed (Figure S6, given in the supplementary material) rather than477

Cad.478

5. Conclusions479

In this paper, we have presented the study about the influence of wetting properties480

of different chemical systems, on the establishment of flow regimes within a microchannel.481

Without adding any surfactant, there is the existence of disordered flow regimes at low flow482

rates of dispersed and continuous phases, caused by wetting of dispersed phase on the surface483

of microchannel. Those disordered regimes should be evicted for further encapsulation484

process.485

In the presence of Tween 80, the dynamic interfacial tension within microfluidics depends486

on the concentration of surfactant in the aqueous phase. The estimated diffusion time of487

Tween 80 is compared to the droplet formation time at different conditions. A sufficiently488

large concentration gradient of surfactant micellars, is necessary to reduce the dynamic489

interfacial tension to its equilibrium value.490
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Adding surfactant can modify the surface properties (contact angles) of microchannel,491

however it will also introduce the difficulty of measuring dynamic interfacial tension. There-492

fore, further investigation about wetting problem by CFD is highly needed, since it becomes493

easy to decouple the influence of contact angles and interfacial tension. Besides, more dis-494

persed phases with different viscosity should be studied to better understand the relationship495

between the viscosity of dispersed phases and the flow maps. It would be also useful to dis-496

cuss choices of the more appropriate dimensionless numbers (Cad,Wed or both) to represent497

flow regimes transition.498
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