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Abstract

In this paper, we report the influence of temperature on the production characteristics of
water-in-oil (W/O) emulsions by microchannel emulsification (MCE). The temperature of an
emulsification module including a hydrophobic microchannel (MC) array chip was controlled
between 10°C and 55°C. The continuous phase was a decane oil solution containing 5wt%
tetraglycerin monolaurate condensed ricinoleic acid ester as a surfactant. The dispersed phase
was a Milli-Q water solution containing 1wt% of sodium chloride and 5wt% of polyethylene
glycol. The contact angle of the dispersed phase on the MC wall exceeded 152°, strongly
suggesting that the MC array surfaces are not wetted by the dispersed phase during MC
emulsification. At the breakthrough pressure of the dispersed phase, monodisperse W/O
emulsions with coefficient of variation below 5% were produced via hydrophobic MC arrays,
irrespective of the temperature. At each operating temperature, the resultant droplet diameter
was also almost constant below a critical flow velocity of the dispersed phase. The maximum
droplet generation rate from a channel gradually increased with increasing operating
temperature due to the decrease in viscosity of both phases. An adapted capillary number that
considers the influence of the wettability and surfactant adsorption had a low

maximum/minimum value ratio of 1.2.

Keywords: Microchannel emulsification, Temperature, W/O emulsion, Contact angle,

Viscosity.
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1. Introduction

Water-in-oil (W/O) emulsions, which are usually stabilized by oil soluble surfactants, are
dispersions with important applications in foods, medicines, pharmaceutics, cosmetics, and
chemicals. W/O emulsions are also commonly prepared as a dispersed phase for producing
water-in-oil-in-water (W/O/W) emulsions [1-3]. Aqueous droplets dispersed in W/O
emulsions are micro-compartments useful for encapsulating hydrophilic active substances [4].
The average droplet size and droplet-size distribution are the most important parameters
determining many properties of emulsions with the same composition [5]. For instance, these
parameters influence the stability (in terms of Ostward ripening, coalescence, and
sedimentation), rheology, chemical reactivity, and physiological efficiency (e.g., the release
properties of encapsulated active substances) of W/O emulsions [6]. Monodisperse emulsions
with very narrow droplet-size distributions are highly desirable because they have better
coalescence stability than polydisperse emulsions [7] and enable simplified interpretation and
easier control of emulsion properties [8,5].

Temperature-controlled emulsification is required for producing emulsions containing
high-melting-point  or  thermo-sensitive  substances. A  typical example of
temperature-controlled emulsification is the production of W/O emulsions containing
high-melting-point lipids as part of the margarine manufacturing process. This emulsification
process is normally conducted at temperatures around 50°C to 60°C. Kukizaki et al. [9]
produced W/O and W/O/W emulsions using a tripalmitin oil phase at an elevated temperature
of 60°C. The resultant W/O/W emulsions encapsulating vitamin Bi, in the internal aqueous
phase were immediately cooled to obtain dispersions containing solid lipid microcapsules.
Low-temperature emulsification is also expected to suppress the degradation of heat-sensitive
active substances (e.g., vitamins and biological molecules).

WI/O emulsions are normally produced with traditional emulsification devices, such as

rotor-stator systems (stirred vessels, colloid mills, or toothed-disk dispersing machines),
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high-pressure homogenizers, and ultrasonic homogenizers. Such devices apply shear,
extension, and impact to two-phase systems, disrupting large droplets into smaller ones [5].
They also generate a huge amount of heat during operation, resulting in considerable
temperature elevation of the emulsion products. While most of these devices are equipped with
thermo-control units, it is difficult to make the temperature in the entire device uniform. The
resultant W/O emulsions are usually polydisperse with a typical coefficient of variation (CV)
over 20%. The droplet size is controlled empirically.

Nakashima et al. [10] introduced membrane emulsification (ME) as a technique for
producing monodisperse emulsions. ME produces emulsions by forcing a dispersed phase
through membrane pores into a (cross-flowing) continuous-phase domain. This process
enables low-energy input due to droplet generation at low mechanical stress, reducing
temperature elevation [11]. Shirasu Porous Glass (SPG) membranes containing relatively
uniform pores with non-circular cross-sections are most commonly used for ME [4,12]. SPG
membranes with hydrophobically modified surfaces have been used for producing
monodisperse W/O emulsions containing relatively uniform droplets with the smallest CV of
about 10% [13,14]. To our knowledge, no ME study focusing on the quantitative effect of
temperature has yet been reported.

Kawakatsu et al. [15] introduced microchannel emulsification (MCE), which is capable of
producing monodisperse emulsions containing uniform droplets with the lowest CV (below
5%). MCE produces emulsions by a unique process called “spontaneous droplet generation”
with no external shear force and very low energy input [16]. This droplet generation process
driven by interfacial tension is advantageous when using shear and thermo-sensitive
components (e.g., proteins and starches). Microchannel (MC) arrays fabricated for MCE use
are classified into grooved MC arrays, each consisting of parallel MCs and a terrace [15], and
straight-through MC arrays, each consisting of compactly arranged straight-through MCs [7].

A major advantage of grooved MC arrays is that one can clearly observe the movement of the

4
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water-oil interface around them during droplet generation, while it is difficult to
experimentally observe inside straight-through holes. By contrast, straight-through MC arrays
have much higher droplet production rates than grooved MC arrays. For a given MC size, a
straight-through MC array chip can accommodate over 100 times more MCs per unit area
than a grooved MC array chip.

Silicon MC array chips are usually used for MCE. Hydrophobically surface-modified
MC arrays have mostly been employed to produce monodisperse W/O emulsions[15-19].
Polymeric MC arrays, which are intrinsically hydrophobic, also produce monodisperse W/O
emulsions [18,20]. In MCE, monodisperse W/O emulsions are successfully produced using
appropriate hydrophobic surfactants that can prevent wetting of a dispersed phase onto the
MC surface [17]. In addition, the osmotic pressure of the dispersed aqueous phase has to be
high enough to suppress the migration of water molecules via the water-oil interface [19].
Alkane oils of low viscosity are generally used as the continuous-phase medium for MCE.
Triglyceride oils can also be used as the continuous-phase medium [19].

MCE research on the production of W/O emulsions is normally carried out at an ambient
temperature of 25°C. MCE at elevated temperatures has been performed for producing
monodisperse gelatin  microbeads [21]. Temperature influences the physical and
physicochemical properties of the two phases, such as their viscosity and interfacial tension, as
well as the solubility of the surfactant in the continuous phase. Thus, temperature is assumed to
play an important role in producing W/O emulsions besides their stability. We recently
investigated the influence of temperature on the production of O/W emulsions by MCE [22],
but it is still unclear how temperature influences the production of W/O emulsions by MCE.

The objective of this study was to systematically investigate the influence of temperature
on the production of W/O emulsions by MCE. We analyzed the MCE results for droplet size,

droplet-size distribution, droplet productivity, and droplet generation at different temperatures
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between 10°C and 55°C. The physical and physicochemical properties of the W/O system were

also investigated at the temperatures applied to MCE.

2. Materials and Methods
2.1 Chemicals

Decane, purchased from Wako Pure Chemical Ind. (Osaka, Japan), was used as the
medium for all of the continuous-phase solutions. Tetraglycerin monolaurate condensed
ricinoleic acid ester (CR-310), provided by Sakamoto Yakuhin Kogyo Co., Ltd. (Osaka, Japan),
was used as the oil-soluble surfactant. Milli-Q water was used to prepare the dispersed-phase
solutions. NaCl, purchased from Wako Pure Chemical Ind., was used for suppressing
migration of water molecules via the water-oil interface [19]. Polyethylene glycol (PEG,
M.W.: 20,000), purchased from Wako Pure Chemical Ind., was used for increasing the
dispersed-phase viscosity. A silane coupler reagent, octadecyltriethoxysilane (L-6970), was
purchased from Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). All of the chemicals were used

as received.

2.2 Emulsification setup

A schematic diagram of the experiment setup used for MCE is presented in Fig. 1la. The
MCE setup consists of a temperature-controllable module equipped with an MC array chip
(Model: CMS6-1), a 10-mL liquid chamber that contains a dispersed phase, a syringe pump
(Model 11, Harvard Apparatus Inc., Holliston, USA) that feeds the continuous phase with a
50-mL glass syringe, and a microscope high-speed video system [22]. The temperature inside
the module can be controlled using a water circulator equipped with heating and cooling units
(EYELA Digital Uni Ace-100, Tokyo Rikakikai Co., Ltd., Tokyo, Japan).

Figure 1b is a schematic representation of a silicon MC array chip with dimensions of 25
x 28 X 0.5 mm. The MC array chip has 10 MC arrays, each consisting of 107 parallel channels
with a depth of 5 um, a width of 8um, and a length of 140 um and a terrace with a depth of 5
um and a length of 40 um. Each continuous-phase channel outside the terrace outlet has a

depth of 100 um. The MC array chip as well as a glass plate used for producing W/O
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emulsions had hydrophobic surfaces, having been treated with a silane couple reagent
according to the method reported by Kobayashi et al. [19].

2.3 Preparation of solutions

The continuous phase was prepared by dissolving 5wt% CR-310 into decane. To
improve the stability of the W/O emulsion droplets, the decane was pre-treated prior to use as
follows. Decane was mixed with water using a magnetic stirrer at a volume ratio of 9:1
(decane:water) for 45 min. Following that, the phases were separated by centrifugation at 1500
x g for 20 min using a table centrifuge (KN-70, Kubota Co., Tokyo, Japan) [23]. The decane
supernatant phase was used for preparing the continuous phase. The dispersed phase was

prepared by dissolving 5wt% PEG and 1wt% NaCl into Milli-Q water.

2.4 Emulsification procedure

Droplet-generation experiments were performed with the MCE setup depicted in Fig. 1a.
The MC array chip was rinsed with the continuous phase prior to each experiment and was
then mounted into a module filled with the continuous phase during assembly. After adjusting
the temperature of the assembled module, the pressurized dispersed phase was introduced into
the module. The pressure applied to the dispersed phase (APq4) was gradually increased. APy
can be given by

APg =pg Ahg g (1)
where pqis the dispersed-phase density, Ahg is the difference in the hydraulic heads between
the chamber containing the dispersed phase and the channels of the module, and g is the
acceleration due to gravity. To generate droplets, the dispersed phase was forced through the
MCs onto the terrace and into the continuous-phase channel (Fig. 1c). During MCE, droplet
generation, regulated by tuning the chamber height, was monitored at a frame rate of 1000 fps

using the microscope high-speed video system. The most upstream-side MCs, which were
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close to the inlet hole for the dispersed phase, were considered in this study. MCE
experiments were carried out at different temperatures (T¢) of 10, 25, 40, and 55°C. Three
separate experimental runs were conducted at each temperature.

The hydrophobic MC array chip used for each MCE experiment was cleaned using an
ultrasonic bath (VS100I1l, As One Co., Osaka, Japan) at a frequency of 45 kHz as follows.
The MC array chip was cleaned in Milli-Q water for the first 20 min, in Milli-Q water
containing ethanol (1:1 v/v proportion) and non-ionic detergent for the next 20 min, and in

Milli-Q water for the final 20 min.

2.5 Measurement and analysis

The density of the liquid phases was measured with a density meter (DA-130 N, Kyoto
Electronics Manufacturing Co., Ltd., Kyoto, Japan). Their viscosities were measured with a
vibro viscometer (SV-10, A&D Co. Ltd., Tokyo, Japan). The equilibrium interfacial tension
was measured by the pendant drop method (PD-W, Kyowa Interface Sciences Co., Ltd.,
Saitama, Japan). The contact angle of the interface with the MC wall was measured using the
MC array method that the authors recently proposed [24]. The hydrophobically treated silicon
parallel MCs used for this measurement had a width of 20 um, a depth of 5 um, and a length
of 2000 um. All of the measurements were carried out at T¢ between 10 and 55°C.

The number-weighted average droplet diameter (dav.drop) Was determined based on the
diameters of 200 droplets measured using WinRoof software (Mitami Co. Ltd., Fukui, Japan).

CV, used as an indicator of the droplet-size distribution, was calculated by

o
CV = x 100

av,drop

()

where o is the standard deviation. The droplet generation rate at an MC (fuc) is given by
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@)
where t is the droplet generation time, determined by averaging the generation time of ten
consecutive droplets. The dispersed-phase velocity in an MC (Ugwmc), Which influences the

flow state of the dispersed phase during droplet generation, was estimated by

(7t darop ) futc
6 Aymc

Ugmc =

(4)
where Amc is the MC cross-sectional area, and dgrp is the droplet diameter, determined by

averaging the diameter of twenty droplets.

3. Results and Discussion
3.1 Physical and physicochemical properties of the liquid phases

The viscosity of the liquid phases at different temperatures is presented in Fig. 2a. The
continuous-phase viscosity (n¢) and dispersed-phase viscosity (ng) decreased as T¢ increased
in the range of 10°C to 55°C. Such a change in 1. and ngq is reasonable, since increasing the
liquid temperature reduces the cohesive forces and increases the rate of molecular interchange
[25]. The n¢ and nq data fitted well with the following exponential equations.

Ne = 1.0 exp(-0.014Tc) 5)

Mg = 9.0 exp(-0.031Tc) (6).
The viscosity ratio (&), defined as na/mc, decreased with increasing T¢ from 7.5 to 3.4 (Fig. 2a).
The ¢ data also had a high correlation (coefficient of determination (R%): 0.99) with the
exponential equation.

& = na/mc = 8.8 exp(-0.017Tc) .
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Figure 2b illustrates the influence of temperature on the equilibrium interfacial tension.
The equilibrium interfacial tension of the W/O system in the presence of CR-310 (yeqe) Used
for the MCE experiments decreased exponentially by 1.5 times as T¢ increased from 10 to
55°C, fitting well with the following equation.

Yeq,e = 4.6 €xp(-0.009Tc) (8).
This decrease in yeq e Was observed for the soybean oil-in-Milli-Q water containing a nonionic
hydrophilic surfactant system [24]. The equilibrium interfacial tension of the W/O system in
the absence of CR-310 (yeqne) also decreased exponentially with increasing Tc by 1.2 times.
The equation that correlates with the plots is

Yeq,NE = 34.2 exp(-0.005Tc). 9).
At each temperature, the addition of CR310 led to a considerable decrease in yeqne by 7.7 t0
9.1 times.

The contact angle data obtained by the MC array method are presented in Fig. 3. The
contact angle of the dispersed phase (64) to the hydrophobically modified MC wall increased
with increasing Tc. This increase in 64 is assumed to be related to the rise in the solubility of
water in the continuous phase as a function of T¢ [26, 27]. The 64 data fitted the following
linear equation well.

0¢ = 0.26Tc+150 (10).
This result is opposite to the change in 64 to the hydrophilic MC wall [22]. Previous studies
considered soybean oil as the dispersed phase and the Milli-Q water containing a surfactant as
the continuous phase. The micrographs and 64 values in Fig. 3 demonstrate that the MC wall
was preferentially wetted by the continuous phase and was not wetted by the dispersed phase.
In addition, the 64 values suggest that monodisperse W/O emulsions are stably produced using
the W/O system described in Section 2.3 and the hydrophobic MC array chip used in this

study [16].
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3.2 Droplet generation characteristics

A gradual increase in APy caused the dispersed phase to enter the terrace in front of the
MC inlets. When APq reached the breakthrough pressure (APgpt), the dispersed phase started
to pass through the MCs, leading to the periodic generation of aqueous droplets (Fig. 4a).
APgp must be understood for performing successful MCE. APgp: obtained from the
experiments decreased as Tcincreased from 10 to 55°C (Fig. 4b), which is analogous to the
variation in yeq e (Fig. 2b). APqt values were estimated by the following equation based on the

capillary pressure equation [30]:

4y
APy pe =

eQ |cosOy|

dMC
(11)

where dyc is the MC hydraulic diameter. The theoretical APq data obtained using Eq. (11) are
plotted in Fig. 4b. The temperature dependence of the theoretical APqp: was similar to that of
the experiment APy, Whereas the theoretical APy was lower than the experiment APy by
~55% at each Tc. This difference in APqp,: may be attributable to the hydrodynamic resistance
of the advancing dispersed phase on the chip.

Figure 5 presents screen shots of droplet generation from a channel at a APq,; of 1.2 kPa
(Tc: 55°C). The water-oil interface stabilized by hydrophobic surfactant molecules moved
smoothly on the terrace and in the well, and the interfacial shape was symmetric to the center
line of each MC during the entire droplet generation process. This result indicates that
attractive force did not act between the non-charged chip surface and the dispersed phase
stabilized by nonionic CR-310. Successful droplet generation is reasonable because of the
high 64 value of >150°. Uniform aqueous droplets were periodically generated from the MCs
at APy, irrespective of Tc (Fig. 4a). Figure 6 illustrates the influence of temperature on day,drop
and CV of the produced W/O emulsions. dayarop depended slightly on Tc and ranged between

18 and 20 pm. The temperature dependence on day,drop Obtained from this study was similar to

11
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that on the daydop Of the O/W emulsions produced by MCE in our previous publications
[22,24]. All of the resultant W/O emulsions had a CV of less than 5%, demonstrating that
monodisperse W/O emulsions are produced by MCE over a wide temperature range. The
results in Fig. 6 also suggest the possibility of tuning the size of aqueous droplets.

Figures 7 to 9 present the first results that quantitatively demonstrate the influence of
Ugmc on the generation of W/O emulsion droplets by MCE. Figures 7a and 8 show the
influence of Ugmc 0N dayv,arop and detachment time (tqer) at different temperatures. tqe: is defined
as follows [17]. The detachment process starts when the tip of the dispersed phase expanding
on the terrace reaches the terrace outlet (Fig. 5¢). The end point of the detachment process is
the moment when pinch-off of the neck on the terrace is completed (Fig. 5e) and a droplet is
generated. tqe; iS the period between the preceding start and end points. Below a critical Ugmc,
dav,drop Was not influenced by Uqgmc (Fig. 7a), and uniform droplets were generated from the
MCs (Fig. 7b). tg was inversely proportional to Ugmc in this case (Fig. 8), indicating that
Uy mc does not influence the volume of the dispersed phase that expands in the well during the
detachment process. Above the critical Ugmc, Gav.drop Steeply increased with increasing Ugmc
(Fig. 7a), and non-uniform, larger droplets were generated from the MCs (Fig. 7¢). tge also
increased with increasing Ugmc above the critical value, confirming the steep increase in
dav,drop- The droplet size trends in Fig. 7a are probably appropriate, since similar trends have
been reported for the generation of O/W emulsion droplets by MCE [22,24,29]. The critical
Ugmc increased gradually as Tc increased (Fig. 7a), and the critical Ugmc at 55°C was 2.9
times higher than that at 10°C. Figure 9a illustrates the influence of Uy mc on fuc at different
temperatures. At each T, fuc increased linearly with increasing Ug mc below a critical value,
and the maximum fyc was observed near the critical Ugmc. fuc above the critical Ug mc was
much smaller than the maximum fyc, due to the prolonged process of detachment from the
terrace outlet. As can be seen in Fig. 9b, the maximum fyc increased exponentially with

increasing Tc. The fitted exponential equation with R® of 0.99 is
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fmc max = 8.5 exp(0.0032Tc¢) (12)
where fpcmax 1S the maximum droplet generation rate for an MC. The increase in fpc max IS
primarily attributable to the considerable decrease in viscosity of the two phases, since their
viscosity greatly influences the movement of the water-oil interface on the terrace and in the
well during droplet generation. The result in Fig. 9b also demonstrates that droplet
productivity could be improved by performing MCE at a high Tc. It should be noted that the
operating temperature must be controlled by appropriately considering the properties of all of

the emulsion components.

3.3 Analysis of flow of the dispersed phase during droplet generation using dimensionless
numbers

In MC emulsification, the flow of the dispersed phase during droplet generation is
dominated by the balance between the interfacial tension force and the viscous force,
expressed as the capillary number of the dispersed phase (Cag) [30]. We recently proposed
an adapted capillary number that considers the influence of the wettability of the dispersed
phase to the MC array surfaces, as a large portion of the water-oil interface on the terrace
attaches to its walls during the detachment process [22]. This adapted capillary number

(Ca’g) is defined as

NaUamc

cab = ———
dE qu,E |COS edl

(13)

Figure 10a illustrates the influence of Cagqe” on the dimensionless droplet diameter (d),

defined as

ddrop

d=
hterrace

(14)
13
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where herace is the terrace height. The trends in d changed remarkably near the critical Ca’ e
designated in Fig. 10a, irrespective of T.. d remained almost constant at about 4 below the
critical Ca’yg, and the interfacial tension force dominated successful droplet generation in this
region. By contrast, d was greatly sensitive to Ca’g above the critical value, as the viscous
force effective in this region elongated the detachment process. The critical Ca’ye was
temperature-dependent, and the maximum/minimum critical Ca’g ratio was 1.9. During the
rapid detachment process, the critical detachment time decreased from 0.08 to 0.02 s at T¢
between 10 to 55°C. For soybean oil-in-water emulsions containing 1% SDS, the critical
detachment time decreased from 0.15 to 0.02 s at T¢ from 10 to 70°C [22]. These results
indicate that the surfactant molecules may adsorb little to a newly created water-oil interface,
and that the interfacial tension in the absence of surfactant (yeqne) has to be included in the

adapted capillary number as follows.

NaUamc

Ca® =
NE Yeq,NE |cos 84

(15)
As depicted in Fig. 10b, the range of the critical Ca’sne becomes narrower, with a
maximum/minimum ratio of 1.2. This result demonstrates that Ca’sne as proposed here is a
useful indicator for understanding the flow transition of the dispersed phase during droplet

generation.

4. Conclusions

Our results have demonstrated that MCE using a hydrophobic MC array chip is capable
of producing monodisperse W/O emulsions with CV below 5% over a wide T range (10°C to
55°C). The contact angle data strongly suggested the stable generation of uniform aqueous
droplets via MC arrays at T¢ applied in this study. The resultant droplet size depended slightly

on the operating temperature, indicating the possibility of finely tuning the droplet size by

14



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

temperature. At each T, the size of the generated aqueous droplets was almost independent of
Uag,mc below a critical value, which is the first quantitative finding reporting the influence of
Ugmc on the size of W/O emulsion droplets. By contrast, their size was highly sensitive to
Uqmc above the critical value. High-temperature MC emulsification is useful for increasing
the productivity of uniform aqueous droplets if the emulsion components are insensitive to
heating. An adapted capillary number that considers the influences of the wettability and
dynamic surfactant adsorption was demonstrated to be a useful indicator for understanding the

flow transition of the dispersed phase during droplet generation.
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Nomenclature

Anc channel cross-sectional area [m?]

Ca’ye adapted capillary number of a dispersed phase in the presence of surfactant
[-]

Ca’yne adapted capillary number of a dispersed phase in the absence of surfactant
[-]

CVv coefficient of variation [-]

ddrop droplet diameter [m]

d dimensionless droplet diameter []

Cav,drop number-weighted mean droplet diameter [m]

dmc channel hydraulic diameter [m]

fme droplet generation rate per channel [s™]

fmc max maximum droplet generation rate per channel [s™]
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391

392

393

394

395

396

397

398

399

g

Ahg
Pterrace
APy
APgpt
Tc
Tt

t

Udmc

Greek symbols
Yeq,E

Yeq,NE

MNe

Nd

04

g

Pd

acceleration due to gravity [m s?]

height of a dispersed-phase chamber [m]
terrace height [m]

pressure applied to a dispersed phase [Pa]
breakthrough pressure of a dispersed phase [Pa]
Celsius temperature [°C]

detachment time [s]

droplet generation time [s]

flow velocity of a dispersed phase inside a channel [m]

equilibrium interfacial tension in the presence of surfactant [N m™]
equilibrium interfacial tension in the absence of surfactant [N m™]
viscosity of a continuous phase [Pa s]

viscosity of a dispersed phase [Pa s]

contact angle of a dispersed phase [deg]

viscosity ratio of a dispersed phase to a continuous phase []
density of a dispersed phase [kg m™]

standard deviation [m]
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Figure Captions

Fig. 1. (a) Schematic drawing of the experiment setup for MCE. (b, ¢) Schematic drawings of
the MC array chip and part of an MC array. Dimensions of the channel and terrace are denoted
as micrometers. (d) Schematic three-dimensional drawing of droplet generation via part of an

MC array.

Fig. 2. (a) Variation in the viscosity of the dispersed and continuous phases and their viscosity
ratio as a function of temperature. ng is the dispersed-phase viscosity (e), nc is the
continuous-phase viscosity (#), and & is the viscosity ratio, defined as ng/nc (a). (b) Variation
in the equilibrium interfacial tension as a function of temperature. All of the fitted lines (Egs.

(5)-(9)) in (a) and (b) had a coefficient of determination (R?) exceeding 0.99.

Fig. 3. (a) Variation in the contact angle of the dispersed phase to the MC wall as a function of
temperature. The fitted line (Eq. (10)) had R? of 0.98. (b) Optical micrographs of the water-oil

interface formed in a rectangular MC at T¢ of 10°C and 55°C.

Fig. 4. (a) Typical optical micrograph of the generation of W/O emulsion droplets from

hydrophobic MCs. (b) Variation in breakthrough pressure as a function of temperature.

Fig. 5. A droplet generation cycle with an MC and a terrace at T¢ of 55°C.

Fig. 6. Variation in the average droplet diameter and CV as functions of temperature.

Fig. 7. (a) Variation in droplet diameter at different temperatures as a function of the flow

velocity of the dispersed phase. (b, ¢) Typical optical micrographs of droplet generation with
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MCs at Tc of 25°C. (b) Below the critical flow velocity (Ugmc = 1.2 mm/s). (c) Above the
critical flow velocity (Ugmc = 4.2 mm/s).
Fig. 8. Variation in the detachment time at different temperatures as a function of the flow

velocity of the dispersed phase that flows in an MC.

Fig. 9 (a) Variation in the droplet generation rates per MC at different temperatures as a
function of the flow velocity of the dispersed phase that flows in an MC. (b) Variation in the
maximum droplet generation rate as a function of temperature. The fitted line (Eq. (12)) had a

coefficient of determination (R?) exceeding 0.99.

Fig. 10. (a) Variation in the dimensionless droplet diameter at different temperatures as a
function of the adapted capillary number of the dispersed phase (Ca’sg) including the
interfacial tension in the presence of a surfactant (yeqe). (b) Variation in the droplet diameter
at different temperatures as a function of the adapted capillary number (Ca”;ne) including the

interfacial tension in the absence of a surfactant (yeqne)-
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