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The dispersed droplets in liquid—liquid droplet emulsions are often stabilized by the surfactant molecules
adsorbed onto the droplet interfaces, which reduces the interfacial tension and generally inhibits droplet
coalescence. Other factors, such as viscous stress and Marangoni stress, will also have major impacts on
droplet stability. In this paper, systematic droplet coalescence experiments will be presented using a
microfluidic Stokes trap geometry, as a function of viscosity ratio between droplet and continuous phase
as well as surfactant concentration. The results show that more coalescence can be observed for
systems with a lower viscosity ratio (smaller than 1), while few coalescences are observed for a higher
viscosity ratio (larger than 1), as expected. More surprisingly, a non-monotonic trend of film drainage
time as a function of surfactant concentration is observed for both Triton X100 and Glucopon 225DK.
The film drainage time first increases and then decreases followed by plateaus with the increase of
surfactant concentration, until a critical concentration value is reached. To better understand the non-
monotonic relationship between film drainage times and surfactant concentration, two Marangoni
numbers defined based on (1) the ratio of Marangoni time scale with surfactant diffusion timescale, and
(2) the ratio of Marangoni stress with interfacial tension, are examined. The results from both Marangoni
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Introduction

Droplet coalescence is often a critical step during the process of
separation of liquid-liquid emulsions. Forming larger droplets
through droplet coalescence is particularly useful when the
dispersive phase droplet is microscale. In most cases, those
microscale droplets are difficult to separate using simple gravity
separators. The presence of unseparated microscale droplets may
cause unwanted consequences and must be removed during the
operation. For instance, bilgewater is oily wastewater (oil-in-
water) that is found in the lower compartment of the ship.'™
Diesel oil usually appears as microscale droplets in the water due
to the presence of detergents or grease on board. International
Maritime Organization (IMO)®> prohibited the direct offshore
discharge of the bilgewater into seas if it contains more than
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scaling agree with the experimental observations.

15 parts per million (ppm) of oil, as it may cause serious pollution
to the environment. However, surface active molecules in the
detergents or fuels can stabilize the oil droplets and prevent them
from coalescing, which significantly increases the difficulty of
removing those oils.

Similar circumstance of unwanted liquid dispersions also
occurs in diesel fuel filtration systems.® During the transporta-
tion of diesel fuel, water can be entrained as micro-scale droplets
in the fuel oil, which becomes water-in-oil emulsion.” The water
droplets can damage diesel-powered equipment by causing rust
or corrosion. These water droplets are usually stabilized by the
surface-active additives present in the fuel, which inhibit the
coalescence of droplets. Another situation of unwanted droplet
emulsion can be involved is that fuel droplets may be found
entrapped in the water in aqueous film forming foam (AFFF).
AFFF is commonly used to extinguish a fuel pool fire,**" which
is usually spread as a layer of thin film over the fuel. Due to the
presence of the foam stabilizer, or surfactant, some fuel droplets
will form and suspend in the bulk of the aqueous phase of the
foam. These droplets will remain in the liquid or the bubble
walls, potentially disrupting the stability or lifetime of the foam.
To better understand the stabilization or destabilization of these
complex, surfactant-laden emulsion systems, it is first important
to understand the mechanism of droplet stability.

Soluble surfactants can be initially present or mixed into one
of the bulk phases with a given bulk concentration. Those

This journal is © The Royal Society of Chemistry 2025
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surfactant molecules undergo several processes to transport to
the liquid-liquid interface. First, the surfactant molecules in
the bulk solution will migrate and diffuse to the region near the
droplet interface, also known as the subsurface. Surfactant
diffusion time depends strongly on bulk concentration, mole-
cular diffusivity,"> and depletion depth." Following the diffu-
sion process, the surfactant molecules in the subsurface region
will then adsorb to or desorb from the interface due to the
entropic driving force, causing the depletion of surfactants in
the subsurface. The interfacial tension (IFT) of the droplet
starts decreasing from its surfactant-free value, y,, as the
surfactant molecules undergo adsorption to the interface. In
general, the IFT reaches an equilibrium value, y.q, after some
time, until the concentration of molecules on the interface
becomes constant. Due to the simultaneous diffusion and
adsorption processes during the surfactant transport, the time-
scale for the IFT to reach equilibrium value is strongly dependent
on the surfactant transport rate, quantified as the timescale for
the diffusion, tp, as mentioned earlier, and the timescale for
adsorption, 7,4;. Comparing the magnitude between 7 and 7,45,
the surfactant transport can be categorized as diffusion-limited
and kinetic-limited. If tp > 7,45 the surfactant transport is
diffusion-limited, while for tp <« 7,5 surfactant transport is
kinetic-limited. Based on the definition of the aforementioned
timescales, a more well-defined dimensionless number A =
Ir*(pc., + a)/C..,>D, developed by Alvarez,'* is able to indicate
whether the surfactant transport is diffusion-limited or kinetic-
limited, if A » 1 or 4 « 1, respectively. Here, I" is the surface
coverage of surfactants, C,, is the bulk phase surfactant concen-
tration, D is the diffusivity of molecules, and f and o are the
adsorption and desorption rate constants, respectively. Thus, the
magnitude of 1, compared to 7,4 is significant for the character-
ization of surfactant transport.

Beyond the impact of diffusivity and bulk concentration on 1p,
studies have also shown that the apparent timescale for diffusion
can also be affected by the radius of the curvature,**>'® and bulk
convection.'” For instance, in diffusion-limited surfactant trans-
port, highly curved micrometer-sized droplets reach an equili-
brium IFT significantly faster than large millimeter-sized droplets
or planar interfaces, due to the reduced depletion depth.** Recent
studies have also shown that the phase containing the surfactant
(dispersed versus continuous) can also influence surfactant trans-
port time scales'® and equilibrium surface tension.'*?° Particu-
larly, an enhanced apparent surfactant diffusion rate can also be
achieved by the implementation of the external convection'” due
to the decreased surfactant diffusion boundary layer for a convex
spherical interface. In addition, surface tension for a concave
interface can be higher than a convex interface'® due to the
depletion of the surfactant molecules in the bulk. Based on the
aforementioned factors, a lower equilibrium IFT or shorter
surfactant transport timescale decreases the ability for the
droplet to coalesce and thus stabilizes the emulsions.

While studies on soluble surfactant transport onto the
interface of a single droplet are important for understanding
emulsion stability, it can be even more important to study the
soluble surfactant transport and fluid motion behavior on the
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film between two interacting droplets. Here, when two droplets
approach each other, a thin film forms and must drain for the
droplets to coalesce. When the film drains, the shear stress at
the fluid interface will drag the surfactant molecules away from
the thin film region, which induces the surfactant concen-
tration gradient along the interface. When the surfactant is in
the continuous phase, the surfactant gradient that forms along
the film interface will cause the Marangoni stress that is in the
opposite direction to the drainage flow,>' which inhibits the
film drainage and increases the drainage time. Studies have
suggested that this Marangoni stress can be suppressed when
soluble surfactant molecules are present inside the droplets
(dispersive phase).**!

When the surfactant is inside the droplets, the molecules
can diffuse and adsorb onto the thinning film during the
drainage process. The repopulation of the surfactant molecules
will diminish the surfactant gradient along the interface and
weaken the Marangoni stress. In this case, the film drainage is
no longer hindered, and the drainage time can be reduced. In
addition to the impact of the Marangoni stress on the film
drainage, interfacial mobility also plays an important role in the
film drainage process.”>** The interfacial mobility is determined
by the viscosity ratio between the dispersive and continuous
phase, 4. For instance, if 2 > 1, the higher viscous stress at the
droplet interface can inhibit the film drainage, while for 1 « 1,
the film drainage is less affected by the viscous stress.>** In
practical applications, an o/w emulsion generally has a higher
viscosity ratio than a w/o emulsion; therefore, the phase plays an
important role in influencing interfacial mobility. Another factor
that will affect the film drainage is the collision angles. The
impact of collision angles has been investigated by several
studies (Leal 2004,>* Narayan et al 2020°°). In particular, the
external hydrodynamic force will change its sign from positive to
negative when the droplet rotates from 0° to over 45° such that
the two droplets are pulled away from each other, which, under
the right conditions, can induce dimpling at the interface and
change the time it would take for coalescence relative to a head-
on collision.

The coalescence of two droplets has been extensively studied
by different groups, particularly focused on the film drainage
and film rupture based on the collision of two droplets
(Chesters 1991%°). The study by Hu et al.”” first defined the
critical capillary number and found the scaling with droplet
radius and viscosity ratio based on the polybutadiene drops in
PDMS. In a following work by Yang et al,*® they defined a
dimensionless drainage time that scales as Ca®? particularly at
higher values of Ca. A later study by Ha et al.>® started looking
into the impact of surface-active copolymer on droplet coales-
cence, which they found the copolymer will increase the film
drainage time and thus inhibit the coalescence. The same study
also shows that the film drainage time also increases when Ca
increases due to the increased lateral extent of the thin film as a
result of the deformation. The scaling of film drainage time
versus Ca was then further studied by Hsu et al.,*° in which they
considered the impact of the droplet radius and the viscosity
ratio. This seminal work studying film drainage established a
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foundation for later research regarding film stability and
droplet coalescence.

In general, the fundamental basics of droplet coalescence
and film drainage have been well-established both theoretically
and experimentally. Seminal studies on droplet coalescence
include the scaling of film drainage time with capillary
number,*"** the mechanism of the Marangoni stress and
mobility,>*>*?* and the hydrodynamic conditions for determinis-
tic versus stochastic thin liquid film rupture.***> Particularly,
Kumar®® has developed computer-controlled microfluidic devices
to manipulate two soft particles in a 2D viscous flow, which has
been widely employed in studying droplet coalescence and parti-
cle interactions. However, although previous experimental work
has focused on micro-scale droplets with insoluble surfactants,
most of those studies focused on the systems that follow the
Bancroft rule, where the surfactants are soluble in the continuous
phase. Seminal studies®”*® have performed experiments with
surfactants in the continuous phase or nanoparticles in the
droplet phase to investigate droplet formation behavior in micro-
fluidics, but these studies only consider surfactants in the con-
tinuous phase. Numerical works®**" were also performed to study
the interfacial flow in the presence of surfactants in the droplet
phase, but these works do not have further experimental valida-
tions. However, there still remains the need for experimental
study on the droplet coalescence. The theoretical work based on
the Marangoni stress and mobility in film drainage has been well
studied, but few of the works have systematically investigated the
impact of these two factors on film drainage with the presence of
surfactants via experiments. Quantification of the film drainage
time for the surfactant concentration will provide key insight into
the improvement strategies for emulsion stability control and
water treatment.

The goal of this work is to experimentally study the impact of
surfactant concentration and viscosity ratio on the film drainage
time of microscale droplets in the presence of soluble surfactants
both inside, and outside, the dispersed droplet phase. Film
drainage times for systems with different surface concentrations
in the droplet phase, leading to different Marangoni stresses, as
well as varied viscosity ratios, 4, leading to different viscous
stresses at the interface are investigated to further understand
the mobility impact on the droplet coalescence. Finally, scaling
analysis is performed to provide a possible explanation of a non-
monotonic trend observed in film drainage time when surfac-
tants are present inside the droplet phase.

Materials and methods

Microfluidic devices are used to perform the Stokes trap
experiments as shown in Fig. 1 and 2. To make the devices,
the silicon wafers are first fabricated with a patterned mask
using soft lithography techniques in the clean room with SEUX
sheets. Poly-dimethylsiloxane (PDMS, Sylgard 184, Dow) is
poured on the master wafer and cured at 70 °C in the oven
overnight. The cured PDMS device is then cut, and holes are
punched at the injection ports with a 1.5 mm biopsy punch.

7712 | Soft Matter, 2025, 21, 7710-7725
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Premixed
Emulsion

Fig. 1 The 6-channel Stokes trap device contains 6 inlets with the cross-
slot in the center. The height of the channel is 120 um, and the channel
width at the cross-slot is 400 um. Each inlet is connected to the serpentine
channel that is used to reduce the flow speed. The emulsions are premixed
in a centrifuge vial and injected through the left side of the device. The
continuous phase is then injected through all the other five channels.

The device is then bonded with a PDMS-coated glass slide after
plasma treatment (Harrick Plasma). For water-in-oil systems,
the device, after being baked in the oven for 4 hours, is treated
with NOVEC 1720 (3M) to make the PDMS more hydrophobic.
The device is left overnight to let the NOVEC 1720 evaporate
and then baked at 130 °C for 30 min. The treated device is then
soaked in oil overnight before it is used for experiments.

The liquids used in the experiments are prepared and stored
in the centrifuge tube as a fluidic reservoir and injected into the
devices using Teflon tubing (1/16” OD, 0.02" ID, IDEX Health
and Science) that is connected to a PEEKSsil tubing (1/16’ OD,
100 pum ID, IDEX Health and Science) with Delrin Union
connectors (1/4-28 port, IDEX Health and Science). The PEEKSsil
tubing is inserted into the injection ports of the devices. The
liquid in the centrifuge tube is pressurized using pressure
regulators (QPV series, Proportion-Air) that are controlled by
signals from the National Instruments Data Acquisition (DAQ)
board (cDAQ-9174 chassis, NI 9264 AO, NI 9201 AI) with a
LabView program.

Microfluidic experiments

Two different designs of the devices were used. Fig. 1 shows the
6-channel Stokes trap device with the serpentine channel. For
this design, the emulsion is first pre-mixed in a centrifuge vial
and then injected into one of the inlets through the tube. The
continuous-phase liquid is then injected into the other five
inlets. By changing the pressure in each inlet, the device is able
to generate various types of flow patterns such that it can trap
two different droplets. This allows the flow to trap and hold
droplets for up to 1 hour to observe the coalescence of droplets
within the given time. In the current 6-channel experiment, the
droplets may flow at different channel depths. For the droplets
in contact, only those that appear at the same focal plane will
be considered to observe the coalescence possibility. The
purpose of using this device is to qualitatively observe the
interaction of droplets with a variety of sizes, velocities, and
liquid-liquid systems to simulate emulsions in a practical
environment. Fig. 2 shows image sequences of one droplet
(labeled 1) approaching the other droplet (labeled 2) in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Image sequences of droplet 1 approaching the trapped droplet 2 in the cross-slot of the 6-channel Stokes trap device and finally coalesces to

form droplet 3.

cross-slot of the 6-channel Stokes trap device. A stagnation
point is generated at the cross-slot based on the flow field
controlled by the pressure regulators. Droplet 2 is held sta-
tionary at the stagnation point while droplet 1 is moving toward
droplet 2 driven by the external flow. This stagnation point can
be adjusted and move the trapped droplet 2 to a desired
location using LabView program, allowing droplet 1 to collide
with droplet 2 precisely. When touching droplet 2, droplet 1
rotates and eventually coalesces with droplet 2 and forms
droplet 3. Those small droplets shown in Fig. 2 are generally
attached to the bottom of the channel with size smaller than
10% of the channel height. Given the Reynolds number of the
system Re ~ 4 x 10~ * the impact of those small droplets on
the experimental results is anticipated to be minimized.

A second design of the microfluidics device is the 4-channel
Stokes trap device with the T-junction as shown in Fig. 3. In this
design, one liquid is injected through 4 of the injection ports as
a continuous phase, while the other liquid is injected as the
dispersive phase. Droplets of certain sizes are first formed at
the T-junction and flow downstream to the cross-slot. This
allows the coalescence experiments with on-site generation of
droplets with consistent sizes, which provides better observation
of interaction between individual droplets. By controlling the
pressure from each port of the continuous phase, the droplet at
the cross-slot can be steered to the stagnation point and trapped
in the cross-slot with adjustment of the flow rate. The 4-channel
study is specifically designed to control droplet size allowing for
consistent assessment of surfactant concentration effects,***?
while the 6-channel experiments used droplet size variability to
explore scenarios more closely resemble real-world emulsions.
The dual-approach design enables our work to bridge the gap
between idealized systems and practical applications.

The channel length of the 6-channel and 4-channel micro-
fluidics devices is adjustable based on the input pressure of the
flow. In both cases, the channel height is 120 um, and the
channel width is 400 um. For both designs, the pressure from

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (Top) A microfluidic Stokes trap device is used for coalescence
experiments. The height of the channel is 120 um, and the channel width at
the cross-slot is 400 um. One liquid is injected into the 4 ports as a
continuous phase and another liquid is injected as the dispersive phase.
(Bottom Left) The droplets are generated at the T-junction. (Bottom Right)
Droplets are trapped at the stagnation point of the cross-slot and interact
with the following droplets. Note that the bottom images are of only a sub-
portion of the region indicated by the red dashed boxes.

each inlet of the continuous phase is manipulated using a
customized LabView program. This flow control strategy uses a
Model Predictive Control (MPC) algorithm implemented using
Automatic Control and Dynamic Optimization (ACADO) and
was developed by Kumar®® and Shenoy et al.**™*® Once a droplet
is trapped, it can interact with the following incoming droplets,
and their coalescence can be studied.

Soft Matter, 2025, 21, 7710-7725 | 7713
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Fig. 4 The center-to-center distance between the droplets as a function
of time for Triton X-100 in water (water-in-LMO) of two concentrations.
The plateau of the curve is defined as the film drainage time, tg.

The droplet coalescence is visualized and recorded using a
Basler ace acA1300-60gm camera at a frame rate of 30 fps (~33 ms
each frame). Particularly, the videos recorded from the 4-
channel device are processed using a customized MATLAB code
to track the droplets. A particle tracking approach by Crocker
et al.*’ is also implemented as a function in the image proces-
sing code, which is used to select the desired droplets to
measure the droplet film drainage time. The position, size,
velocity, and strain rate of each droplet are measured from the
videos. When two droplets are moving toward each other in the
video, the center-to-center distance between them is calculated
and plotted as a function of time as shown in Fig. 4. As the
droplets move closer, the distance curve becomes a plateau once
it decreases to 2R, indicating the center-to-center distance now
becomes constant with only changes in the thin film less than the
resolution of an optical microscope. As the distance between
them eventually reaches a plateau, and the time scale of this
plateau is defined as the time for the film drainage between the

Table 1 Systems studied in the experiments

Continuous phase Dispersive phase Surfactant (water soluble)

Light mineral oil Water Triton X-100
Light mineral oil Water Glucopon 225 DK
Water Heptane Glucopon 225 DK
Water Heptane Dow 502 W
Water Hexadecane n/a

Triton X-100

o,[\/\ ‘],H OH
0 n

Glucopon 225DK
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two droplets. Based on the measurement of the approaching
. . . Ou

droplet velocity u and location x, the strain rate G = 7 be
X

extracted from the experiments (Narayan et al. 2020°°). In parti-
cular, the measured velocity u as a function of time ¢, can be fitted
by an exponential function, « = ae”, where a and b are two fitting

Ou _ Ou Ot

arameters. By the chain rule, — = — —,
P Y ox 01 ox

1 .
and, — = —, such that the strain rate G = b.
X u

Ou

ot

while, — = abe?,

Chemicals and materials

In the 6-channel microfluidics design, heptane (Chem-
Products, 99%, density = 0.67 g cm?, viscosity = 0.38 mPa s)
and hexadecane (Sigma-Aldrich, 99%, density = 0.76 g cm?,
viscosity = 3.45 mPa s) are used as dispersive phase, while water
is used as the continuous phase. These two systems are applied
to investigate the fuel droplets entrapped in the liquid phase,
particularly in firefighting foams. In the 4-channel design, light
mineral oil (Sigma-Aldrich, density = 0.83 g cm?, viscosity =
26.8 mPa s) is used as the continuous phase liquid and distilled
water as the dispersive phase. In general, mineral oil is a complex
mixture of refined saturated hydrocarbons derived from
petroleum,® consisting of straight-chain alkanes, branched iso-
alkanes, and ring-structured cycloalkanes.*’ Light mineral oil
(LMO) is usually composed of isoalkanes and cycloalkanes with
carbon numbers from 15-25.*° Mineral oil has been shown to be
used as a model liquid for the oil phase to study a variety of
systems such as the oil filtration system,>**° bilgewater
treatment,>* protein synthesis,** and polymerase chain reaction
(PCR)**™>* for diagnosis of infectious diseases like coronavirus.
The measured surfactant-free IFT of LMO-water, hexadecane-
water, and heptane-water used in this study are 47 mN m™ ",
53 mN m ', and 52 mN m ™, respectively.

Three water-soluble surfactants, Triton X-100, Glucopon 225
DK, and Dow 502 W are investigated in the current study (see
Table 1). The chemical structures of the three surfactants
studied are shown in Fig. 5. Here, Triton X-100 is a non-ionic
surfactant with a hydrophilic polyethylene oxide chain and an
aromatic hydrocarbon hydrophobic group, with 99% concen-
tration in water (Sigma-Aldrich, density = 1.06 g cm®), with the
formula CgH;,-C¢H,~(OCH,CH,),~OH, where n represents the
number of ethylene oxide (EO) around 9.5 in average.”” Gluco-
pon 225DK is an alkyl polyglycoside that contains Cg—C;, alkyl
chains attached to short chains of glucose units,”® which is a
68-72% by weight concentrate in water (Contributed by BASF
Corporation, density = 1.13 g ecm®).>” Dow 502W is a silicone

Dow 502W

’ el NP Y VY v

H, i i i i

3 (o] [¢] * _OH Y \O< \0}< \0 NG

HiC HO 10} y 2

HC HiC CHs 0/\970,,‘
OH

HO OH

HO m

Fig. 5 Structures of surfactant components in Triton X-100, Glucopon, and Dow Corning 502W.
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polyether copolymer with 100% by weight concentrate in water
(Contributed by Dow Corning Co., Midland, MI, density =
0.97 g cm®).”” Both Glucopon 225DK and Dow 502W are generally
used in the foam generation for AFFF. The IFT of the interface
between the two liquids studied here with surfactant added is
measured using a drop shape analyzer (Kriiss DSA 30).%'

Experimental results
Characterization of surfactants

The surfactants used in the current systems are first character-
ized by measuring the dynamic interfacial tension using a
pendant drop. The maximum surface concentration, equilibrium
constant, diffusivity, and adsorption rate constant are obtained to
understand the surfactant transport behavior. Fig. 6 shows the
equilibrium interfacial tension, y.q, as a function of concen-
tration for both Triton X-100 and Glucopon 225 DK added to
water for water/LMO systems. Based on the measurement, the
Triton X-100 has a much lower IFT comparable to that of the
Glucopon 225 DK. The critical micelle concentration (CMC) was
determined based on the abrupt change of slope of the IFT curve
as shown in Fig. 6. As IFT becomes constant after reaching CMC,
the slope of the IFT curve plateaus or significantly reduces. The
point at which the slope changes is usually suggested as the CMC
of the surfactant. CMC of Triton X-100 observed from our
measurement is consistent with the measurement from Church
et al.,* 324 ppm, as shown in Fig. 6. According to the measure-
ment, the CMC of Glucopon 225 DK is approximated at about

25 - -
£ Glucopon 225
A $ TritonX-100
20!
= 158 T
~ A
\‘_: 10 [ A
B A
A CMCopw~ 1000 ppm
51 8 A x
S o _. \ a
58 [ A
1 )
0 |

CMCofw=324ppm 103
C (ppm)

10?

Fig. 6 |IFT plotted as a function of surfactant concentration with both
Triton X-100 (at equilibrium) and Glucopon 225 DK (at 10° s, near
equilibrium) for the LMO-in-water system. Error bars from replicates.
CMC of each surfactants for oil-water emulsions are indicated.

Table 2 Surfactant properties
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1000 ppm. In addition, beyond this concentration, a color change
in the solution was observed. The values in Fig. 6 are used to
extract the surfactant maximum surface concentration, I, and
equilibrium constant, k. The measured dynamic IFT for both
surfactants in various liquid-liquid systems is included in the SI.
Here, I, indicates the maximum coverage of the surfactant can
be absorbed onto an interface, and k = kaqs/kqes represents the
affinity of surfactant to the interface, where kg5 and kqes are
adsorption and desorption rate constants. x can be extracted
using Langmuir isotherm and equation of state,”'*'® Iy =
I, kC/(1+xC), where I'¢q is the equilibrium surface coverage
and C is the bulk concentration. In addition, the diffusivity of
both surfactants will be obtained by fitting the long-time limited
Ward and Tordai equation'*'®°%% to the dynamic IFT from
pendant drop measurements. While the Ward and Tordai equa-
tion assumes the diffusion of a single species of surfactant, it has
been used as an effective framework for estimating dynamic
adsorption properties of commercial surfactant mixtures. There-
fore, a pseudo-single-component approximation is adopted for
each surfactant in Ward-Tordai equation to evaluate the overall
behavior of the surfactants in the current study.

Table 2 shows the resulting extracted values for surfactant
properties of both Triton X-100 and Glucopon 225 DK in
various liquid-liquid systems. The fitted values of Triton
X-100 are similar to those of Church et al,* with slight differences
explained due to the additional measured data near CMC as
shown in Fig. 6 that leads to updated characterized values. The
I' ,, of Glucopon 225 Dk is slightly larger than that of the Triton
X-100, indicating that there are more numbers of Glucopon 225
surfactants covered at the interface of the droplets. x of Triton
X-100 is much higher than that of Glucopon 225 DK, suggesting
that the surfactant molecules of Triton X-100 are more likely to
be absorbed onto the interface. From the dynamic IFT measure-
ment using pendant drop for both surfactants, the diffusivity of
Triton X-100 is two orders greater than that of the Glucopon
225 DK, which means its molecules diffuse faster from the bulk
to the subsurface of the droplet for millimeter scale. However,
according to Liu, Rahti, et al. JCIS 2025, as a multi compound
surfactant solution, the diffusivity Glucopon 225 DK extracted
from the IFT measurement might be an “effective” diffusivity
of the mixture, which could be lower than the expected “actual”
diffusivity of the surfactant. In addition, the actual active
ingredients of commercial Glucopon are less than 100%, so
when the product is used as received, the value determined
from adsorption data would result in lower-than-expected value
than based on the pure surfactant alone. In addition, given the
low diffusivity for the Glucopon systems, it is possible that
kinetic-limitations may be at play. In that case, the Ward and
Tordai model would not be applicable, as the model assumes

Surfactant 0il phase M,, (g mol) I, (mol m?) x (m® mol) D (m®s)
Triton X-100 LMO 625 (2.6 £ 0.2) x 107° 1902 + 824 (2.05 £ 0.49) x 10~
Glucopon 225 DK LMO 424.2 (3.7 +£0.7) x 10°° 50 + 34 (2.04 + 1.8) x 10 **
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diffusion-limited transport. The resultant impact of the higher
repopulation rate will be further discussed in the later sections.
The values calculated in Table 2 use the Langmuir isotherm
model and Ward and Tordai equation in the limit of long-
timescale and no curvature effect, based on the fitted equations
shown in Fig. S1 and S2. Additional characterization has also
been performed using Ward and Tordai equation with curva-
ture effect and Frumkin isotherm model, which are shown in
Tables S1 and S2, respectively, in the SI.

Impact of viscosity ratio on droplet coalescence

Oil-in-water systems are being performed in the 6-channel
Stokes trap device. Two different types of oil are used: hexade-
cane and heptane. As mentioned in the earlier sections, the
purpose of using these two types of oil is to achieve two values
of viscosity ratio between dispersive and continuous phase, 4 =
Ualte. Here, 4 = 3.45 and 0.38 for oil using hexadecane and
heptane, respectively. In addition, a water-in-oil system is used
in the 4-channel Stokes trap experiments such that 2 = 0.038.
Seminal studies®>® have shown the theoretical work of the
influence of viscous ratio on film drainage. For instance, if
Ua > U, or A > 1, the viscous stress at the droplet interface
strongly inhibits the drainage of the thin film between the
droplets. On the other hand, if uq < u., or 2 « 1, there is less
stress at the droplet interface to affect the thin film drainage.

Fig. 7 shows the phase diagram of droplet coalescence versus
no coalescence based on viscosity ratio, 4 and concentration of

10' T -
X X X X
100 No Coalescence ]
< e o x x X
b4
-1 4
e Coalescence
) ° e o 00 00
102 \ :
10° 10 102 10°

C (ppm)

Fig. 7 Phase diagram showing the droplet coalescence dependent on
both the viscosity ratio (1) and concentration (C) of Glucopon 225 DK.

Table 3 Droplet coalescence based on different viscosity ratio
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Glucopon 225 DK. As shown in Fig. 7, when 1 = 3.45, no
coalescence is observed even with no or low surfactants added
in water within 1 hour. On the other hand, in the case of
heptane in water when 4 = 0.38, coalescence is observed with
surfactants in water. In addition, for A = 0.38, the coalescence is
observed even with a much higher concentration of Glucopon
225 added to the water. This result clearly shows that when
A < 1, coalescence is likely to be observed due to the less impact
of the viscous stress, which agrees with the previous work. In
addition to the impact of the viscosity ratio, the surfactant
concentration is also investigated here. At a viscosity ratio of
A = 0.38, coalescence is observed at 1 and 5 ppm; however,
concentrations above 10 ppm do not lead to coalescence. Despite
the fact that the viscosity ratio affects the droplet coalescence,
the results here suggest that the concentration of the surfactants
must also have an impact on the droplet coalescence. The data
points in the gray region did not show coalescence based on our
current experiments, but the boundary between coalescence and
no coalescence is considered qualitative and may present a
gradual transition instead of an abrupt change. In addition,
other factors, such as internal flow inside droplet, may also play
arole in affecting the film drainage and coalescence,’”®! but this
is beyond the current scope of study. We have included Figure S8
that is plotted based on the results in Fig. 7 with colormap of the
capillary number. The capillary number of this set of experi-
ments varies from Ca ~10°-10"*,

In the current study, we do observe a variation in collision
angles between the droplets. However, the purpose of this
section is to qualitatively observe the coalescence possibility
based on a certain viscosity ratio rather than measuring the film
drainage time. For the systems in which we do not observe
coalescence, we were able to hold the two droplets together for
up to 1 hour by controlling the flow patterns in the 6-channel
device, regardless of whether the initial contact was glancing or
not. The average coalescence time, droplet radius, and impact
velocity from both 6-channel Stokes (Fig. 1) and 4-channel Stokes
(Fig. 3) experiments are listed in Table 3. The various droplet
radius and impact velocities from the experiments can be applied
to a variety of real applications where external hydrodynamic
flow, and the mixture of different compositions are involved.
Despite those complications, while there are not sufficient data
points to resolve the phase boundaries reliably, the results from
Fig. 7 still qualitatively convey the general impact of viscosity ratio
and concentration on droplet coalescence. Motivated by this
result, a quantitative and systematic study of various concentra-
tions of surfactants is presented in the next section.

Continuous Coalescence Drop Radius Ave impact
phase Droplet phase A= ualpe Surfactant + phase time (s) Range (um) velocity (um s 1)
Water Hexadecane 3.45 No surfactant n/a 5-30 13.3

Water Heptane 0.38 No surfactant 0.7-1.8 5-30 20.9

Water Heptane 0.38 Glucopon 225 DK in water 1.5-6.2 5-30 28.6

Water Heptane 0.38 Dow 502W in water 1.1 5-30 15.4

LMO Water 0.038 Glucopon 225 in water 0.03-1.4 30-45 40
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Impact of surfactant concentration on droplet coalescence

To understand the impact of the surfactant concentration on
the droplet coalescence, the film drainage time has been
determined from the coalescence experiments with varied sur-
factant concentrations using the 4-channel Stokes trap device.
Droplets with radii ranging from 20-55 um and strain rates
from 5-55 s~' were used in the experiments. Water-in-LMO
system is studied, and the surfactants are added to the water
phase (droplet phase). Fig. 8 shows the extracted film drainage
time, t4, versus surfactant concentration for both surfactants,
based on the methods described in the Materials and Methods
section. In the SI, the results in Fig. 8 are replotted with a color
map based on droplet velocity (Fig. S4), radius (Fig. S5), and
strain rate (Fig. S6), with the range of these values used in the
experiments given in the labeled color bars.

Fig. 8(a) shows the film drainage time for Triton X-100 inside
the droplets. The trend of the measured ¢4 can be interpreted
based on the concentration in the regions either below or above
CMC (~324 ppm®). The error bars in the figures indicate the
standard deviation of the film drainage times obtained from
approximately 5 repetitive experiments for each concentration.
For the Triton X-100 below CMC, when the surfactant concen-
tration is increased from 0 to 50 ppm (blue shade region), the
film drainage time increases dramatically. As expected, the
decrease in IFT inhibits the droplet coalescence. Interestingly,
the film drainage time then decreases when the concentration of
Triton X-100 increases from 50 to 300 ppm (white region). This
inverse trend suggests that increasing the surfactant concen-
tration can enhance the film drainage and destabilize the dro-
plets in the current system. When the surfactant concentration is
further increased above CMC, t4 plateaus and starts showing
scattered values (gray shade region). The non-monotonic results
here are different from what is expected. When the surfactant
concentration increases, IFT decreases, and the resultant Mar-
angoni stress becomes stronger.>*" In this scenario, it is expected
that it should take a longer time for the film to drain before the
droplets coalesce. The schematics of the interfacial flow behavior
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and interfacial deformation of the droplets can be referenced
from Fig. 2 and Fig. 10 in Dai and Leal 2008.%>

Similar results are observed for Glucopon 225DK as shown
in Fig. 8(b). Here, t4 first shows a sharp increase from nearly 0s
to 1s when 10 ppm is added (blue shade region). Following
that, ¢4 starts decreasing when the concentration increases to
300 ppm (white region). Further increasing the concentration
above 400 ppm, similarly, ¢4 plateaus and shows a large
variation (gray region). The nonmonotonic results for both
surfactants observed here are also different from what was
reported by Narayan et al.,”® in which the film drainage time
increases monotonically with the concentration of SPAN 80.
However, in the work by Narayan et al.,*® the surfactant SPAN
80 is added to the continuous phase (outside droplet), while the
surfactant in the current study is added to the dispersive phase
(inside droplet). The measured film drainage time for both
surfactants is also presented as Box and Whisker plot to
visualize the data distribution and statistics as Fig. S3 in SI.
Note that the wall confinement may also contribute to the
scattering of the measured film drainage due to the possible
droplet deformation and redistribution of surfactants.

The discrepancy between the current study and the work
from Narayan et al. can be explained by the well-studied theory
321 When two droplets are moving towards
each other, a film forms in between the two droplets and the flow
drives away the surfactant molecules from this region. The
migration of the surfactant molecules results in the gradient of
surfactant concentration at the interface of the droplets, which
causes the Marangoni stress that is in the opposite direction of
the film drainage. Particularly, with higher surface coverage,
more surfactant molecules will be advected away from the film
towards the stagnation point of the droplet interface. This will
cause increased local surfactant concentration at the stagnation
point as compared to the film region, which leads to a higher
surfactant concentration gradient along the droplet interface.
The Marangoni stress inhibits the flow of the film drainage,
and therefore, stabilizes the droplet emulsion. Higher bulk

from seminal studies.
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(a) Film drainage time, tq4, between droplets with Triton X-100 in water for the water-in-LMO system. t4 first increases drastically from O s when

surfactant concentration increases from 0 to 50 ppm. Further increasing of concentration decreases t4, which then plateaus and shows large variation
when concentration is above CMC. (b) Film drainage time, ty, between droplets with Glucopon 225 DK in water for a water-in-LMO system.
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concentration outside the droplets leads to a higher surface
coverage. In this line of thought, increasing the surfactant
concentration is expected to increase the film drainage time.
Nevertheless, seminal work has shown that,>" if the surfactant is
added inside the droplet, the surfactant molecules will be able
to repopulate and adsorb onto the depletion region of the
interface during the film drainage, unaffected by the film flow.
Those repopulated surfactant molecules suppress the concen-
tration gradient and mitigate the Marangoni stress, such that
the film drainage recovers to its flow rate with no surfactants. One
possible explanation is that when the surfactant is inside, there is
a recirculation flow that enhances the transport and adsorption of
the surfactant onto the depletion region of the droplet interface.
When the surfactant is outside, however, the draining film will
push the surfactant in bulk away from the depletion region and
inhibit its adsorption. This mechanism explains when surfactant
concentration is increased, t4 first increases and then decreases
for both Triton X-100 and Glucopon 225DK. The onset of Mar-
angoni stress can also contribute to the initial sharp increase of
the ¢4 when C is increased from 0 ppm to a certain value for both
Triton X-100 and Glucopon 225. This initiation of Marangoni
stress inhibits film drainage before the repopulation of surfactant
can suppress it.

When further increasing the surfactant beyond a critical
concentration, ¢, the film drainage time, ¢4, for both surfactant
plateaus and shows scattered values. For Triton X-100, the
critical concentration ¢ ~ CMC. A possible reason is that when
the bulk surfactant concentration reaches CMC, the monomer
surfactant concentration saturates and the concentration gradi-
ent driving the surfactants to the interface and suppressing the
Marangoni stresses is not enhanced with increasing concen-
tration. and the Marangoni stress can no longer be suppressed,
which prevents ¢ from reducing further. When surfactant
concentration in the bulk reaches at or above CMC, the surface
coverage reaches its maximum value and saturates at equili-
brium. However, two different situations may still cause distur-
bances in the concentration at the interface: First, when two
droplets are in contact with each other, the surface convection
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due to film drainage will lead to an increase in local surface
concentration that is higher than the maximum surface concen-
tration. This, as a result, will cause fast desorption of surfactant
back to the bulk leading to local depletion of surfactants (Stebe
et al. 1991,% King and Leighton 2001°*). A second situation is
due to the droplet deformation and surface fluctuation during
the film thinning process, which leads to the local compression
and expansion of surfactant coverage as a result of bending and
dilation of surface area. This will also cause the adsorption and
desorption behavior of surfactant at the droplet interface which
leads to surfactant concentration gradient. Therefore, it is still
possible to observe surface concentration gradient with bulk
concentration at or above CMC. These two situations may both
cause the large scattering of film drainage time for concentra-
tions above CMC. However, for Glucopon 225DK, ¢ ~ 400 ppm,
which is, unlike that of the Triton X-100, well below the CMC of
Glucopon 225. One possible reason is that there will be a
sufficient amount of surfactants available inside the droplets
to reach lower IFT and inhibit the droplet coalescence, as shown
by the studies from Li et al.'® and Kairaliyeva et al.?° The plateau
of t4 and the large variation for both surfactants will be explained
using scaling analysis in the Discussion section.

To rationalize the relation between the film drainage time
and various parameters, the dimensionless film drainage time
is defined as ¢ = tq7/u R, where y is the equilibrium IFT, . is
the continuous phase viscosity, and R is the mean radius of the
two droplets. Here, the mean radius R = RiR,/(R; + R;). Ry and R,
are the radius of the two approaching droplets that can be
measured from the experiments. The capillary number is then
defined as Ca = n.GR/y, which is to describe the ratio between
the viscous force and interfacial tension. G is the strain rate of
the incoming droplet and can be obtained from the extracted
velocity as a function of time. #] is plotted as a function of Ca for
both Triton X-100 and Glucopon 225 DK as shown in Fig. 9. For
both surfactants, the values of Ca are all within the order of 10>
in the current experiments. When the Ca is smaller than 10>, £
shows large variation with higher values. When further increas-
ing the values of Ca to the order of 10~°, ; starts decreasing and
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4 x10 ‘ l
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Fig. 9 The film drainage time is nondimensionalized as t* = ty/uR, and plotted as a function of Ca = uGR/y for (a) Triton X-100 and (b) Glucopon 225DK
for various surfactant concentration. In both cases, when Ca increases, the dimensionless drainage time decreases and converges.
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converges for both surfactants. The similar behavior observed
for both surfactants suggests that, the dimensionless drainage
time, 73, must have a substantial relation to Ca regardless of the
surfactant type and concentration. In general, higher Ca leads to
smaller ¢}, which destabilizes the droplets. Lower Ca increases
13, though with a greater amount of experimental scatter, and
stabilizes the droplets. As the change of Ca has impact on the
film drainage behavior, Fig. 9 is also plotted using the color map
showing the values of Ca in Fig. S9.

Discussion

Marangoni versus diffusion timescale: repopulation of
surfactant to the interface

To quantitatively understand the transportation of surfactant
molecules along the droplet interface, it is usually useful to
investigate the Marangoni number, Ma. There are several ways
to define Ma, as carefully reviewed by Manikantan & Squires.®®
Here, two Ma definitions perhaps particularly applicable to
coalescence are explored to aid in the understanding of the film
drainage time results. The first Ma examined is:

Ma = 2 )

Tm
where 1, is the time scale for the surfactant diffusion to the
droplet interface, 7., is the timescale to establish the Marangoni
flow due to the surfactant concentration gradient. The presence
of a Marangoni flow would stabilize the interface, leading to
longer film drainage. The surface flow in the current experiments
can be potentially dominated by either surface diffusion and
advection. According to Yang et al., the Pe for the interface can be

defined as Peg = Uh/eDg, where # is the film thickness, ¢ = ?with A

the characteristic wavelength of the deformed thin film.
Pe; ~ 100 >» 1 in the current experiments, which indicates
the advection is dominant over the surface diffusion. Eqn (1)
indicates the relaxation of concentration gradients due to
Marangoni convection versus that due to the surfactant diffu-
sion. If Ma « 1, the diffusion process is fast, and the surface
concentration equilibrates before Marangoni flows can be
established. Otherwise, if Ma > 1, Marangoni flows are estab-
lished before surfactant diffuses to interface. Despite the fact
that there are glancing collisions between the droplets, the time
scale for both the Marangoni flow and surface flow is O(10™%)s,
which is much smaller than the time scale of rotation of the
droplets O(1)s. Therefore, the surfactant distribution at droplet
interface is dominated by the Marangoni flow and surface flow.

Here, the timescale it takes to establish the Marangoni flow is®>

_HR

= @

Tm
where u is the viscosity of the continuous phase, R is the average
radius defined in the previous section, and E, is the Marangoni
modulus. Based on Henry’s isotherm, E, can be defined as
Ey = RigTT ¢, With Rj; as the ideal gas constant, T as the room
temperature, and [y is the equilibrium surface concentration,

This journal is © The Royal Society of Chemistry 2025
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which can be calculated using Langmuir isotherm I'eq = I',xC/
(1 + xC). Eqn (2) indicates that a higher surface coverage leads to a
larger Marangoni modulus, and thus lower t,,,, which implies that
higher surfactant concentration (below CMC) induces stronger
Marangoni flow in the current system. Alternatively, the droplet
radius in eqn (2) can be replaced with thin film radius, 7 ~ R(Ca)"?
for Ca « 1. The timescale for the surfactant bulk diffusion can be
defined as™

=

(1)

tp = )

Here, h, is the depletion depth for the surfactant diffusion

inside the droplet, £, is the depletion depth for a plane surface

and D is the surfactant diffusivity. Based on the mass balance of

surfactant molecules in the subsurface and droplet interface

according to Alvarez et al.,"* depletion depth &, for surfactant
inside droplet can be obtained as®®

hy = r{l — (1 73’—/1") 1/3} (4)
eq

I
where h, = el and r is an independent variable that will be

substituted by the droplet radius in the calculation. Here, I'¢q is
the equilibrium surface concentration, C is the bulk surfactant
concentration. Note that eqn (4) expresses the depletion depth
for a concave spherical interface, so the droplet radius must
satisfy r > 3h, such that the depletion depth, A,, is smaller than
the droplet radius to provide sufficient surfactant molecules to
the interface. The surfactant diffusivity, D, is extracted from the
dynamic IFT measurement using the Ward and Tordai equation
as discussed in the previous section. The interface between the
two droplets flattens and a thin film forms when the droplets
approach each other. Therefore, to ensure the appropriate usage
of eqn (4) for a spherical droplet, the radius of the thin film
needs to be checked. The thin film radius can be approximated
as 7= r(Ca/r)""?. In the current study, average droplet radius r ~
40 pm, Ca ~ 0(10 %), and # ~ 010~ ") pm « r. The thin film
radius is much smaller than the droplet radius and can be
neglected, which justifies the usage of eqn (4) in this study.
Based on eqn (2)-(4), the Ma can be expressed as a function of
the bulk surfactant concentration C < CMC. When C > CMC,
particularly for Triton X-100, studies have shown that the
effective diffusivity when micelles present in the bulk can be
much greater than the diffusivity of the monomers and can
increase with the increasing C.**°® An expression to obtain the
effective diffusivity above CMC was previously presented by Joos
and Hunsel®” as,

LMYy
CMC

where D, is the effective diffusivity and D,, is the diffusivity of

the micelles. D,,,/D can be assumed to be 0.25 according to the

study by Horozov and Joos,* though this may be viewed as a

simplifying approximation and would vary depending on the
surfactant type. Eqn (5) can be used to evaluate the 7, for Triton

C - CMC Dy,
D= “aicm)
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Fig. 10 Ma = 1p/1, is plotted as a function of surfactant bulk concentration, C, for different droplet radius, r. Both surfactants, Triton X-100 (a) and
Glucopon 225 DK (b), show that Ma decreases with increasing C, indicating that the time scale for the Marangoni flow to develop increases.

X-100 when concentration is above CMC. In addition to the
impact of micelles on surfactant diffusivity, the depletion depth,
h. and hp, has shown to be different due to the dissolution of the
micelles.®® However, according to the study by Liao et al.,’® the
dependence of the depletion depth on the dissolution of
micelles is complicated, as the resultant depletion depth may
become either smaller or greater if the micelles show a faster or
slower dissolution rate, respectively. For the current study,
therefore, the depletion depth is assumed to remain constant
for C > CMC for simplicity.

Fig. 10 shows the values of Ma plotted as a function of
surfactant bulk concentration, C, for both Triton X-100 and
Glucopon 225 DK. The values of the surfactant properties in
Fig. 10 are based on the characterization shown in Table 2.
Within the current range of C, both surfactants show that the
values of Ma are well above unity, suggesting that the Maran-
goni flow is already well established compared to the process of
the surfactant’s diffusion to the interface, resulting in a Mar-
angoni stress that has a strong impact on film drainage. When
C increases, Ma does decrease by about an order of 10" for both
surfactants, which results in a significant reduction of 90% of
Ma. Though Ma is still much greater than 1, the decreasing Ma
as a function of C clearly shows that it takes less time for the
surfactants to repopulate to the droplet interface via diffusion
with increasing concentration and resultant decrease in diffu-
sional depletion depth &, and &, (see Eqn (3)). While 1, the
denominator in eqn (1) decreases when E, increases due to the
increase of I'cq from eqn (2), Ma still decreases, indicating that
Tp must decrease much faster than the decrease of 7,,. That is,
the rate at which the surfactant molecules repopulate to the
droplet interface relatively increases, and they tend to affect the
Marangoni flow by eliminating the surfactant gradient along
the interface. The diminished surfactant gradient certainly is
possible to cause the Marangoni stress to be suppressed and
thus the film drainage is enhanced. The trend of this Ma scale
can help explain the decrease of the film drainage time from
Fig. 8 when the surfactant molecules are inside the droplet
(a reservoir of surfactants to draw from to re-populate the

7720 | Soft Matter, 2025, 21, 7710-7725

interface as surfactants are swept away), which also agrees well
with previous theoretical studies.>'*32¢

However, the calculated Ma only shows a monotonic
decrease with increasing C, which still cannot explain the
plateau of film drainage time above a certain concentration.
According to the IFT measurement from Fig. 6, Triton X-100
reaches CMC at around 324 ppm, which is about the same
concentration beyond which the film drainage time plateaus.
Clearly, when concentration is above CMC, the solubility of the
free surfactants in the bulk is reached, micelles form and
surface coverage reaches its maximum value. In this case, 7.,
becomes constant due to the saturation of surface coverage,
while 74 continues to decrease based on eqn (5), due to the
impact of the micelles on the effective diffusivity, Deg.,*" "
which leads to a decreasing Ma above CMC. Similarly, for
Glucopon 225DK, Ma keeps decreasing when the concentration
is above 400 ppm. However, from the measurement of Fig. 6,
the CMC of Glucopon 225 DK is close to 1000 ppm, which is
much greater than the critical concentration at 400 ppm in
Fig. 8(b) where the film drainage time plateaus. Similar trend
has been observed in the foam film behavior’> using Triton
X100 that the film volume becomes constant at concentration
of Triton X100 above CMC. This is consistent with our current
situation that Marangoni flow and capillary stress no longer
play a significant role in changing the film drainage due to the
saturation of the Triton X100. This continuing decrease of Ma
for both surfactants suggests that there must be other reasons
that cause the plateau of the film drainage time with increasing
concentration, explored next.

Marangoni vs. capillary effects: deformation of droplet
interface

In addition to the surfactant bulk diffusion time scale, it is also
important to compare the Marangoni stress to the capillary
stress along the interface,®”* defined as

E
Ma, = 2

v

(6)

Yeq

This journal is © The Royal Society of Chemistry 2025
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where E, = R;;TI'oq as defined in the previous section, to
understand film drainage in coalescence. The equation of state
for equilibrium IFT,"® y.,, using the Langmuir isotherm is

kC
1+ KC) @)

Yeq = Vo + 1RigTT ln(l -

where y, is the surfactant-free IFT, and n = 1 for non-ionic
surfactant. I',, and x is the maximum surface coverage and
equilibrium constant, as listed in Table 2.

For both surfactants as shown in Fig. 11(a) and (b), the
values of Ma, monotonically increase above 1 with increasing
surfactant concentration. For TritonX-100, however, the surfac-
tant reaches CMC around 350 ppm such that I' — I',, and 7eq
becomes constant. Therefore, the calculated Ma, also remains
unchanged when C > 350 ppm for Triton X-100. This constant
Ma, can also contribute to the explanation of the plateau of the
film drainage time. Within the current range of surfactant
concentration, a critical concentration can be extracted at which
Ma, ~ 1. There can be two complementary viewpoints on the
physical interpretation of this Ma effect on film drainage.

Without surfactants present, it is well understood that
droplets with a higher interfacial tension coalesce more rapidly
than those with lower values, due to the thermodynamic favor-
ability of reducing the surface-to-volume ratio of the system.
According to the study by Dai & Leal,*" the magnitude of Ma,
indicates the impact of Marangoni stress versus the capillary
stress. From eqn (6), a large 7.4 enhances coalescence between
the two droplets (Ma, small), while a small y.q inhibits coales-
cence (Ma, large). The trend of the Ma, can explain, particularly
for Glucopon 225, the previously unexplainable observation that
film drainage time is no longer decreasing when the concen-
tration is increased above a certain value, due to the lowered y.q
(balancing the re-population effect). Similar non-monotonic
trend has been observed in Rao et al.”* and Bhamla et al.,””
both of which have emphasized the significant impact of
Marangoni stress on the film drainage induced by variation of
surfactant concentration below or approaching CMC.

The second viewpoint, particularly useful when surfactants
are present is that the larger Ma, suggests stronger Marangoni

(a) Triton X-100
25¢ ' A .
'l eMc
//
S 15
1 8
L~
05" : - : )
100 200 300 400 500
C [ppm]
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stress (induced by the Marangoni flow), which can induce
strong deformation of the two droplets. In particular, according
to Dai & Leal, a dimpled configuration of the thin film occurs,
with the Ca in the order of O(10 %), such that the thickness at
the rim of the thin film becomes smaller than that at the center
of the thin film. Based on Ramachandran & Leal,”® the equation
we can use to predict film drainage time under dimpled film

1 ’
L 1 1, . 6 o'w, .
region is 14G ~ —Cal2( Aj; ) , where o = —- is dimension-
o ’ R

less slip coefficient, o’ is the dimensional slip coefficient, u is
Amnefr ;
7R

dimensionless Hamaker constant. Based on the work from
Ramachandran & Leal’® and Ivanova-Stancheva,”” we can esti-

the viscosity of the continuous phase, and Aj; 4 =

mate both constants to be o ~ 2 x 107° and A}, . ~ 3 x 10717
With Ca ~ 107°, R ~ 40 um, and G ~ 20 s~ ". The predicted t4
~ 5s using the above equation based on the condition in our
current systems. Though the predicted drainage time is slightly
higher than the film drainage time measured in our experi-
ments tq exp ~ O(1)s, the measured values are close to the
prediction, which further provides evidence that the film is
indeed dimpled in the current experiments. The dimpled thin
film will significantly inhibit the film drainage as compared to
a flat thin film and increase the drainage time. Despite the fact
that increased Marangoni stress reduces the mobility of the
interface, according to the study by Dai & Leal,®' the dimpled
film is responsible for a significant portion of the reduced film
drainage rate. Note that the Ca and 7.4 used in the current work
are similar to the parameters used for the computation of
droplet deformation shape by Dai & Leal. While the film
drainage itself may be slower with a dimpled configuration,
the process of rupture could be much faster with dimpling, if
present. Overall, these two aforementioned phenomena can
explain the large variation of the film drainage time measured
when the surfactant is increased above critical concentration.
However, it is not clear that from the scaling relationship with
Ca shown in Fig. S7, SI that dimpling is occurring, so, in
addition to the above two viewpoints, it is also likely that the
steric interactions could potentially induce repulsive forces at

(b) 5 Glucopon 225 DK
15}
$ 4 -

J

400 600 800
C [ppm]

200

Fig. 11 Ma, = Eo/yeq is plotted as a function of surfactant bulk concentration, C. Both surfactants, Triton X-100 (a) and Glucopon 225 DK (b), show that
Ma increases with increasing C, indicating that the Marangoni stress becomes stronger than the capillary stress at the interface.
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the interface especially when the interfaces reach the point near
rupture (<100 nm). This repulsive force can be induced by the
osmotic pressure when there is overlapped region of surfactants
on two approaching droplets or there is a decrease in the volume
of the surfactant molecules at the droplet interface for two
touched droplets. In the current experiments, all coalescences
are observed with the rotation angle below 45°. However, experi-
mental results from Narayan et al. have also shown that coales-
cence can be observed at rotation angles above 45°, suggesting
coalescence can also occur during separation phase as well.

Impact of velocity and size of the droplets

Finally, it should be noted that in addition to the viscosity ratio
and surfactant concentration, the incident velocity and size of
the droplet can also vary in the experiment and affect the
drainage time. Experimentally, both velocity and drop size are
easily varied. For instance, the velocity of the droplets will
change if the pressure from the continuous phase changes
during the trapping. In addition, the size of the droplets is
strongly dependent on the ratio of the pressure between the
continuous phase and dispersive phase flow at the T-junction.
Seminal works*® have shown that both the velocity and size of
the droplets will have a significant impact on the droplet
coalescence, as the different resultant hydrodynamic conditions
can affect the film drainage behavior. In particular, study’® has
shown that the shape of the droplets, whether spherical or
deformed depending on their sizes will affect the film shape
leading to variation of drainage time. For possible impact of the
droplet velocity and size on the film drainage times, see the
results in Fig. 8 plotted based on droplet velocity, radius, and
strain rate in Fig. S4-S6, along with a brief discussion.

Conclusion

In the present work, the impact of viscosity ratio and surfactant
concentration on droplet stability was investigated. In particu-
lar, the droplet stability was visualized via the coalescence of
the droplet and quantitatively measured via the film drainage
time between the two approaching droplets. First, systems with
different viscosity ratios, 4, between the droplet phase and
continuous phase were performed using a 6-channel micro-
fluidic device, with droplets trapped at the cross-slot of the
channels. The experiments show that droplet coalescence was
observed for systems with 4/ < 1, but no coalescence when
A > 1 even without adding surfactants in the system. The
results of 1 dependent coalescence agree well with the seminal
theoretical study that 4 > 1 induces greater viscous stress at the
droplet interface that will inhibit the film drainage and droplet
coalescence. For those systems with 4 < 1, however, coales-
cence is not observed when the surfactant is added to the
continuous phase beyond a certain value, suggesting a lowered
interfacial tension that inhibits the droplet coalescence.
Second, experiments with surfactant inside the droplets
were also performed and the film drainage time was quantified
with the surfactant concentration. Prior work by Narayan et al.
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showed an increased film drainage time with increased surfac-
tant concentration in the continuous phase. Now, by placing
the surfactant in the dispersed droplet phase, the film drainage
time was found to decrease or plateau as the surfactant
concentration approached a critical concentration.

To explain the new observation of decreasing film drainage
time versus surfactant inside the droplet, the Marangoni num-
ber, Ma, has been calculated based on various definition that
indicates different physical meanings. First, when Ma is
defined as the ratio between the surfactant diffusion time scale
versus the Marangoni flow time scale, the values are much
greater than 1 for both Triton X-100 and Glucopon 225DK. The
large values of Ma suggest that the Marangoni flow occurs
before the surfactant molecules diffuse and adsorbed onto the
interface. However, when the concentration of both surfactants
increases approaching CMC, Ma decreases by 1 order of mag-
nitude, suggesting that it starts taking relatively less time for
the surfactant molecules to transport to the interface. This
reduced diffusion time scale can explain the suppressed Mar-
angoni stress at the droplet interface, and therefore, the
reduced film drainage time at low concentrations.

A second definition of Ma, is defined as the ratio between
the Marangoni stress and capillary stress. For both surfactants,
Ma, increases when surfactant concentration is increasing
below CMC, suggesting that the Marangoni becomes more
significant over the Capillary stress. A larger Ma, induces a
stronger interfacial deformation that can inhibit the film
drainage time and trigger the film rupture, which leads to a
large variation in the film drainage time. These effects help
explain the change in film drainage time behavior at higher
surfactant concentrations.

Overall, the current work provides insight into the funda-
mental understanding of the impact of viscosity ratio and
surfactant concentration on the film drainage time between
the droplets and droplet coalescence, particularly in the
presence of soluble surfactants. The results can inform the
emulsion stability based on the liquid-liquid systems in various
situations such as the bilgewater and the aqueous film forming
foam. Knowing the droplet stability based on the surfactant
concentration used in the system can help improve the mitiga-
tion strategies of oil separation from the bulk aqueous phase.
For instance, the residence times during the operation can be
informed to provide guidance towards the development of the
optimal treatment methods. Since the current study only
focuses on the surfactant concentration below CMC, a future
study could increase the surfactant concentration above CMC
and investigate the impact of micelles on the film drainage
time. In addition, the diesel oil involved in the bilgewater or
AFFF applications is usually a complex fluid that can include
surface active additives. Future studies can also incorporate the
additives together with the surfactants in the systems to further
bridge the model system and the real systems. Lastly, a sys-
tematic study of a wider range of droplet sizes and flow condi-
tions for future work can expand the current understanding of
droplet stability towards a broader scope of applications such as
food processing or cosmetic manufacturing.

This journal is © The Royal Society of Chemistry 2025
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