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Surface charging at immiscible liquid-liquid interface is essential to the emulsion stability, surfactant adsorption,
and various engineering applications such as drug delivery and mineral flotation. However, droplet electro-
phoresis, as a widely-used electrokinetic method to measure the surface charge density, has various limitations in
physical modeling and sample preparation. In this work, an alternative experimental method based on streaming
potential setup is proposed. A Y-Y shaped microchannel was used to make a flat and stable liquid-liquid interface.
The inner wall was coated with polymer to suppress the interference of the solid-liquid interfacial electrokinetics
in the liquid-liquid one. The experimental setup was first verified by revisiting the aqueous solution-silicon
surface charging, after which the surfactant-free decane-KCl solution interface charging was investigated. The
negative surface charge at the decane-KCl solution interface is confirmed and found to increase when increasing
the pH. This result is compatible with the probable charging mechanism that the acquired negative surface
charge results from hydroxyl ion adsorption onto the interface. The proposed method enables the simplicity and
flexibility for further side-by-side studies on the liquid-liquid interface charging mechanism and will inspire the
quantitative macroscopic interfacial modeling for numerous scenarios, such as the droplet electrophoresis and
interfacial electro-hydrodynamics.

1. Introduction double layer repulsion between oil and rock) is of crucial importance,

comprehensive understanding of the physical chemistry of the oil-water

The spontaneous charging of the immiscible liquid-liquid interface
has attracted much attention for its diverse implications from the basic
issues on the emulsion stability, the hydrophobic effects, and multiphase
electrohydrodynamics [1-3], to the various engineering applications
including drug delivery in pharmaceutical industries, mineral flotation
and hazardous substance separation in earth and environmental engi-
neering, enhanced oil recovery such as low salinity waterflooding in
petroleum engineering, capillary/microfluidic chip electrophoresis in
biochemical analysis, and electrohydrodynamic 3D printing technology
[4-8]. It has been demonstrated how the electrostatic interactions
greatly influenced the stability of thin emulsion films with nonionic
surfactants, and the strong hydrophobic attractions are usually accom-
panied by the repulsion forces originally due to the acquired charge at
water-hydrophobic interfaces. In unconventional oil resources, since the
interaction of the oil droplets with brine and rocks (such as the electrical
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interface will enhance our ability for oil recovery [9,10]. Recently, a
general trend of growing interest has been seen in the
water-hydrophobic interfacial charging phenomena, such as contact
electrification and electron transfer at water-hydrophobic interface [11,
12], surface adsorption of proteins and vehicles [13,14], and electro-
static and entropic interactions between particles at interface [15,16].

People have shown that the water-hydrophobic interface could be
charged by introducing surfactants [17]. Surprisingly, for a
surfactant-free oil-water interface, the single oil droplet in an aqueous
solution is found to move from the cathode to the anode under an
external electric field, indicating that this pristine interface is also
charged [18]. In their landmark work, Marinova et al. [19] performed a
series of electrophoresis experiments and theoretical evaluations and
clarified that the oil-water interface is negatively charged. It is also
observed that by increasing the pH of the aqueous solution, the
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electrophoresis mobility of the oil droplet will significantly increase,
which indicates that the negative surface charging may originate from
the physical adsorption of the hydroxyl ions at the interface released by
the water molecules. Though it has been widely accepted that the
water-hydrophobic interface is negatively charged over a large pH range
(from 3-4 to 10-11), an intense long-lasting debate on the detailed
interfacial charging mechanism and electrostatic structure is ongoing
from 1935 to now [20-22]. In particular, though the effective charge of
water-hydrophobic surfaces (in particular, the air-water interface) has
been always a crucial parameter for electrochemistry, soft matter, and
colloid science, its unambiguous measurement remains a challenge.
Besides, a major challenge in the theoretical modeling and numerical
simulation study of liquid phases is that unlike solids and vapor, no
assumption of the detailed periodicity or homogeneity of their structure
can be made, for which the molecular structure of the water-organic
solvent interface has remained controversial [23,24].

Plenty of experiments have been implemented to explore the
charging mechanism and electrostatic structure at the liquid-liquid
interface, which can be divided into two categories: one is the qualita-
tive characterization using vibrational spectrometry to detect the spe-
cies at the interface (such as second-harmonic generation, sum-
frequency generation, mass spectrometry, and X-ray photoelectron
spectroscopy), while the other is the quantitative measurement with
certain theoretical model to extract the surface charge density (such as
potentiometric titration, surface tension measurement, double layer
force measurement, electric capacity, and electroacoustic measure-
ment). In this work, we will focus on the latter one, and more specif-
ically, the electrokinetics-based (EK-based) method, which is probably
the most widely-used method to characterize the magnitude of the
surface charge. EK-based method focuses on the coupling flow of solu-
tion fluid and charged species due to the distributed ions around the
charging interface, which includes various types of experimental setup,
such as electroosmotic mobility, electrophoresis mobility, streaming
potential/current measurement, and electroacoustic measurement. This
kind of method is appreciable for almost any interface, such as solid/
liquid, liquid/liquid, and gas/liquid interfaces, and is also quite easy to
implement with relatively well-established theories. Compared to the
other experimental methods for quantitative measurement, the EK-
based method has the following advantages: (1) in EK modeling only
the ion distribution structure around the interface (such as the electrical
double layer (EDL) theory) is essential, which avoids the additional
assumption on the detailed electrification mechanism at interface that
should be already known before performing the experiment in potenti-
ometric titration, electric capacity measurement, and surface tension
measurement; (2) only macroscopic modeling with rather simple
mathematical formulation (for the general cases) is needed, while for
double layer force measurement the additional surface forces in the
disjoining pressure term are required to be carefully treated; (3) only
tangential transport along the charged interface is induced, which
avoids the additional modeling of charge redistribution across the
interface in the electric capacity measurement.

In respect of the water-hydrophobic interfacial electrokinetics,
different types of the EK-based experiments have been chosen for
different systems. For solid-state hydrophobic (solid-liquid interface),
quite a lot of electroosmosis and streaming potential experiments have
been implemented [25], while for liquid hydrophobic (immiscible
liquid-liquid interface), only the electrophoresis method has been uti-
lized regarding the surface charge measurement to the best of our
knowledge [19,26-29] (see Table 2 for a comprehensive comparison).
However, as elucidated in a recent review and indicated from the pre-
vious simulation [30,31], the droplet electrophoresis method suffers
from various issues on both the experimental technique and theoretical
modeling sides, especially at a high zeta potential. First, the slip velocity
at the liquid-liquid interface cannot be ignored under an external elec-
tric field and the tangential transport of interface charge will lead to an
additional effective surface conduction, which will increase the
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inaccuracy of the measurement compared to the solid particle electro-
phoresis. Second, the charge redistribution around the interface due to
the droplet deformation and the interface movement will modify the
EDL polarization thus the extraction formulation of the interface charge
density from the emulsion mobility. Third, the droplet size, poly-
dispersity, and stability of the emulsions are strongly dependent on the
surface charging density, which is also encountered in electroacoustics,
making it hard to obtain a general relationship between the surface
charge and various solution properties in a wide parameter range. Last
but not least, the preparation process of emulsions used in the electro-
phoresis experiments requires special treatments to ensure high purity
and low polydispersity of the emulsions, which may induce additional
disturbing factors impacting the accuracy of measurements. The un-
certainties above make the measurement of the liquid-liquid interfacial
charge indeed an open question, and the previous results are meaningful
only in the sense of magnitude to a certain degree.

In this work, we propose a novel experimental method using
microfluidics with a streaming potential formulation to measure the
surface charge at an immiscible liquid-liquid interface. Inspired by the
design of the co-current flow pattern in microfluidic liquid-liquid ex-
tractors, we make a flat and stable interface between the two liquids
based on a Y-Y shaped microchannel utilized for streaming potential
measurement. This enables the access to both sides of the interface and
the flexibility of side-by-side studies on the EDL properties for liquid-
liquid interfaces with various solution properties. We also avoid the
difficulties induced by the inaccuracy from droplet polydispersity due to
sample preparation and complexity of physicochemical transport
modeling at curved interfaces [30]. Besides, the microfluidic substrate is
coated with polymers to suppress the zeta potential at the solid-liquid
interface, which reduces its possible strong interference in the
liquid-liquid interfacial electrokinetics [32,33]. This experimental setup
is then utilized to measure the surface charge at decane-KCl solution
interface as a preliminary application, whose results are compared with
the previous experimental ones obtained by the other electrokinetic
method and briefly discussed based on the magnitude of the results. To
the best of our knowledge, our proposed methodology for the first time
measures the liquid-liquid interfacial electrokinetics using the streaming
potential method in microfluidics. Our work lays the foundation for
further explorations and physical discussions on the charging mecha-
nism at immiscible various liquid-liquid interfaces [34,35] and will
promote the macroscopic interfacial modeling for the numerous appli-
cation scenarios [36,37].

The article is organized as follows. In Section 2, the materials and
methods of experimental setup are described in detail to highlight our
innovative thoughts in this contribution. In Section 3, the results of the
surface charge and the zeta potential at the decane-KCl solution inter-
face from streaming potential measurement are presented and briefly
discussed. The conclusions are summarized in Section 4.

2. Materials and methods

There are two major challenges when designing a streaming poten-
tial experiment including liquid-liquid interfacial electrokinetics. On the
one hand, instability phenomena occurs at the liquid-liquid interfaces
with non-zero shear stress between liquids of different viscosities due to
the velocity mismatch (“Kelvin-Helmholtz instability”), vorticity
mismatch (“Yih instability”’) and normal pressure imbalance (“Saffman-
Taylor instability”), which may lead to the chaotic interfacial flow
prohibiting the steady formation which is required for a streaming-
potential-based measurement. On the other hand, the surface charge
density on microchannel walls may be comparable to the one at the
liquid-liquid interface as confirmed in the previous studies [17,38],
which will strongly interfere the measured electrokinetic streaming
potential. In this regard, we manage to develop a flat and stable
liquid-liquid interface by an extractor-like Y-Y shaped microchannel
design with approximate co-directional entry for two liquid phases (as
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Fig. 1. The microfluidic chip with a Y-Y shaped
microchannel designed for the present experi-
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shown in Fig. 1) and perform an appropriate pressure control to ensure
the zero shear stress condition at the interface approximately [39]. Be-
sides, a synthesized polymer (PMSi) is used to coat the silicon micro-
channel wall, which suppresses the zeta potential at the silicon-aqueous
solution interface to a great extent and relatively amplifies the effect of
liquid-liquid interfacial electrokinetics.

In this work, two sets of streaming potential experiment were pre-
formed successively. Firstly, we measured the zeta potential of the
designed silicon microchannel without coating by flowing a single-phase
NacCl solution to compare our results with the electric quad layer (EQL)
theoretical model as well as the previous experiments, and then repeated
the process using a coated microchannel to verify the effectiveness of
polymer coating on suppressing the zeta potential on the microchannel
walls. Secondly, a flat and stable oil-water interface was made inside the
coated silicon microchannel and surface charge at the oil-water interface
was measured by streaming potential formation as an exemplar appli-
cation of our novel application of the design.

In this section, the materials are first introduced. Then comes the
detailed solution to the foregoing challenges. Specifically, the micro-
fluidic design and the pressure controlling issue are illustrated in Sec-
tion 2.2. while polymer coating technique is elucidated in Section 2.3.

2.1. Materials

Analytical reagent decane (CyoHa2) (Maclin) is used as the oil phase
with the purity of 98%. The viscosity of decane is 920 yPa-s and the
density is 0.73 g/mL. The decane (polarity index = 0.3 (Snyder)) as a
non-polar liquid is an immiscible liquid into the water (polarity index =
9.0 (Snyder)) [40]. As a result, a sharp interface between the decane and
water is expectable. Interfacial tension between our decane and deion-
ized water sample is measured by Drop Shape Analyzer (DSA25, Kriiss,
Germany) for three times, the result showing 49.105+-0.397 mN/m, in
agreement with 51+4 mN/m in the previous literatures [41].

For the aqueous phase, two different kinds of solutions are used in
different sets of experiments: (1) in the first set, NaCl (Maclin) solution is
used to perform the verification of the zeta potential measurement on
the microchannel walls. Different pH solutions are prepared by adding
NaOH to the ultra-pure water. NaCl is added to the different pH solu-
tions which gives solutions of 10 and 100 mM. The pH is measured by
the METTLER TOLEDO and the solution electrical conductivity by
EUTECH instruments CON 2700. (2) in the second set, KCl (Maclin)

QOutlet 2 [

j:< middle part of the channel. The left-hand side
w /5 i channels are designed to separate by a thinner

/i bance normal to the oil-aqueous solution
b°Ut,‘ i interface, while the thickness of right-hand side

........................................................................ i gap is a little bigger (b ~ 120 ym) to guar-

antee the interface formation and directing to
their outlet reservoirs.

solution is used as the aqueous phase. The pH of the KCI solution is
adjusted by adding NaOH to the ultra-pure water. To study the impact of
bulk ionic concentration, we make four different KCl solutions whose pH
and concentration are shown in Table 1. Both the pH and the conduc-
tivity of the solution are measured three times to make sure about the
repeatability of the measurements.

The microchannel is made of silicon and sealed by glass, which is
coated by poly(MPC-co-MPTMS;i) (referred to as PMSi) when measuring
the streaming potential induced by the surface charge at liquid-liquid
interface, where MPC and MPTMSi are the abbreviations of 2-methacry-
loyloxylethyl phosphorylcholine and 3-methacryloxypropyl trimethox-
ysilane, respectively. To be specific,c MPC is a synthesized polymer
utilized to make the internal surface of the microchannel more hydro-
philic and suppress the zeta potential substantially [33], while MPTMSi
incorporated in the polymers acts as the methacrylate silane-coupling
unit, which is bound to the silicon substrate covalently ensuring the
repeatability of the coated microchannel in electrokinetic measure-
ments. To make the proper coating solution, liquid A which is known as
PMSi91 with 0.2% (wt) ethanol solution is mixed with liquid B which is
a catalyst-succinic acid ethanolic solution in a 10:1 (v/v) ratio.

The temperature of the laboratory is controlled at around 24-25 °C.

2.2. Y-Y shaped microchannel design and driving pressure control

A Y-Y shaped microchannel with two inlets and two outlets is
specially designed for making a flat and stable oil-water interface by
injecting the oil and aqueous solution from different inlet ports, as
shown in Fig. 1.

The pressure is controlled by FLUIGENT MFCS-EZ which has four-
channel microfluidic flow control system, which could be controlled
by the computer. By adjusting the pressure at decane and KCl solution
reservoirs, the flow rates of the two liquid phases on the two sides of oil-
water interface in the microchannel are maintained close to each other
to ensure the approximate flat and stable interface in the second set of
experiments, which will lead to an approximate zero shear stress at the
interface and suppress the interfacial velocity and vorticity mismatch
which eventually reduces the Kelvin-Helmholtz and Yih instability (see
Fig. 4(a)).

Now we evaluate the pressure at both KCl solution and decane res-
ervoirs to make the volume flux of the two phases approximately equal,
i.e., Qw = Qo, which is required to make the zero shear stress at the

Table 1
The charge density and zeta potential as well as the total volume number of assumed hydroxyl ions at the solution-oil interface obtained from measurements.
np, =1 mM n, =10mM
(> (mM), pH) pH = 8.90 pH = 4.56 pH = 8.90 pH = 9.70
6 (x 107® mC /em?) —12.5340.41 -5.35+1.07 ~7.29+0.13 —25.36+8.39
Sow (MV) —10.42+0.34 -1.41+0.28 -1.9240.03 —6.67+2.21
o~ ow 3.28 1.40 1.91 6.65
now- b 1.02 4.67x10°° 1.02 6.45
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liquid-liquid interface. The relation between the volume flux and pres-
sure drop is

0ot (i = w,0) )
Hi

where the subscripts “w” and “o0” denote the electrolyte solution and oil
respectively, Q the net volume flux, VP the pressure gradient, and u the
viscosity, age, =~ 3 /277 is the geometric parameter with the perimeter
2 and the area .o/ [42]. Since the width of the electrolyte solution and
oil phase has been considered equal, age, takes the same value for both
the oil and water sides and thus

VP, VP,
Bo o Ko

(2)

which gives a relation of interfacial compatibility to set the initial
pressures at both KCl solution and oil reservoirs. Since the viscosities are
known, we only need to set one pressure gradient (e.g., KCl solution
side) and then the pressure gradient at the oil side would be obtained.
Noticing that these pressure gradients are only the estimated ones, to
make the 0il-KCl solution interface in practice, we need to control the
pressure gradients carefully in both oil and KCI solution reservoirs to
make a stable interface at the middle of the microchannel.

Here we should mention that for very low bulk ion concentration, it
would be hard to accurately measure the zeta potential since even dis-
solving a small amount of the CO; could change the results significantly.
To avoid any possibility of dissolving the CO5 in water and changing the
pH of the solution, our experimental setup is isolated from the atmo-
sphere by using closed inlets of both reservoirs and the microchannel
ports and a 99% pure N, is utilized to drive the solution from the
pressurized reservoirs into the outlet ones. The 99% pure N is employed
to provide pressure for channels of the FLUIGENT pressure controller.
Using highly purified N, makes sure that there would be less possibility
of affecting the results by dissolving gasses like CO (Fig. 2).

2.3. Streaming potential measurement and polymer coating

The streaming potential is measured by KEITHLEY 6517B and Ag/
AgCl electrode is used as the working electrode. By controlling the
applied pressure, the steady-state streaming potential is achieved when
the measured electric potential becomes approximately constant versus
time.

FLUIGENT
Pressure Controller

Regulated
Pressures
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The coating procedure for the silicon microchannel is elucidated as
follows. First, the working solution is prepared every time the coating
procedure is performed. Second, the solution is injected into the
microchannel by employing high enough pressure for the N3 to observe
that the whole solution transfer from the input reservoir into the output
one. We repeat this procedure for several minutes. Third, the 99% Ny is
injected to evaporate the solvent from the microchannel at room tem-
perature, after which the microchannel is put inside the heater at 70 °C
for 4 h. Finally, before using the silicon microchannel, it is recom-
mended that the microchannel be filled with DI water to equilibrate the
interfaces (Ishihara Laboratory, Department of Bioengineering, The
University of Tokyo).

3. Results and discussions
3.1. Revisit of solution-silicon interfacial charging

In the first set of experiments, we employ the streaming potential
experiment to measure the zeta potential at the aqueous solution-silicon
interface to evaluate our capability of measuring and suppressing the
zeta potential of the solid-liquid interface. By changing the pressure
gradient, the zeta potential is obtained by measuring the slope of the
electric potential-pressure gradient curve [43]

Iy ®

where p denotes the fluid dynamic viscosity, Ko the bulk electrolyte
solution conductivity, and ¢ the permittivity of the bulk electrolyte
solution.

We measured the streaming potential for solution pH ranges from
4.50 to 9.70 and two bulk ion concentrations of 10 and 100 mM. Fig. 3
shows the comparison of the experimental results with the electric quad
layer (EQL) model and other experiments [44-46]. To compare our
experimental results with the EQL model, we employed the same pa-
rameters as we presented in our previous work [44,46]. Our zeta po-
tential measurements increase by increasing the solution pH, while the
increase of the bulk ion concentration has a decreasing effect on the zeta
potential. One main reason in favor of this fact could be the surface
dissociation. When increasing the pH, more SiOH’s dissociate to the
Si0~ and H' with more negatively charged surface sites developed. On
the other hand, when the concentration of the bulk ion concentration

' :
EE R NIKON :
N sMz18 :

Fig. 2. The experimental setup for measuring the surface charge at the oil-water interface. Four reservoirs are connected to the four ports of the microchannel. We
have used two reservoirs pressurized by an external pressure source. The solution flows from capillary tubes to the inlet of the microchannel, while the outlet bath is
left to the atmospheric pressure. By adjusting the pressure gradient in the solution side, the streaming potential with the aid of the Ag/AgCl electrodes can

be measured.
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Fig. 3. The measured zeta potentials for different pH and two bulk ion con-
centrations (circles for n, = 0.01 M; squares for n, = 0.1 M) in present ex-
periments are denoted by the filled symbols, compared with the previous
experimental data [45,46] denoted by the orange circles and the EQL modeling
results [44] denoted by the solid curves. For the third bulk ionic concentration
(np = 0.001 M) only the EQL prediction is presented. Suppressing of the
measured zeta potential after coating with PMSi (blue filled symbols) compared
to the one before coating (black filled symbols) indicates that the microchannel
has been coated successfully (red dashed line: the fitting curve). The relative
errors of the present experimental results are within 5%.

increases, more surface sites will get counter-ions as SiOM. Here we
should mention that for very low bulk ion concentration, it would be
hard to accurately measure the zeta potential since even dissolving a
small amount of the CO, could change the results significantly.

It is shown that our method to measure the zeta potential could be
reliably validated by the theoretical models as well as other experi-
mental studies. From our zeta potential measurement results after
coating, it is indicated that our coating was successful, and the zeta
potential was suppressed up to 70-80%.

3.2. Results of the oil-water interfacial charging

Given the flat and stable oil-water interface shown in Fig. 4, a
streaming potential measurement versus the pressure gradient on the
water side is then performed and the dependence of surface charge
density on the pH and bulk ionic concentration is studied. Fig. 4 (Top)
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shows the interface of the decane-water that will be employed to mea-
sure the interfacial surface charge. It is worth pointing out that some
water droplets have been trapped in the decane side of the interface
which is due to pumping water firstly and then the decane. In this way,
we can simply change the pressure on the oil side to make a stable
interface. To avoid any impact from those droplets on our measure-
ments, we make sure that the streaming potential measurements have
been kept for several minutes and tried our measurements at least three
times. The good repeatability of the measured streaming potential
guaranteed that those water droplets have not significant impact on the
decane-water interface as a result the acquired surface charge. Fig. 4
(Bottom) depicts a schematic illustration of the interface and the di-
mensions of the microchannel for theoretical modeling.

The surface density of charge acquired at the oil-water interface can
be obtained by

6Wu, Ko (AE,

= Tw W 4
’ i (AP) “)
where Ky ¢ denotes the solution bulk conductivity, H the depth of the
microchannel at the middle part, and AE;/AP represents the slope of the
streaming potential gradient versus the pressure gradient. As for the zeta

potential, we have

o

éo—w - g (5)
where kx = 1/4 denotes the inverse of the Debye length, and ¢ =
6.95x1071% F/m the electrical permittivity of the KCl solution. For
details of the theoretical derivation, see Appendix A. Here we only
mention the most important assumption that influence of surface charge
at the microchannel walls on the streaming potential can be neglected.
Though it will be seen from the result that the liquid-liquid zeta po-
tential is at the same scale as the suppressed solid-liquid ones, the in-
fluence of the latter on the streaming potential is still quite limited due
to its relatively low velocity nearby. In fact, from careful calculation, the
contribution of the solid-liquid surface charging to the total streaming
potential is about 1-3%, which ensures the accuracy of our
measurement.

The detailed experimental data is illustrated in Fig. 5. The acquired
surface charge and zeta potential at oil-water interface by considering
the impact of the solution pH and bulk ionic concentration are obtained
from our streaming potential measurements, as shown in Table 1.

3.3. Discussions on the oil-water interfacial electrokinetics

As shown in Table 1, it is found that the surface charge at the decane-
KCl solution interface is negative, and the acquired surface charge

Fig. 4. Top: The interface of the decane (the lower part) and KCl so-
lution (the upper part) in the streaming potential measurement
experiment. It is seen that there are some water droplets in the decane,
although this will not influence the flow of the water/decane interface
significantly. Bottom: A schematic of the quasi-planar interface of the
decane-KCl solution along the microchannel. The microchannel is
designed in a way that the depth of the microchannel is much less than
its width (H < W). The characteristic thickness of the EDL at the so-

Aqueous solution )

lution side could be evaluated by the Debye length 1 = \/eksT/2e%ny,
where ny, and ¢ are is the bulk ionic concentration and the electrical
permittivity of the bulk electrolyte solution, respectively.
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Fig. 5. The streaming potential as a function of the applied pressure gradient for (a) n, = 1 mM and 10 mM with pH = 8.90 and (b) pH = 4.56, 9.70 with n, = 10 mM.
Dash lines represent the 95% confidence lines in the linear regression. The measured solution conductivities are 6,9 = 0.1415 S/m for (n, (mM), pH) = (1, 8.90);
Ow,0 = 0.1445 S/m for (n, (mM), pH) = (10, 8.90); 6,0 = 0.1414 S/m for (n, (mM), pH) = (10, 4.56) and (10, 9.70).

increases significantly by increasing the pH (from pH = 4.56 to 9.70) of
the solution, which indicates that the negative interfacial charging may
be ascribed to the physical adsorption of OH™ at the KCl solution-decane
interfaces [58]. It should be noted that the alternative charging mech-
anism may exist, such as the H* adsorption, chloride ion adsorption, and
carbonate adsorption [21], while the related discussion is beyond the
scope of this manuscript. Regarding the impact of the solution bulk ionic
strength (ny), Fig. 5(a) elucidates that the bulk ionic strength can also
impact the surface charge and zeta potential at surfactant-free oil-water
interface significantly.

Assuming that the adsorption of the hydroxyl ion is responsible for
the acquired negative surface charge at the neat oil-water interface, the
total number of hydroxyl ions (OH") at the interface is noy- ow = 6LH /e
and the total number of available hydroxyl ions in the microchannel is
now-p = 103~ 14-PHN, WLH/2. Here, e = 1.602x10~1° C is the charge of
a single electron, pH is the bulk value, and Ny = 6.022x10% mol ! the
Avogadro constant. Comparing the total interfacial hydroxyl ions
Non-ow With the total available bulk hydroxyl ions nou-p, it is

surprisingly found that non- ow=Non- pMou-.ow > NMon-p» at pH = 4.56.
This indicates the dramatic difference between the pH of aqueous so-
lution in the bulk region and around the water-hydrophobic interfaces,
which has been denoted by several previous papers [20,22].

Table 2 summarizes the previous experimental results obtained by
electrokinetic methods after a careful literature review. As elucidated in
the introduction part, the previous methods suffer from various forms of
difficulties such as oversimplification of slip velocity and/or charge
redistribution, strong dependence on colloid stability, and sensitivity in
the preparation process, which makes the measurement of the liquid-
liquid interfacial charging indeed an open problem. Thus, in this work
as a prospective study, we mainly focus on the novel methodology of this
streaming potential technique on liquid-liquid interfacial electrokinetics
which avoids the physical and technical complexities above, and the
results in Table 2 are provided for a preliminary comparison. The further
systematic results of the dependence of surface charge on the solution
properties on both sides with/without the presence of the surfactants
will be covered in future studies.

Table 2
Electrokinetic property results of water-hydrophobic interface obtained by electrokinetic methods’.
Non-polar Polar Average diam 6 (x[-107° mC/ . ¢ (x[-1
Author Year Method phase phase (um) np (mM) pH em™2]) Modeling mv])
Current work 2022 SP Cio KCl - 1,10 4.57-9.70 5-23 - 1-15
Parreira [47] 1961 SP paraffin (s) NaX 1000 1072-10 5.8 0-1 - 10-40
Stachurski [26] 1985 EP Co-Ci6 NaCl 3-8 1 4-12 - SMO [48] 20-90
Dunstan [49] 1992 EP Cao (s) KCl 0.5 1073102 0-200 ?gg 0-75
Dunstan [51] 1993 EO Caa (8) KCl - 1073102 0-200 SMO 30-100
Barchini [17] 1996 EP silicon oil - 0.25-0.50 3-7 - 100-300° OBW 50-250
Marinova [19] 1996 EP xylene NaCl 0.1-1 10°2-10 4-9 - SMO 20-80
Stachurski [52] 1996 EP Co-Ci6 NaCl 3-8 1 4-12 - SMO 20-90
Jablonski [53] 1999 EP Cis NaCl 0.3 1-100 4-10 0-60,000° - -
Yang [27] 2000 EP Cie NaCl 0.78 10-3-10 - - OBW 20-130
Zimmerman [54] 2001 Sp Teflon AF (s) KCl - 1073-10? - SCM 20-100
Beattie [38, 55] 2004 EA Cie NaX 0.4-0.9 0.4 9 5000 - 40-130
Franks [56] 2005 EA Cie AX - 0.1-10 9 5000 - 30-70
Creux [28] 2009 EP/EA Cg-Coo ACl 1000/0.5 1073 4-9 - SWD [57] 20-90
Roger [29] 2012 EP Cie NaCl 0.17 1 4-11 545" OBW -

1 sp: streaming potential method; EP: oil-in-water electrophoresis method; EA: electroacoustics method. C, denotes the n-alkanes, and “(s)” means the solid phase.
Only results for monovalent are included; A*={Li*, Na*, K*, Cs™}; X ={CI’, Br, F,, SCN", 103, ClOZ}. SMO: Smoluchowski’s formulation; OBW: O’Brien and White’s
formulation; SCM: surface conductance modification; SWD: Sherwood’s formulation. All the listed experiments were done under room temperatures (22-25 °C).

2 The excess surface charge is considered to arise from adsorbed ionic surfactant-sodium dodecyl sulfate (SDS).

3 The excess surface charge is considered as the result of ionization of carboxyl groups of stearic acid adsorbed on the octadecane particle.

4 The result is for 99.8% pure hexadecane, whose surface charge density is much less than the 99% pure one.



A. Alizadeh et al.

As shown in Table 2, our experimental results of zeta potential and
surface charge density have roughly the same scale as or one order of
magnitude lower than the previous EK-based experimental studies.
From a more careful comparison with the previous experiments within
the pH range of 4-10 and bulk ion concentration range of 1-10 mM and
using the same salts (i.e., KCl) [49], it is seen that our results are slightly
smaller, which is considered to result from the additional surface con-
duction and indicates one of the major disadvantages of the previous
electrophoresis methods. As suggested, the increase in the cavity for-
mation energy cost at higher ionic strengths also causes lower solute
partitioning at the liquid-liquid interface (“salting-out” effect), which
can also result in the reduction of the absolute value of the zeta potential
at higher KCl concentrations. However, our result of surface charge
density is only 1% of the previous electroacoustic measurement, which
may be ascribed to the following reasons. First, the electroacoustic
measurement needs the assumption of the droplet size distribution such
as its obeying the log-normal function, which may differ much between
different samplings and unavoidably induce the difficulty in repeat-
ability. Second, generally speaking, in the experimental setup of our
streaming potential method, though the electrode polarization and
steady inlet/outlet effect have been tried to eliminate which has been
verified through the solid-liquid streaming potential experimental
benchmark, there still can be several unsteady effects which leads to
some nonlinear errors (see the relatively large error bar in the Fig. 5(b)
for example). Third, the interfacial polarization in the oil phase due to
overcharging or specific adsorption may also give rise to an additional
surface conduction with the electric double layer in the aqueous phase
which is not considered in our physical model.

It is noteworthy that besides the unresolved question of the charging
mechanism and ion distribution at liquid-liquid interface, the complete
physical (or at least, effective) description of the liquid-liquid interfacial
electrokinetics is still an open problem even for “the simplest system”
such as droplet electrophoresis. Recent theoretical and numerical
studies have explored the droplet electrophoresis coupled the electro-
kinetic formulation with the electrohydrodynamic model [36,59],
which sheds light on the novel understanding of the electrodynamics of
moving bodies with liquid-liquid interfaces between strong electrolyte
solutions and leaky dielectrics, as well as related electrokinetic and
colloidal transport phenomena. As elucidated in the literature, coupling
of experiments and simulations is pivotal to mitigate methodological
shortcomings and address open problems pertaining to charged in-
terfaces [24]. Our experimental platform provides a simple and
repeatable setup, which lays the experimental foundation for the
quantitative modeling and simulation works in the future.

4. Conclusion

We propose an experimental method to investigate the surface
charging at both sides of the liquid-liquid interface based on a streaming
potential setup. The Y-Y shaped microchannel design with polymer
coating treatment is firstly introduced to the streaming-potential-based
microfluidic measurement of surface charge at liquid-liquid interface
[39,60], which tackles the limitations in the droplet electrophoresis
mechanism and avoids the additional emulsion preparation process
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compared to the electrophoresis measurement [30,34].

The negative surface charge at the decane-KCl solution interface is
confirmed, which is found to increase with the increasing pH of elec-
trolyte solution and decreasing bulk concentration of indifferent ions.
This result is compatible with the probable charging mechanism that the
acquired negative surface charge results from hydroxyl ion adsorption
onto the interface. The zeta potential and surface charge density are
found to be at the same scale as the previous EK-based experimental
studies. The detailed quantitative differences of may result from the
surface conduction effect which is one of the disadvantages of the pre-
vious electrophoresis methods, and may also arise from the salting-out
effect and/or the interfacial polarization due to specific adsorption ef-
fect of ions other than the hydroxyl ones.

As a prospective study, the present experimental setup can be easily
extended to further studies on the dependence of surface charge on the
solution properties on both sides with/without the presence of the sur-
factants. Owing to the simplicity and flexibility, our proposed experi-
mental platform, combined with further theoretical and numerical
studies, will promote the in-depth physical understanding of the liquid-
liquid interfacial electrokinetics, electrodynamics of moving bodies with
liquid-liquid interfaces, and related colloid transport phenomena, such
as ion distribution around air-water interface [37,61] and droplet
electrophoresis [30,36,59].
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Appendix A. Derivation of the liquid-liquid interface charge calculation formula ignoring solid-liquid interfacial electrokinetics

The following assumptions are made in this derivation: (1) neglected influence of surface charge at the microchannel walls on the streaming
potential; (2) thickness of water-oil EDL in the water side is thin enough (1 <« H, W); (3) zeta potential of water-oil interface in the water side is not
large (Debye-Hiickel approximation, i.e., { < 25.4 mV at room temperature); (4) charges inside the water-oil EDL in the water side are electrically
neutralized by the surface charge; (5) flow in the aqueous solution side is approximately uniform in the z direction near the liquid-liquid interface
region since H < W; (6) water-oil interface is approximately flat with zero shear stress; (7) neglected influence of streaming potential on the fluid flow,
indicating that the primary electro-viscous effect is ignored; (8) neglected surface conduction inside the water-oil EDL (both the diffuse layer and Stern
layer) in the water side; (9) conducting current is totally induced by the streaming potential in the water side, supposing that the influence of possible
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streaming potential in the oil side is neglected. Note that among those assumptions, (1)(2)(3)(5)(6)(7) could be easily verified according to the
experimental condition and zeta potential results, while (4)(8)(9) are the modeling assumptions related to the unresolved physical mechanism.
We start from the Navier-Stokes equations for the aqueous solution side

dpy, & Uy

0= _E—i—”w 0y2 (Al)

where uy, is the KCI solution flow velocity and pyy is the flow pressure. Integrating Eq. (A1), the parabolic velocity profile in the water side is simply
obtained as

_ _va
uy(y) = o y(H =) (A2)
with Vpy = (Pow — Pin)/L = — P/L. The streaming current is written as
= [ 0)p.(e) v (a3)

Notice that the definition of the surface charge at the oil-water interface is

0=~ [p,(2)dz (A4)
/

we can then perform the integration in Eq. (A3) by substituting Eqs. (A2) and (A4) which gives rise to

—P QH?
str — T Al
=T o (A5)
On the other hand, the conducting current owing to the accumulation of the counter-ions in one end of the microchannel is obtained by
HW —E; HW
Icond = (_v¢)Kw,0_ = KW,O_ (A6)

2 L 2

where V¢, = (¢Pou —¢in)/L = Es/L ; Ky,0 and E; denote the solution bulk conductivity and the measured streaming potential, respectively. From

the current balance in the water side (Iyy + Iconda = 0), the relation for the surface charge at the oil-water interface is established [see Eq. (3)].
Considering the aqueous solution part of the microchannel as a channel with dissimilar surface charges, one can obtain the zeta potential of the oil-

water interface in the water side as [62]

[

~ 2ex | tanh ()

h
Lo +tanh (%) W <<1 (A7)

For the non-overlapped EDL regimes (i.e., kh/2 > 2.8) which yields tanh(xh/2) ~ 1, this results in the relation between zeta potential and surface
charge at the oil-water interface [see Eq. (4)].
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