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A facile method for separating fine
water droplets dispersed in oil
through a pre-wetted mesh membrane

JiEun Park,1 Seunghan Kang,2 EunSol Park,1 Dongho Lee,3 Jeasung Park,4 Donghun Kim,5,* Siyoung Q. Choi,2,*

and KyuHan Kim1,6,*
SUMMARY

To achieve the successful separation of emulsions containing fine dispersed droplets and low volume frac-
tions, a membrane with pore sizes comparable to or smaller than the droplet size is typically required.
Although this approach is effective, its utilization is limited to the separation of emulsions with relatively
large droplets. To overcome this limitation, a secondary membrane can be formed on the primary mem-
brane to reduce pore size, but this can also be time-consuming and costly. Therefore, a facile and effective
method is still required to be developed for separating emulsions with fine droplets. We introduce a pre-
wetted mesh membrane with a pore size significantly larger than droplets, easily fabricated by wetting a
hydrophilic stainless-steel mesh with water. Applying this membrane to emulsion separation via gravity-
driven flow confirms a high efficiency greater than 98%, even with droplets approximately 10 times
smaller than the pore size.

INTRODUCTION

The presence of water droplets in oil or oil droplets in water can adversely affect various industries and environments.1–4 For example, the

emission of oily wastewater, which has substantially increased due to industrial growth, can serve as a representative example, leading to

environmental pollution and interfering with the normal operation of ecosystem.1 Oil leaks into the sea from oil spills have also frequently

occurred,2 and, as a result, crude oil droplets can accumulate in the embryos of marine fish species, thereby resulting in abnormal develop-

ment.3 In addition, water droplets formed in deep-sea pipelines create an oil-water interface conducive to the growth and aggregation of gas

hydrates, eventually leading to pipeline flow blockages.4

Among these, the system that contains micro-sized fine water droplets in oil has considerably attracted attention in recent days.5–8 In

particular, in the petroleum industry, micro-sized fine water droplets are formed during the oil drilling process, and these droplets can be

easily stabilized by natural emulsifiers in crude oil.5 This reduces the quality of crude oil itself and further causes operating problems such

as tripping of separation equipment in gas/oil separating plants, creating high pressure drops in flow lines, corrosion, and microorganism

growth in the wetted part of the equipment.5–7 Additionally, as a representative plastic recycling process, plastic pyrolysis oil has recently

gained popularity. However, a small amount of water typically remains in the pyrolysis oil during the process, potentially reducing ignition

performance and causing engine rust.8

Accordingly, to achieve effective separation of oil and water, numerous separation techniques have been developed so far. Conventional

methods such as gravity separation and centrifugation can be considered the most representative ones. Here, gravity separation is driven by

the difference in density between water and oil. This method has a low operating cost, but the separation time can be lengthy.9,10 In contrast,

centrifugation uses centrifugal force to separate oil and water phases bymoving low-density liquids toward the centrifugal axis and high-den-

sity liquids in the opposite direction. This process is simple but requires a lot of energy when the difference in density is small.11,12 Further-

more, their usage can be limited for separating relatively large droplets. Other methods, such as chemical demulsification and electro-coa-

lescence, have also been applied to induce the coalescence of emulsion droplets by adding demulsifiers and applying an electric field,

respectively. However, they still have respective disadvantages, such as the high cost of chemicals and the possibility of secondary fine droplet

formation.13,14 Therefore, in recent decades, membrane filtering processes have emerged due to relatively low cost and high energy

efficiency.15,16
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According to the separation mechanism, the membrane filtration process can be divided into size sieving and coalescing separation.17

Size sieving primarily works based on the size difference between membrane pores and emulsions droplets. If the pore size is larger than

the droplet diameter, high flux separation can be achieved with low efficiency, while the opposite case gives highly efficient separation

with relatively low flux.18,19 This correlation can also be well explained by the Hagen-Poiseuille equation.20 On the other hand, coalescence

separation is mainly driven by membrane wettability, which can be determined by its chemical composition and structural morphology.21 In

particular, superhydrophilic (the water contact angle on a solid substrate in air�0�) and underwater superoleophobic (the oil contact angle on

a solid substrate in water �180�) membranes are highly effective for water-permeable and oil-impermeable separations,22–26 while supero-

leophilic and underoil superhydrophobicmembranes can show the opposite result.27,28 Furthermore, tomaximize separation efficiency, there

have been efforts to separate the dispersed phase of emulsions by applying a membrane whose surface is pre-wetted with a continuous

phase.29–31

Recently, various mesh membranes, such as stainless-steel mesh and copper mesh, have been widely used for oil-water separation due to

their highly porous structure and excellent physical/chemical properties.32–34 By applying surface treatments to the mesh surface, effective

separation of emulsions has been reported.35–38 In particular, various attempts have been made to form secondary thin membranes whose

pore sizes are a few micrometers in the mesh holes,39–42 and the successful separation of fine dispersed droplets through the mesh mem-

branes has also been reported. Nevertheless, the approaches to form the secondary membrane on the mesh hole may require a series of

steps that are time-consuming and costly,43,44 and it might not be adequate for fabricating the membrane with an extremely large area.

Accordingly, a more facile approach for the high separation efficiency of emulsions with fine droplets can still be required, and, to meet

this demand, we here propose a novel and effective method to separate fine water droplets dispersed in oil via the pre-wetted mesh mem-

brane that still retains significantly larger pores compared to the dispersed droplets.

To effectively achieve pre-wetting of the mesh membranes with water, we here conduct a surface treatment on the mesh surface using

TiO2 nanoparticles. Based on the evaporation and reabsorption of water on the thin film surrounding the mesh wire, the successful for-

mation of a pre-wetted mesh membrane with many empty pores is demonstrated, and the size of pores can even be controlled. Further-

more, based on contact angle measurements, the oleophobic/hydrophilic and underoil hydrophilic characteristics of the mesh surface are

identified, strongly indicating that a thin water film can be maintained on the surface of the mesh wire during the separation process. As a

result, even though the size of dispersed droplets (�9 mm) is approximately 10 times smaller than the pore size of the mesh (70–130 mm), it

is successfully confirmed that a separation efficiency of up to 98% or more can be achieved even through a gravity-driven flow. Lastly, to

elucidate the advantages of this newly developed approach, the size and volume fraction of dispersed droplets in the emulsion system are

compared with those in previously reported works where mesh membranes have provided extremely high separation efficiency of

emulsions.
RESULTS AND DISCUSSION

Surface treatment of the mesh wires using TiO2 particles and their wetting characteristics

Firstly, after the dipcoating process on the mesh surface with various concentrations of the coating solution, as illustrated in Figure 1A, the

surface of the mesh wire is examined by scanning electron microscope (SEM) (Method details). As shown in Figure 1B, the SEM image of the

bare mesh clearly indicates a porous structure with an average pore size of 135 mm, and it also exhibits a quite smooth surface of the mesh

wire. In the mesh coated with the lowest particle concentration of 0.03 g/mL, the porosity of the mesh seems to be almost identical to that of

the bare mesh, but the mesh surface is considerably rough, as indicated in Figure 1C. On the other hand, as the particle concentration of the

coating solution increases to 0.06 g/mL and 0.15 g/mL, more particles adhere to the mesh surface. As a result, a thicker particle structure

seems to be formed on the mesh surface, and it also grows toward the mesh pores, which significantly reduces the pore size.

To assess the wettability of the mesh membranes, the contact behavior of water droplets on various meshes in air and oil conditions is

observed using a customized side-view microscope, as shown in Figure 2A. The contact angles of the droplets are measured within 1�2 s

after placing them on the membranes because this short timescale can be relevant to the contact behavior during the actual separation pro-

cess. Figure 2B shows the change in the contact behavior of water in air with and without the coating. The bare mesh shows�130� of contact
angle, which corresponds to a hydrophobic characteristic, whereas the mesh coated with a particle concentration of 0.03 g/mL exhibits a hy-

drophilic nature with�55� of contact angle. Accordingly, it was confirmed that the hydrophobic mesh can bemodified into a hydrophilic one

through the simple coating process.

According to the Cassie-Baxter equation, cos qeff = Am cos qm +Ac cos qc, where qm and qc are the contact angles for the mesh wire with

an area fraction of Am and for the continuous phasewith an area fraction of Ac, respectively. Thus, when the area fractions of themeshwire and

the continuous phase are determined, the water contact angle can be simply estimated. For the C1 case in Figure 2, by substituting the values

of Am, Ac, and qc into 0.6, 0.4, and 180� in the aforementioned equation, the contact angle for themeshwire, qm, can be expected to be�140�.
This strongly indicates that, even though the water droplet is placed very close to the surface of the mesh wire, the oil surrounding the wire

does not evacuate from the surface, preventing direct contact between the water and the surface. Accordingly, it is confirmed that the bare

surface of themeshwire exhibits a superoleophilic characteristic in an aqueous environment. In contrast, the contact angles for themeshwires

(C2–C4 in Figure 2) whose surfaces are coated with TiO2-particle solutions are quite different from those of the bare surface. The contact an-

gles of the coatedmembranes appear to be significantly lower than those of the baremembrane. In particular, as the particle concentration of

the coating solution increases from 0.03 g/mL to 0.15 g/mL, the contact angle (qeff ) decreases considerably from�100� to�55�. This decrease
can be caused by a greater area fraction of the mesh structures with a higher particle concentration, thereby leading to a more hydrophilic
2 iScience 27, 109556, April 19, 2024



Figure 1. Stainless-steel mesh surface treated with TiO2 nanoparticles

(A) Schematics depicting the process of dipcoating a bare stainless-steel mesh in a TiO2-particle solution, solvent evaporation, and sintering to solidly attach the

particles to the mesh wire.

(B) SEM images of the bare mesh and the coated meshes with various concentrations of the TiO2-particle solution.

(C) Magnified SEM images of the mesh surface. Scale bar: (B) 100 mm, (C) 50 mm.
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property in the surface of the mesh wire. For example, by applying the Cassie-Baxter equation to the case of C4 in Figure 2, it is expressed as

cos 55� = 0:89 cos qm + 0:11 cos 180�, thereby resulting in qm;C4 � 40�. Consequently, this strongly indicates that the particle-coated mesh

surface exhibits a hydrophilic characteristic even when it exists in oil.

Furthermore, the contact behavior of water droplets on the pre-wetted mesh membranes is also investigated. As shown in the D1 of Fig-

ure 2, the pre-wetted baremesh exhibits a contact angle of�100�, even though the total area of themesh surface is pre-wetted by water. This

occurrence may be attributed to the superoleophilic nature of the bare mesh surface. As the droplets approach the surface, the water sur-

rounding the mesh surface can be expelled, and, instead, oil may preferentially contact the surface directly. This measured effective contact

angle aligns well with the estimate from the Cassie-Baxter equation. In contrast, the particle-coated mesh membranes, as previously

mentioned in Figure 2B, exhibit hydrophilic characteristics, resulting in the entiremembrane appearing to be well-wetted by water. This leads

to significantly smaller contact angles, as observed in the D2–D4 images of Figure 2. Here, these small contact angles seem to persist for a few

seconds, possibly due to the irregularly wetted membranes, and, after �10 s, all the small contact angles appear to be zero. Even when a

thinner water film is achieved around the mesh wires through an evaporation process, the contact behaviors in E1–E4 of Figure 2 remain

almost identical to those in D1–D4 of Figure 2, as shown in Videos S1 and S2. This observation strongly indicates that the thickness of the

water film surrounding the mesh wire does not seem to affect the wettability of water droplets on the pre-wetted mesh membranes.

Accordingly, it has been successfully demonstrated that TiO2 particle-coatedmeshmembranes exhibit a hydrophilic nature in both air and

oil. These intriguing characteristics of the coated mesh surface make it suitable for forming pre-wetted membranes by water and effectively

preventing the peeling of thin water films on the mesh surface during the oil penetration process. Therefore, these membranes can be effec-

tively utilized for separating emulsions containing tiny water droplets in oil. While the pre-wettedmeshmembranes are expected to offer high

separation efficiency, it is important to note that membranes coated with high particle concentrations of 0.06 g/mL and 0.15 g/mLmay not be

suitable for achieving a relatively high separation flux due to their significantly reduced porosity, as shown in Figure 1B. On the other hand, the

mesh membrane coated with a 0.03 g/mL-particle solution exhibits almost the same porosity as that of the bare mesh, while still displaying

underoil hydrophilic characteristics, similar to the cases with higher particle concentrations. Therefore, the mesh membrane coated with a

particle concentration of 0.03 g/mL is selected for preparing the pre-wetted membrane with water, and subsequent separation processes
iScience 27, 109556, April 19, 2024 3



Figure 2. Water contact angle measurement on various mesh membranes

(A) Schematics depicting the method of observing the contact behaviors using a custom-built microscope: In air and underoil contact behaviors of 1 mL-water

droplets are observed on the mesh membranes coated with various particle concentrations.

(B) Water droplets on the mesh membranes in air. Here, the TiO2-coated mesh was coated with a 0.03 g/mL-particle solution. Underoil water droplets (C) on the

mesh membranes, (D) on the pre-wetted mesh membranes by water, and (E) on the pre-wetted mesh membranes with a reduced amount of water (50%,

compared to D) through evaporation. Labels 1 to 4 indicate the following mesh types in order: the bare, the coated with 0.03 g/mL-, 0.06 g/mL-, and 0.15

g/mL-particle solutions.
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are conducted using this pre-wettedmembrane. Additionally, it was confirmed that the coatedmeshmembrane was sufficiently stable under

various acid/base conditions (Figure S1).
Morphological changes of the water film via evaporation and reabsorption of water

To achieve high separation efficiency with a relatively high separation flux in the separation of emulsions containing finewater droplets in oil, it

is essential to form empty holes in the pre-wetted mesh membrane while still maintaining a thin water film around the mesh wire. The forma-

tion of these holes is accomplished through the evaporation of the water residing on the membrane in air (further details are indicated in the

Method details). The successful formation of holes is examined by closely observing themorphological changes of the water film on themem-

brane using confocal laser scanningmicroscope (CLSM). Specifically, the lateral changes in themorphology of the thin water film on themesh

coated with a 0.03 g/mL particle solution are thoroughly investigated during the evaporation process and compared with the result from the

bare mesh membrane, as shown in Figure 3.

As the evaporation process progresses, it becomes evident that the water film residing in the mesh pores gradually becomes thinner,

eventually leading to pore openings within 10–15 min after exposure to air (at a temperature of approximately 22–25�C and humidity of

approximately 25%–35%), regardless of the type of the mesh membrane. However, the difference between the two mesh membranes be-

comes apparent when the thin water film creates the pores, as shown in the images in the 4th row of Figures 3A and 3B. In the case of the

baremesh, the thin water film on themesh wire appears to be completely removed during the evaporation process, whereas the TiO2-coated

mesh maintains the water film on its surface during pore formation. This difference may be attributed to the increased affinity for water re-

sulting from the TiO2 particle coating on the mesh surface. Furthermore, it is successfully demonstrated that when a considerable amount

of water (�0.4 mg/cm2) is reabsorbed into the water film containing the empty holes, the thickness of the entire water film significantly in-

creases without blocking the holes, as shown in Figure 3C. Consequently, this strongly indicates that the effective pore size of the pre-wetted

mesh membrane can be simply controlled by adjusting the amount of water reabsorbed into the water film, potentially having a significant

impact on separation efficiency.

Furthermore, the formation of empty holes in the pre-wettedmembrane can bemore precisely confirmedby estimating the intrusion pres-

sure, which corresponds to the pressure allowing the oil phase to pass through the mesh, as indicated in Figure 4A. It is expected that the

intrusion pressure decreases as the thickness of the water film decreases, and, when the empty holes are formed, the intrusion pressure
4 iScience 27, 109556, April 19, 2024



Figure 3. Visualization of morphological changes of the water film surrounding the mesh wires, according to water evaporation, using a CLSMwith the

addition of 0.01 mg/mL of FITC dye to water

(A) The lateral changes of the water film on the bare mesh.

(B) The lateral change of the water film on the mesh coated with the 0.03 g/mL-particle solution.

(C) Lateral view and slightly tilted top-view images of the pre-wetted mesh structure with empty holes formed by the evaporation of water. (Scale bar: 100 mm).

(D) Illustration of the pre-wettedmesh for the calculation of the effective pore size (weff ). Here, R0 represents the radius of themesh wire,DR is the thickness of the

water film, and w is the original pore size. 1 and 2 represent divided parts of the mesh wire where part 1 is not related to the effective pore size while part 2 can

determine the effective pore size.
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immediately reaches a value of zero. Therefore, by measuring the height (h) of the accumulated oil on the pre-wetted mesh membrane just

before oil penetration occurs and applying it to the equation Pint = rgh, where r and g are the density of hexadecane and the gravitational

acceleration constant, respectively, the intrusion pressure (Pint) can be simply calculated. The height measurement of the oil accumulated on

the pre-wetted mesh is conducted using the customized separation apparatus, as shown in Figure 4B. This apparatus is later utilized for the

separation of emulsions containing tiny water droplets.

As a result, based on the controlled water evaporation (seeMethod details), it is successfully demonstrated that the mass of the water film

surrounding themeshwire gradually decreaseswith time, indicating a gradual reduction in the thickness of thewater film. After 30min, almost

all the water seems to have evaporated completely, as shown in Figure 4C (left). In contrast, considerable intrusion pressures are recorded

before evaporation for 15 min (e.g., after 0, 5, and 10 min, intrusion pressures are recorded as� 570 Pa,�460 Pa, and�250 Pa, respectively).

However, the intrusion pressure immediately reaches a value of zero after 15 min, during which approximately 0.053 kg/m2 of water still re-

mains on themesh surface, indicating that the empty holes become clearly visible on the pre-wettedmesh at this time. By precisely controlling

the water evaporation for 15 min, it is demonstrated that the distinctive morphology of the pre-wetted mesh, where the entire mesh wire is

surrounded by a thin water film, but empty holes are clearly observed, can be successfully achieved. Additionally, by adding a considerable

amount of water to this pre-wetted mesh, the thickness of the water film surrounding the mesh wire can be controlled, as mentioned in

Figure 3C.
Determining the separation efficiency via the pre-wetted mesh membranes

As amodel system for the separation, the water-in-oil (W/O)emulsion with an extremely low volume fraction of the dispersed phase (0.125–0.5

vol %) is utilized here, as shown in Figure 5A. Right after the emulsification, the size of dispersed droplets is measured to be �9 mm, which

remains almost identical until an hour after the emulsification. Therefore, this strongly indicates that even though the droplet coalescence

can occur upon contact due to the absence of emulsifier, changes in droplet size need not to be considered given that the entire separation

process concludes within �10 min.

Furthermore, it is highly required to quantify the amount of water remaining after the separation, thereby enabling us to effectively esti-

mate the separation efficiency of the emulsion through the pre-wetted mesh membranes, defined by Waterin �Waterout
Waterin

3100ð%Þ (See Method

details). Accordingly, hydrophilic dye molecules (methylene blue) are initially dissolved in the water phase, and using ultraviolet-visible

(UV-vis) spectroscopy, absorbance is then measured with varying the water content in oil. As indicated in Figure 5B, the correlation between

the absorbance and the water content is well described by the fitted line of y = 0:0291x (R2 � 0.99), and, based on this calibration curve, the

amount of water remaining after the separation can be effectively estimated by measuring absorbance of light at 664 nm of filtrate. (More

details are also described in Method details.).

Here, the separation experiments are performed using several different mesh membranes, such as the bare mesh, the coated mesh, and

pre-wetted meshes with different amounts of water surrounding the mesh wire (Figure 6A). The pre-wetted meshes are subjected to evap-

oration and reabsorption of water, resulting in water films with a remainingmass of 44%, 57%, and 65% compared to that of a fully pre-wetted

mesh. Furthermore, it should be noted that, during the experiment, some water loss of the emulsion can occur while emulsifying and
iScience 27, 109556, April 19, 2024 5



Figure 4. Intrusion pressure of the water-filmed mesh

(A) Schematic illustrating the intrusion pressure for the pre-wetted mesh.

(B) Separation device for measuring the intrusion pressure and conducting the separation experiments, and the top-view image of the device.

(C) Mass change of the water film through evaporation and the change in experimental intrusion pressure according to the water film mass change.
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transferring the sample into the separation equipment. Consequently, the amount of the dispersed water phase before the separation

(Waterin) is different from the given mass before the emulsification. Furthermore, there might be some water droplets whose size is compa-

rable to the size of themesh pore (here, 70–135 mm), with a tiny number fraction in the emulsions sample, and these droplets can be separated

by the pore size effect of the baremeshmembrane. Therefore, to precisely quantify the effect of the thin water film surrounding themesh wire

on the separation efficiency, we here set the separation efficiency of the bare mesh membrane as zero.

In comparison to the separation efficiency of the bare mesh membrane, all coated mesh membranes, with and without pre-wetting, pro-

vide significantly higher efficiencies, as shown in Figure 6. For example, even in the case of the coatedmesh without pre-wetting, it gives 40%

greater efficiency, possibly due to the underoil hydrophilic character of the coatedmesh surface, resulting in the adsorption of water onto the

mesh surface. In contrast, the mesh with 44% water remaining provides slightly higher efficiency (49%) than the just-coated mesh. However,

after water reabsorption to themesh with 44%water remaining, the efficiency increases dramatically to 91% and 98% for themeshes with 57%

water and 65% water, respectively. Additionally, the inclusion of a considerable amount of surfactant in the emulsion can lead to decreased

separation efficiency, strongly suggesting that the surfactant layer formed on the droplet surface interferes with the absorption of the water

droplet into the water film (Figure S2). Here, it should be noted that the total time for all the oil phases to pass through the membrane is

measured to estimate the average separation flux. The hydrostatic pressure decreases as the separation progresses, leading to a continuous

decrease in instantaneous flux. Instead, measuring the flux within the first 10 s, where the hydrostatic pressure remains similar, can result in a

flux of up to 1;140 L=m2h, even with the mesh membrane with 65% water. Therefore, this approach to measuring separation flux can under-

estimate the ability of the membrane to achieve high separation flux.

To elucidate the role of the thin water film on the mesh surface in the dramatic increase of separation efficiency, the effective pore size of

themeshes is roughly calculated first. As indicated inMethod details, the effective pore sizes of themeshes with 44%, 57%, and 65%water are

estimated at 86 mm, 75 mm, and 68 mm, respectively, by calculating the thickness of the water film. This estimation is indirectly confirmedby the

significantly reduced separation flux values, as shown on the x axis of Figure 6A. Accordingly, it is successfully demonstrated that a smaller

effective pore size can considerably increase the separation efficiency with a lower separation flux. However, as the amount of water residing

on themesh surface increases from 44% to 57%, the pore size seems to be gradually decreased, but the separation efficiency changes rapidly.

This strongly indicates that the separation efficiency does not seem to be well explained by the effective pore size alone.

Interestingly, despite the presence of the water film, the effective pore sizes of the meshes are still much greater (8–10 times) than those of

fine water droplets in emulsions. Unlike solid membranes, the water thin film surrounding themesh wire can be deformed at a given pressure.

The hydrostatic pressure given by the emulsion on the membrane can be simply estimated by rgh (�76 Pa) where r is the density of hexa-

decane (773 kg/m3), g is the gravitational acceleration (9.8 kg m/s2), and h is the height (1 cm when 10 mL is applied) of the emulsion on the

membrane. Based on dimensional analysis, the contribution of hydrostatic pressure can be simply estimated by rgh$R1 (4.9–15.5 mN/m),

where R1 is the radius of the mesh wire with the thin water film (Figure 6B, Top). This contribution seems to be comparable to the interfacial

tension of oil and water (�50 mN/m), which resists the deformation of the water film surrounding the mesh wire. The contribution to defor-

mation can be even greater when the values of h and R1 increase, thereby resulting in more significant deformation with a thicker water thin

film and a larger height of the emulsion on the membrane. Here, it should be noted that contributions from the gravitational deformation of

the thin water film ð� rg $R $DR � 0:01 mN=m) and the deformation by the hydrodynamic pressure
� � 1

2 ru
2 < 0:1 mN=m, here u is simply

estimated from the value of the separation flux) are much smaller than those of deformation caused by hydrostatic pressure, so they are

neglected.

Accordingly, the deformation of the water thin filmmay play an important role in determining the separation efficiency. To understand this

in more detail, the contact area between the emulsion and the water film (the red line at the bottom of Figure 6B) and the instantaneous effec-

tive pore size (Weff in Figure 6B) are roughly calculated during the deformation. Here, it is simply assumed that the upper circle of the cross-

sectional area of the mesh wire with water maintains the shape of a semi-circle due to the hydrostatic pressure applied isotropically, but the
6 iScience 27, 109556, April 19, 2024



Figure 5. Determination of model emulsion and calibration curve for efficiency calculation

(A) Emulsion containing tiny water droplets in oil and the change in the average size of water droplets with time. (Scale bar: 100 mm. Inset: The size distribution of

water droplets, with an average diameter of �9 mm, immediately after emulsification.).

(B) The calibration curve of absorbance in UV-vis spectroscopy with varying amounts of water in oil. The solid line represents the fitted line of y = 0:0291x, where

y and x are the absorbance and the content of water, respectively.
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thickness of the water film (R1) only varies. Therefore, the cross-sectional area of the water film surrounding the upper semi-circle of the mesh

wire is expressed as
pðR2

1 �R2
0Þ

2 . At the same time, the nearly incompressible hexadecane should move down the lower semi-circle of the cross-

sectional area of the mesh wire during the deformation, and, to minimize the total surface area, which results in the minimum total surface

energy, another cylindrical water filmwith R2 possibly appears below the lower semi-circle, as shown in Figure 6B (bottom). Thus, it is expected

that as the magnitude of the hydrostatic pressure increases, R1 gradually decreases while R2 increases. Here, the cross-sectional area of the

water film surrounding the lower semi-circle of the mesh wire is expressed as 360� � 2q
360� ðpR2

2Þ+R1R2 cos q � pR2
0

2 .

Based on this simple cylindrical model, where the cross-sectional area of the water film,
pR2

1

2 + 360� � 2q
360� ðpR2

2Þ+R1R2 cos q � pR2
0, is required

to be constant during the deformation, the effective pore size (Figure 6B) is first estimated at eachmomentwhile changing the thickness of the

water film on the upper semi-circle of the cross-sectional area of the mesh wire from the initial value to zero. As shown in Figure 7A, the pore

size of the mesh wire with 44% water increases initially but gradually decreases after reaching a maximum value, and the mesh wire with 65%

water also shows similar behavior of the pore size. Interestingly, despite deformation occurring, the pore size is smallest in the initial stage

before applying the pressure, so the deformation does not seem to decrease the pore size. On the other hand, the contact area between

water and emulsions, defined in Figure 6B (bottom), indicates quite different behaviors, depending on the initial thickness of the water

film. For example, in the case of the mesh wire with 44% water, the contact area increases gradually, and, at zero thickness on the upper

semi-circle, it indicates a maximum value (�12% greater than the initial area). However, for the mesh wire with 65% water, it initially increases

and then slightly decreases after reaching a maximum value.

When the contact area between the water film and the emulsion greatly increases, the possibility of fine water droplets colliding with the

water film can also increase, possibly resulting in better efficiency. Therefore, this suggests that the different behaviors of the contact areamay

exhibit different trends in the change of separation efficiency with varying hydrostatic pressure. To confirm this, the separation efficiencies in

the mesh wires with 44% water and with 65% water are measured while varying the initial height of emulsion on the membrane. Here, 20 mL-

and 40 mL-emulsion samples, where the amount of water is kept constant, are prepared to increase the height, which also gives much lower

dispersed phase fractions of 0.25 and 0.125 vol %. As shown in Figure 7C, the separation efficiency of the emulsion through themesh wire with

44% water increases considerably with increasing the emulsion volume, and this trend appears to be similar to the change in contact area

(Figure 7B, right). Even when the volume fraction of the dispersed phase is fixed at 0.5 vol %, a similar trend in the separation efficiency still

appears (Figure S3A). Additionally, themeshwire with 65%water provides slightly lower efficiency with increasing volume (Figure 7D), which is

also similar to the behavior in Figure 7B (left). This may be due to the deformed interface enough to maximize the efficiency at the hydrostatic

pressure given by the 10 mL emulsion. The efficiency tends to decrease more significantly when the 40 mL emulsion with a fixed volume frac-

tion of 0.5 vol % is applied because the amount of dispersed phase in the 40mL emulsion seems to be greater than the maximum absorption

capacity of the water film (Figure S3B). Here, it should be noted that despite the change in separation flux from �50 to �2,300 L/m2h, these

values indicate very low Reynolds numbers (<5), so the separation flux does not seem to have a significant effect on the separation efficiency

under these experimental conditions.

So far, various studies have reported the effective separation of emulsions using surface-modified mesh membranes. In most cases, the

size of droplets is similar or even larger than the size of the mesh pore, as shown in Figure 8, allowing the separation through a size-sieving

mechanism. For example, Zhang et al.35 and He et al.36 reported the successful separation of emulsions containingmicro-scale droplets using

stainless-steel mesh spray-coated with copper particles/aluminum phosphate and copper mesh coated by in situ-grown CuC2O4 nano-

sheets, respectively. These approaches provide extremely high efficiency (>99%) for separating the dispersed droplets. However, their utility

can be limited when dealing with quite small droplet sizes. Furthermore, when the droplets are clogged in the membrane pores during the

separation, the droplets may remain on the membrane even after the separation, thereby continuously degrading the functionality of the
iScience 27, 109556, April 19, 2024 7



Figure 6. Separation efficiency and flux and the shape change of the water thin film

(A) Variation of the separation efficiency and flux of the emulsion system that contains 0.5 vol % of dispersed water droplets through wetted mesh membranes

with varying an amount of water surrounding the mesh wire.

(B) The shape change of the thin water film in the absence (top) and the presence (bottom) of the hydrostatic pressure. Here, R0 and R1 are the radius of the mesh

wire and the wire with water film whose thickness is DR, respectively. R2 is the radius of the cylindrical structure formed with the deformed water film under the

lower semi-circle of the mesh wire. The red solid line represents the contact area between the emulsion and water film.
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membrane. As a substitution, Nazarpour Kalaei et al.37 reported the extremely high separation efficiency (�100%) for emulsions whose

droplet size is �3.5 times smaller than the mesh pore, using stainless-steel grid coated with Mxene nanoparticles. Zuo et al.38 also achieved

effective separation (>95%) of emulsions with droplet size�5 times smaller than the pore size via Janus stainless-steel mesh coated with poly-

ethyleneimine/aminated carbon nanotubes on both sides. Nevertheless, when comparing the size ratio and the volume fraction to those from

other works (Figure 8), it is demonstrated that a significantly larger ratio of the pore size to the droplet size can be achieved while the volume

fraction of the dispersed phase is much smaller (down to 0.125). This strongly indicates that this approach can provide greater versatility when

applied to the separation of dispersed droplets with varying sizes and volume fractions.
Figure 7. Crucial factors determining the separation efficiency

(A) The changes in the effective pore size (weff ) with varying the water film thickness (DR) on the upper semi-circle, as described in Figure 6B (bottom), for the

meshes with 44% and 65% water, respectively. The red filled squares represent the minimum values of weff for each case.

(B) The changes in the contact area between the water and the emulsion normalized by the surface area of the bare mesh wire asDR changes for the meshes with

44% water and 65% water, respectively. The red filled stars indicate the values of the maximum contact area.

(C and D) The results of separating emulsions with higher volumes, 20 mL and 40 mL, by diluting the emulsion from 0.5 vol % to 0.25 vol % and 0.125 vol %

(C) through the mesh with 44% water, (D) through the mesh with 65% water.
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Figure 8. Comparison of separation ability with previous studies

Comparison of the ratio of the pore size to the droplet size (y axis) and theminimum volume fraction of the dispersed phase in the emulsion separation (x axis) with

those from Zhang et al. (pore size/droplet size: 0.6 mm/1–40 mm),35 He et al. (25 mm/10–50 mm, 5 mm/0.7–3 mm),36 Nazarpour Kalaei et al. (31.4 mm/7.2–9 mm),37 and

Zuo et al. (6.8 mm/1.-1.6 mm).38 The error bar represents the minimum to maximum value of the y value, and the point represents its median value.
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Conclusion

In conclusion, we have demonstrated that effective separation of fine water droplets dispersed in oil can be achieved using the pre-wetted

meshmembrane, whose effective pore size is�10 times greater than the size of droplets, with extremely low volume fractions of the dispersed

phase. To obtain the pre-wettedmesh by water, we utilized a stainless-steel meshwith a pore size of 135 mmand coated themesh surfacewith

TiO2 nanoparticles to impart hydrophilic and underoil hydrophilic surface characteristics to the mesh wire. Furthermore, based on the water-

absorption, evaporation, and water-reabsorption steps, we successfully confirmed that the water thin film surrounding the mesh wire is re-

tained well, and even effective pore size can be controlled.

When applying this membrane to the gravity-driven flow of the emulsion sample, we could achieve an extremely high separation efficiency

(>98%). Here, we argued that this high efficiency can possibly be achieved by increasing the interfacial area between the water film and the

emulsion during the separation process, as supported by the simple calculations and the experiments. Furthermore, we have successfully

demonstrated that our work exhibits unique advantages compared to other separation works utilizing the mesh membranes. These advan-

tages include a greater ratio of the pore size to the droplet size and a lower volume fraction of the dispersed phase in emulsion separation.

Therefore, we believe that this new and facile approach can be advantageous for the effective separation of a wide range of emulsion systems,

where the size of droplets and the volume fraction of the dispersed droplets are highly variable. Furthermore, it is also expected that this

simple approach can be applied effectively in industrial fields where continuous separation processes and extremely large membrane areas

are highly required, although more detailed studies and development are still necessary.
Limitations of the study

This method of removing fine water droplets in emulsions achieves high separation efficiencies of over 98% but has mainly focused on emul-

sion-free emulsions. Further research is needed to separate dispersed water droplets from emulsions containing surfactants and colloidal

particles to expand its utilization.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Methylene blue hydrate Sigma-Aldrich Cat#66720

Titanium(IV) oxide Sigma-Aldrich Cat#718467

Span� 80 Sigma-Aldrich Cat#S6760

Stainless steel mesh Anping County Bolin

Metal Wire Mesh Co., Ltd

Cat#110x110

Fluorescein isothiocyanate–dextran Sigma-Aldrich Cat#FD40S

n-Hexadecane, 95% Thermo scientific Cat#043283.LV

Software and algorithms

Origin OriginLab Corporation. https://www.originlab.com/

ImageJ NIH https://imagej.net/ij/

Other

LSM 800 BIO CLSM Carl Zeiss https://www.micro-shop.zeiss.com/

en/kr/shop/search/lsm%20800

SU8010 HR-SEM Hitachi High Technologies

Corporation

https://www.hitachi-hightech.com/global/

en/products/microscopes/sem-tem-stem/fe-sem/

BX53M Optical microscope Olympus https://www.olympus-lifescience.com/ko/

microscopes/upright/bx53f2/

UVmini-1240 UV-Vis spectrophotometer Shimadzu https://www.shimadzu.co.kr/products/molecular-

spectroscopy/uv-vis/uv-vis-nir-spectroscopy/index.html
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, KyuHan Kim

(kyuhankim@seoultech.ac.kr).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Authors declare the data are included in the paper and supplemental information files.
� This study does not report any original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
METHOD DETAILS

Materials

The stainless steel mesh was purchased from Anping County Bolin Metal Wire Mesh Co., Ltd (China). Methylene blue hydrate, titanium oxide

(TiO2), span 80, and fluorescein isothiocyanate-dextran (FITC) were purchased from Sigma-Aldrich. Hexadecane (95 %) was purchased from

Thermo Scientific. Sodium hydroxide beads, ethyl alcohol (Extra Pure) and acetone (Extra Pure) were purchased from Daejung Chemicals &

Metals (South Korea). Hydrochloric acid was purchased from Samchun Chemical (South Korea). All of these were used without further puri-

fication. Deionized water (DI water, 18.2 mU$cm) was utilized here and obtained from a water purification system (Human Corporation, South

Korea).
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Modification of a stainless-steel mesh

After cutting the stainless-steel mesh, which has an average pore size is 135 mm, into a size of 5 cm3 5 cm, it was washed using ultrasonic

treatments (WUC-D06H, DAIHAN scientific) in DI water and acetone for 30 minutes each. The coating process followed a previously reported

method,45 as shown in Figure 1A. The coating solution was prepared by dispersing TiO2 nanoparticles in ethanol using a vortex mixer

(MaXshake� VM30, DAIHAN Scientific). The solutions were prepared at three different concentrations: 0.03 g/ml, 0.06 g/ml, and 0.15

g/ml, respectively. The coating proceeded through a dip coating method, wherein the mesh was immersed in the coating solution for 10

seconds, then taken out and gently shaken to remove the excess solution. After the dip coating, the mesh was heat-treated for 30 minutes

in a dry oven at 60�C and 2 hours in a sintering furnace at 500�C, respectively. This heat treatment dried the solution, improved crystallinity,

and made the surface mechanically robust.46
Characterization of TiO2-coated meshes

The mesh surface was observed using a high-resolution scanning electron microscope (HR-SEM, SU8010, Hitachi High Technologies Corpo-

ration), as shown in Figures 1B and 1C. The wettability of the mesh was confirmed by sessile drop contact angle measurement. The droplet

volume was fixed at 1 ml, and the behavior of the droplet on the mesh membrane was observed using a customized side-view microscope

(Figure 2). To evaluate the wettability of the coated mesh surface, the Cassie-Baxter equation, cos qeff = Am cos qm +Ac cos qc,
47 was

applied. (Am: area fraction of the mesh wire, Ac: area fraction of continuous phase, qeff : effective water contact angle measured by optical

microscope, qm: calculated water contact angle on themesh wire surface, and qc: water contact angle with continuous phase) In the equation,

area fractions were obtained by analyzing the SEM image of the mesh membrane using a ImageJ program. To evaluate the stability of the

mesh membrane when exposed to acids and bases, the coated mesh was immersed in various pH solutions for 24 hours. These aqueous so-

lutions with various pH levels were prepared using 1M-aqueous solutions of hydrochloric acid and sodium hydroxide.
Pre-wetting of TiO2-coated meshes

Pre-wetting was carried out by immersing the mesh in DI water for 10 seconds and then waiting for all the water droplets to fall off from the

mesh after taking it out of the water, repeating the process three times. In order to form the pores in pre-wetted mesh membranes, the water

film was then evaporated by placing the pre-wetted mesh in the acrylic container with silica gel inside (24cm*24cm*24cm), in which the tem-

perature and humidity were maintained at 22�C and 20-25 %, respectively.
Observation of the water thin film

The thin water film formed on the surface of bare and coatedmeshes by the pre-wetting process was observed using a confocal laser scanning

microscope (CLSM, LSM 800 BIO, Carl Zeiss), as shown in Figures 3A–3C. Here, the fluorescent reagent FITC dye (excited at a wavelength of

448 nm and emitted at a wavelength of 520 nm, Sigma-Aldrich) was used to visualize the water phase. Each pre-wettedmesh sample, sized at

11 mm3 11 mm, was prepared with an FITC aqueous solution at a concentration of � 0.01 mg/ml. Since the bare mesh was hydrophobic, it

was sonicated for 1 minute in the aqueous FITC solution to effectively fill the mesh pores with the solution. In contrast, the TiO2-coatedmesh

was prepared only by immersion, as the solution penetrated well without any additional treatment. The CLSM images were obtained by irra-

diating a 488 nm laser (10 mW) with a 10x lens at a temperature of� 22�C, and a humidity of 25-35 %. Furthermore, the meniscus of the water

film was also captured by scanning the x-y plane in the z direction, and the image-stacking process along the z direction took � 1 min.
Determination of the effective pore size

For the pre-wetted mesh membranes, the effective pore size (weff ) was approximately calculated following the procedure below. First, a unit

cell was defined, as shown by the solid line in Figure 3D. It was assumed that the mesh wire diameter remains constant with a value of 79 mm

across the entire area, and the wire in the unit cell was divided into two different parts: 1) a part that is not related to determining the effective

pore size and 2) a part that is closely concerned with determining the effective pore size after the pre-wetting process. For the mesh without

the pre-wetting process, the volume of part 1 within the unit cell is calculated as� 43 ðR2
0 3 2R0Þ, and the volume of part 2 can be calculated

as� 43
pR2

03w
2 . Here, R0 represents the radius of themesh wire (� 39.5 mm), and w is the original pore size (� 135 mm). The total wire volume of

the unit cell is the sum of these two parts, corresponding to � 1:83 106 mm3.

Considering the pre-wettedmeshmembranes whosewire is surrounded by the water thin filmwith 44% remainingmass relative to its mass

immediately after the pre-wetting process, achieved through pre-wetting and evaporation, the volumeof thewater thin film is estimated to be

1:0283 1011 mm3. Here, the total area of the mesh membrane is pð2:5cmÞ2 � 1:93 109mm2, and the unit cell area is given by

ðw+2R0Þ2 � 4:63 104mm2, thereby providing that � 4:23104 numbers of unit cells exist in the total membrane. Thus, the volume of water

assigned to a single unit cell is � 2:43 106 mm3. As a result, the total volume of a unit cell with the thin water film, whose thickness is DR, is

� 4:23 106 mm3, and this can also be given by 43 ððR0+DRÞ2 3 2ðR0 +DRÞÞ+ 43 pðR0+DRÞ23w
2 , thereby resulting in R0 +DR � 64 mm, and the

effective pore size (weff = w � 2DR) is � 86 mm. Based on the same procedures, weff values can be calculated for the other meshes sur-

rounded by water with remaining masses of 57% and 65%, resulting in � 75 mm and � 68 mm, respectively.
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Measurement of the intrusion pressure

As shown in Figure 4B, the emulsion separation device is prepared by clamping the top-glass tube and glass funnel onto a stand and inserting

the mesh between them. Using the separation device, the change in intrusion pressure was measured for various water film thicknesses. The

water film thickness was controlled by changing the evaporation time and was quantified as weight per unit area by measuring the mass at

5-minute intervals (Figure 4C, left). Then, the water-filmed mesh was applied to the separation device, and pure hexadecane was placed on

top of it in increments of 10ml to check the oil height (h) at which oil starts to flow. By applying the height to the equation, Pint = rgh,46 where

r and g are the density of hexadecane and the gravitational acceleration constant, respectively, the intrusion pressure (Pint) can be simply

calculated (Figure 4C, right).
Preparation of emulsions

The emulsionwas producedby emulsifying 10ml of hexadecanewith 0.05ml of thewater phase containingmethylene blue dyemolecules at a

concentration of 0.00025 wt% for 210 seconds at 10,000 rpm using a homogenizer (HG-15D, DAIHAN Scientific). Due to the extremely low

volume fraction of the dispersed phase (0.125-0.5 vol%), no surfactant was added during the emulsification. Here, the emulsions were stable

without significant changes in droplet size for at least 30minutes, as shown in Figure 5A. Thus, during the separation process, the coalescence

of droplets due to the lack of surfactants has not been considered here. The emulsion droplets were observed using an optical microscope

(BX53M, Olympus), and their size was analyzed with the ImageJ program.

Emulsions containing surfactants were prepared by adding an oil phase containing surfactants to a preformed emulsion. Specifically, to

form the emulsion, 50 ml of a dye aqueous solution was added to 9.9 ml of hexadecane and homogenize at same condition of surfactant-free

emulsion production. Then, 0.1 ml of the hexadecane phase containing span 80 at concentrations of3 100-CMC (5 mg/ml) and3 1000-CMC

(50 mg/ml) was added to the preformed emulsions, resulting in emulsions of X1-CMC and X10-CMC, respectively. It should be noted that the

emulsions were formed through the multi-step process to maintain the droplet size similar to that of surfactant-free emulsions.
Separation of emulsions

To proceedwith the separation, the emulsion sample of 10ml was first flowedonto themembrane. The samplewas pouredgently tominimize

damage to the water film surrounding the mesh wire. The sample that passed through the mesh was collected in a conical tube positioned

under a glass funnel. The separation flux, J, was calculated using the following equation, J = V
t$A ðL =m2hÞ.48 In this equation, V represents the

volume of the sample to be separated, t is the time to complete the separation process, and A is the filtration area. Here, when estimating the

separation efficiency, each mesh was used for at most 20 separation processes. Indeed, it was indirectly confirmed that the amount of water

film on the mesh surface can be maintained before and after the separation under appropriate conditions (Figure S4).
Determining the separation efficiency

To determine the separation efficiency, quantifying the amount of the dispersed phase remaining after separation is essential. To do so, a UV-

Vis spectrophotometer (UVmini-1240, Shimadzu) was utilized, especially measuring the absorbance at 664 nm, which is the wavelength at the

absorption peak of methylene blue in aqueous solution. To effectively determine the amount of the dispersed water phase in oil, mixtures of

10 ml hexadecane with various water content (1, 2, 3, 4, 5, 10, and 20 ml) were prepared and emulsified with 0.065 wt% span 80 in hexadecane

(�10 times greater than CMC) for 3 minutes using a vortex mixer (� 2000 rpm). Their absorbance was then measured at 664 nm, and the cali-

bration curve, showing the correlation between the content of the aqueous solution in oil and absorbance, was successfully established, as

shown in Figure 5B.

Based on the calibration curve, the amount of water remaining after separation could be simply estimated, and the separation efficiency

was then calculated by ðWaterin � WateroutÞ=Waterin 3 100 ð%Þ. Here, Waterin and Waterout represent the amount of the water phase in the

emulsion before and after the separation, respectively. It should be noted that the adsorption of methylene blue to oil and the interface was

neglected because it is known that methylene blue is only soluble in water,49 and as a result, we believe that the concentration of methylene

blue in the aqueous solution remains constant during the separation process.
QUANTIFICATION AND STATISTICAL ANALYSIS

There is no statistical analysis in this study.
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