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A B S T R A C T   

This study investigates the effects of interparticle interactions and wettability on the particle 
attachment efficacy to the oil‒water interface. Three types of PS particles with different surface 
functional groups were examined at varying salt concentrations and the number of particles 
injected into the interface. Based on the microfluidic method and the surface coverage mea-
surement, we found that the two contributing factors significantly influenced particle attachment 
efficiency to the interface, while the wettability factor has a major contribution. This research 
contributes to the understanding of physicochemical aspects of particle assembly at fluid in-
terfaces and can offer strategies for forming tailored structures with desired interfacial properties.   

1. Introduction 

Particle-laden interfaces are extensively utilized in numerous applications ranging from food and pharmaceuticals to cosmetics and 
enhanced oil recovery [1–14]. The binding of colloidal particles to a fluid–fluid interface reduces the interfacial energy, leading to the 
stabilization of the interface against coalescence [15,16]. When a particle-laden fluid interface is formed, two types of interparticle 
forces, the electrostatic dipolar force, and the local interface deformation-induced capillary force, become unusually strong and 
compete with each other, resulting in unique assembly microstructures [17–21]. Generally, charged spherical particles under low 
electrolyte conditions are governed by the electrostatic repulsive force, whereas nonspherical particles under low electrolyte condi-
tions or spherical particles under high electrolyte conditions are dominated by the attractive capillary force [22–33]. Furthermore, the 
surface free energy associated with the attachment of particles to fluid–fluid interfaces is influenced by several factors, such as the 
chemical nature, size, roughness, and wettability of particles [34–36]. 

Over the past 30 years, extensive experimental and theoretical studies have been conducted to investigate various aspects of 
colloidal particles at fluid‒fluid interfaces, including the configurations of isolated particles, electrostatic and capillary interactions 
between interface-trapped particles, interaction heterogeneity, assembly behaviors and microstructures, interface rheological 
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properties, and Pickering emulsion stability [37–41]. Note that these interfacial properties of colloidal particles are related to two 
crucial factors - wettability and interparticle interactions. Wettability is determined by the three-phase contact angle θc at a fluid–fluid 
interface, which represents the partition of particles between the two fluid phases. The wettability of charged microspheres at the 
interface can directly affect their electrostatic interactions [18,26,42–44]. Asymmetric surface charge dissociation across the interface 
can alter the magnitude of an electric dipole, which in turn depends on the relative position of particles at the interface. It should be 
noted that electric dipole-induced long-range repulsive interactions play a key role in determining the microstructural properties of 
particle-laden interfaces [15,33,45]. Despite the close relationship between wettability and interparticle interactions, there have been 
very few efforts to understand their relative effects on the formation of particle-laden fluid interfaces, especially regarding the 
probability of particle attachment to the interface. Additionally, there is a lack of systematic studies on the efficiency of particle 
adsorption to the interface at a large scale. 

In this study, we investigated the relative contributions of particle wettability and interparticle interactions to the attachment 
probability of colloidal microspheres to an oil–water interface, given by 

Patt =
NI

Ntot
(1)  

where Ntot is the total number of particles added and NI is the number of particles attached to the interface. To quantitatively measure 
Patt at the interface, we developed a microfluidic platform system that efficiently handles a large number of particles. Additionally, we 
conducted surface coverage analysis by adding a relatively small number of particles to the interface and compared the results with 
those obtained from the microfluidic system. We evaluated three types of polystyrene (PS) particles with different surface function-
alities and wettabilities, namely carboxyl PS (CPS), sulfonate PS (SPS), and amidine PS (APS). Interparticle interactions at the oil–-
water interface were directly measured using optical laser tweezers [24,46,47], and the three-phase contact angles of the particles at 
the interface were determined using the gel trapping method [48]. 

2. Materials and methods 

2.1. Materials 

CPS (4% w/v), SPS (8% w/v), and APS (4% w/v) were purchased from Thermo Fisher Scientific. Deionized (DI) water (resistivity 
≥18.2 MΩ•cm, Aquapuri5, Youngin, Korea) and n-decane (99+%, Acros Organics, USA) were used as aqueous and oil phases, 
respectively, to form an oil–water interface. Prior to usage, n-decane was filtered with aluminum oxide particles (Al2O3, Pore size = 58 
Å, Sigma-Aldrich, USA) to eliminate any polar contaminants. 2-Propanol (IPA, anhydrous 99.5%, Sigma-Aldrich) was utilized as a 
solvent to spread particles at the oil–water interface. NaCl (99.0%) was obtained from Samchun, Korea. Chemicals and solvents were 
used without any further purification unless specified. 

2.2. Microfluidic platform for determining Patt 

A flow cell was utilized in conjunction with a microfluidic system (Fig. 1) to investigate the particle attachment probability at the 
oil‒water interface. Slide glass (32 mm × 76 mm, Matsunami Glass Ind, Japan) was attached to a Teflon hollow cylinder (diameter of 
21 mm and height of 40 mm). Low-density polyethylene tubes (0.034′′ ID, Scientific Commodities, Inc, USA) were connected to the 
flow cell as an inlet and outlet for continuous injection and ejection of the aqueous phase. A peristaltic pump (ISMATEC, USA) with 
three channels was used to regulate the flow rates of the inlet and outlet. To form the oil‒water interface, 8 mL DI water and 2 mL n- 
decane were gently added to the flow cell using a micropipette. Through tube-3, which was connected to a top cover, as shown in Fig. 1 
and 0.6 mL of the particle suspension (4.5 g/L with IPA/particle solution = 1:4 v/v) was slowly dropped onto the surface of the n- 
decane phase at a rate of 0.31 mL/min, where IPA was used as a spreading solvent [45]. Upon the addition of the particle solution to 
the flow cell, some PS particles were attached to the oil–water interface, and others were submersed in the aqueous phase. During the 
experiment, the aqueous phase was gently stirred with a magnetic stirring bar at 150 revolutions per minute (rpm) to ensure that the 

Fig. 1. Schematic experimental setup for determining the particle attachment probability using the microfluidic platform (not drawn to scale).  
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water-immersed particles were dispersed and drained. This slow agitation likely minimized the flow-induced detachment of already 
attached particles. To collect the unattached particles dispersed in the aqueous phase, fresh DI water was injected into the flow cell at a 
rate of 0.4 mL/min through tube-1, and the water phase was simultaneously ejected from tube-2 at the same flow rate. The drained 
particle solution was collected in a conical tube (50 mL, 30 mm × 115 mm, LK lab, Korea) for 100 min. The collected particle sus-
pension was centrifuged at 3000 rpm for 10 min using a centrifuge (Labogene 416, Labogene, Korea) to remove NaCl. After discarding 
the supernatant water, the particles were re-dispersed in DI water. This rinsing procedure was repeated twice more. In the final 
washing step, a portion of the supernatant was removed, and the bottom 10 mL with the particles (hereafter “concentrated particle 
suspension”) was separated. The optical density (OD at λ = 310 nm) of the concentrated particle suspension (200 μL) was measured 
using a Nanodrop (Synergy™ HTX Multi-Mode Microplate Reader, TECAN, Switzerland). The measured OD value was converted to the 
particle concentration to determine Patt. 

2.3. Surface coverage measurements 

DI water (4 mL) and n-decane (2 mL) were added to a Petri dish (35 × 10 mm, Falcon, USA) to form an oil–water interface [45]. 
Subsequently, a particle solution (concentration of 0.45 g/L) was carefully added dropwise (100 μL) onto the oil–water interface. After 
10 min, the microstructures of the interface-trapped particles were captured using an inverted microscope (Eclipse Ti, Nikon, Japan) 
equipped with an objective lens (CFI S Plan Fluor ELWD 20XC, Nikon, Japan) and a charge-coupled device camera (CCD, EOS 700D, 
Canon, Japan). To minimize the time evolution of colloidal microstructures [45,47], all microscope images were taken within 15 min. 
To ensure statistically reliable results, 25 images were evaluated under each experimental condition. The average surface coverage σ of 
the obtained microscopic images was analyzed using Python software. Gaussian filtering was applied, followed by binarization and 
detection of the particle boundaries. The surface coverage was estimated using the equation σ = SP

SI
, where Sp and SI represent the total 

area of particle regions and the entire image area, respectively. The number of particles added to the Petri dish was estimated by 

NP =
m

ρPVP
(2)  

where m denotes the total particle mass added, ρP = 1.055 g/mL is the particle density, and VP represents the volume of a single 
particle. 

2.4. Pair interaction measurements 

A flow cell was constructed with inner and outer cylinders, as previously reported [24,25,49]. Briefly, the inner hollow cylinder 
was a Teflon ring (9 mm in height and 12 mm in diameter) attached to the inside of an aluminum ring (8 mm in height and 14 mm in 
diameter). For the outer cell, a circular coverslip (no. 1.5H, Marienfield, Germany) was treated with oxygen plasma (PDC-32G-2, 
Harrick Plasma Inc, USA) and attached to the bottom of a glass hollow cylinder (11 mm in height and 25 mm in diameter) using UV 
glue (Norland optical adhesive 81, Norland Products Inc, USA). DI water (1.5 mL) was injected into the inner cylinder, followed by 
gentle addition of n-decane (200 μL). The particle solution, diluted with IPA (volume ratio = 4:1), was carefully added dropwise (20 
μL) onto the surface of the n-decane phase. The height of the oil–water interface was adjusted by removing approximately 0.9 mL of 
water from the gap between the outer and inner cylinders, allowing the oil–water interface to be pinned at the boundary junction 
between the aluminum and Teflon rings. After 30 min of stabilization, the particle–particle interaction was measured using optical 
laser tweezers (10 W CW Nd:YAG laser, λ = 1064 nm, Coherent Matrix, USA) connected with an inverted microscope (Ti-U, Nikon, 
Japan). The laser beam, passing through a water immersion objective lens (CFI Plan Apochromat VC 60, NA = 1.2, Nikon, Japan), was 
highly focused on a focal plane, resulting in an optical trap [25,47,49]. An acousto-optic deflector (Opto-electric DTSXY-400-1064, 
OPTO-ELECTRONIC, France) was used to generate multiple traps, and trap positions were individually controlled using the Lab-
VIEW software. To measure the pair interaction force, two particles were trapped at the oil–water interface, and one particle was 
translated stepwise towards the other stationary particle. A sequence of optical microscope images was recorded at a rate of 30 frames 
per second using a CCD camera (KP-M1AN, Hitachi, Japan). The images were analyzed using ImageJ software [50] to calculate the 
displacement, Δx, of the stationary particle from its equilibrium position and the separation, r, between the two particles. The 
interparticle force as a function of r was determined using 

Ftrap(r)= κt Δx(r) (3)  

where the trap stiffness κt was obtained using the drag calibration method [47,51]. 

2.5. Three-phase contact angle measurements 

The three-phase contact angle of a colloidal particle at the oil–water interface was determined using the gel trapping method [48]. 
A 2 wt% phytagel (Sigma-Aldrich) aqueous solution was heated to 80◦C–90 ◦C using a water bath. The melted phytagel solution (2 mL) 
was transferred into a Petri dish (Φ35 mm × 10 mm, Corning, USA), which was placed in a 60 ◦C oven. Preheated n-decane at 60 ◦C was 
added to the top of the phytagel solution. A colloidal particle suspension (IPA/particle solution = 7:3 v/v) was gently dropped onto the 
surface of the oil phase using a micropipette. After 3 min, the sample was cooled down to room temperature for 5 min, resulting in the 
aqueous subphase forming a gel. The oil phase was carefully removed using a micropipette. In separate glassware, 
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polydimethylsiloxane (PDMS, Sylgard 184A, Sewang Hitech, Korea) was mixed with a curing agent (Sylgard 184B, Sewang Hitech, 
Korea) at a mass ratio of 10:1. The mixture was introduced onto the surface of the phytagel and cured for 2 days. The cured PDMS slab 
was peeled off and washed with DI water. The PDMS containing the particles was platinum-coated using a plasma coater (Seron 
Technology, Korea), and the three-phase contact angle of the particles was measured by scanning electron microscopy (SEM, AIS-2100, 
Seron Technology). 

3. Results and discussion 

3.1. Optimization of the microfluidic system 

The microfluidic system (Fig. 1) was optimized before use to systematically evaluate Patt . An excess number of particles Ntot were 
added to the oil–water interface formed in the flow cell. Some PS particles became adsorbed to the oil–water interface, whereas others 
were submersed in the aqueous phase. The adsorbed particles were considered “attached”, and the submerged particles were labeled 
“unattached”. The particle concentration cP = cunatt in the aqueous phase (“unattached” particles) was measured to estimate the 
number of unattached particles Nunatt and the number of interface-attached particles, 

Natt =Ntot − Nunatt (4) 

To obtain a calibration curve that determines Nunatt , UV–Vis spectroscopy was used to measure the optical density (OD310) of 
particle suspensions with known particle concentrations cP. The solid lines in Fig. 2a indicate linear regression, yielding slopes of 1.148 

± 0.013, 1.123 ± 0.012, and 1.050 ± 0.007 for CPS, SPS, and APS, respectively, with all of R2 ≥ 0.999. This calibration curve of OD310 

versus cP was used to convert the measured OD value to cP = cunatt and thus Patt during the microfluidic experiment. Additionally, the 
water replacement time t was optimized to ensure that all existing particles in the aqueous phase were drained and collected 
completely. To achieve this, fresh water was injected into the flow cell at a rate of 0.4 mL/min and ejected at the same rate for a given t. 
The particle suspension was then collected into a container and washed, and the OD310 was measured using the protocol described in 
the experimental section. The obtained OD310 value was converted to cP = cunatt using the calibration curve in Fig. 2a. These procedures 
were repeated with varying t to determine the optimal water replacement time to completely collect the water-immersed particles that 
were unattached to the oil–water interface. Furthermore, a similar experiment was conducted with rhodamine 110 without adding 

Fig. 2. Optimization of the microfluidic system. (a) Calibration curves of OD310 versus cP using UV–Vis spectroscopy measurements. (b) Deter-
mination of optimal water replacement time t for performing the microfluidic experiment. 

Fig. 3. Measurements of Patt at oil–water interface using the microfluidic system. (a) Plot of Patt versus Ntot . (b,c) Example optical microscope 
images showing the multilayered regions (b) and the monolayered regions (c) at Ntot = 9 × 107 and cNaCl = 1 M. Locally darker regions indicated as 
the dotted circles in panel b represent some of the multilayered regions. Insets are the corresponding prospective schematics. 
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particles, and the optical density at 495 nm (OD495) was measured. As shown in Fig. 2b, the measured cunatt in the presence of particles 
and OD495 with rhodamine 110 consistently approached zero at t≳ 80 min, indicating that all components initially contained in the 
flow cell were completely drained. Therefore, a water replacement time of t = 100 min was used for further particle attachment 

Fig. 4. Evaluation of σ depending on Ntot and cNaCl. (a) Plot of σ versus Ntot . PFmax denotes the maximum packing fraction for spherical particles with 
a two-dimensional monolayer [52]. (b) Representative optical microscope images showing microstructures of interface-trapped particles. The insets 
are the magnified images. 
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Fig. 5. Effect of cNaCl on interface adsorption for three different PS particles (i.e., CPS, SPS, and APS) through surface coverage measurements. (a) 
Average surface coverage as a function of cNaCl and Ntot . (b) Difference in surface coverage at cNaCl = 0 and 1 M as a function of Ntot (CPS). (c) 
Representative optical microscopic images, magnified images, and FFT images showing the microstructures of interface-attached CPS particles 
depending on cNaCl and Ntot . 
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experiments. 

3.2. Quantification of Patt to the oil–water interface using the microfluidic system 

Patt of colloidal particles at the oil‒water interface was quantitatively measured for CPS, SPS, and APS at different NaCl concen-
trations (cNaCl = 0 and 1 M) using the microfluidic system, which could efficiently handle a large number of particles (e.g., Ntot ≥ 3×

107). The presence of NaCl reduces the electrostatic dipole-dipole repulsion between particles at fluid‒fluid interfaces, leading to the 
dominance of capillary forces caused by local interface deformation [26,30,31,46,47]. This results in a structural transformation from 
long-range ordered hexagonal patterns to aggregated microstructures as cNaCl increases [45,46]. In the case of micrometer-sized 
spherical particles, the primary cause of interface deformation is known to be the undulation of the three-phase contact line on the 
particle surface, which leads to quadrupolar capillary attraction [31]. Each data point in Fig. 3a represents the average of two in-
dependent runs of the experiment. For CPS, the addition of Ntot = 3 × 107 at 1 M resulted in slightly higher Patt compared to that at 0 M. 
Such a high salt concentration reduces electrostatic repulsion, leading to the domination of capillary attraction and the formation of 
aggregated microstructures [45,46]. These microstructures create more free space for additional particle attachment. As Ntot increased 
to Ntot = 9 × 107 at both cNaCl = 0 and 1 M, Patt tended to decrease, suggesting a reduction in free interface area for particle adsorption. 
In other words, as the interface became increasingly saturated with particles, Natt did not significantly change despite more particles 
being added to the interface, resulting in a decrease in Patt, which is the ratio of Natt to Ntot. In contrast, Patt at cNaCl = 1 M when Ntot =

9 × 107 and 18 × 107 barely changed. This could be explained by the formation of multilayer particles around the oil–water interface, 
particularly at high cNaCl. We observed locally darker regions in optical microscopic images (Fig. 3b) representing the presence of these 
multilayered particles, whereas the monolayered regions showed relatively homogenous contrast (Fig. 3c). High cNaCl reduces the 
electrostatic double-layer repulsion between the water-immersed particles and between the water-immersed particles and interfacial 
particles, forming particle aggregates in the multilayer. The critical dimensionless ratio for the formation of particle multilayers can be 
estimated using the ratio of the total number of particles added to the interface per unit area, given by 

γcrit =
πa2Ntot

SI
(5)  

where a is the particle radius and SI is the interface area. For instance, at the 1 M NaCl condition, the estimated value for the critical 
dimensionless ratio was approximately γcrit ≈ 2.04 at Ntot = 9× 107. 

Furthermore, surface coverage experiments were conducted under the same experimental conditions (Fig. 4). The results showed a 
similar trend, where the surface coverage σ increased from Ntot = 3 × 107 to 9 × 107 and reached a plateau (or slight decrease) after 
Ntot = 9 × 107 at both NaCl concentrations (Fig. 4a), confirming that the interface was saturated by these particles. The formation of 
aggregated microstructures at the 1 M condition (Fig. 4b) led to relatively lower σ compared to the case of the 0 M condition, thereby 
resulting in the increased Patt after further particle addition. Additionally, for the different types of PS particles, Patt consistently 
decreased as cNaCl increased (Fig. 3a), demonstrating the negative role of electrostatic repulsion in interfacial attachment. It was also 
found that Patt for APS was the highest, followed by CPS, and Patt for SPS was the lowest (Fig. 3a), which will be discussed later. The 
interface diameter (35 mm) in the surface coverage experiment was larger than that in the microfluidic system (21 mm), where γ ≈

0.73 < rcrit, and thus, the potential for the formation of particle multilayers should decrease. Nevertheless, the surface coverage ex-
periments were further performed under lower Ntot conditions to evaluate the electrostatic factor on Patt . 

3.3. Further evaluation of the electrostatic factor on Patt 

We further evaluated the effect of the electrostatic interactions of PS particles on their adsorption efficacy to the oil–water interface 
by measuring the surface coverage depending on cNaCl. Similar to the experimental conditions using the microfluidic system, CPS, SPS, 
and APS particles were studied at cNaCl = 0 and 1 M. The highest limit of Ntot in this study was 3× 107, which was the lowest limit of the 
microfluidic measurement. In this condition, the value of γ was approximately 0.25, which was ten times lower than γcrit ≈ 2.04. As a 
result, the particle concentration was barely sufficient to form multilayered particles around the oil–water interface. 

Generally, samples with higher cNaCl exhibited a higher particle adsorption tendency to the interface than those with lower cNaCl 
(Fig. 5a and b), showing good agreement with the result from the microfluidic measurement (Fig. 3a). For example, in the case of the 
relatively lower number of CPS particles added (i.e., Ntot = 0.3× 107), the surface coverages at 0 and 1 M were ~3.76 ± 0.74% and 
~4.29 ± 0.43%, respectively (see the representative images in Fig. 5c). This difference intensified with increasing Ntot, as depicted in 
Fig. 5b. The salt effect exhibited a similar tendency in the tests with SPS and APS (Fig. 5a). The presence of the electrolyte diminished 
electrostatic dipolar repulsions between the interface-attached particles and reduced the interparticle separations [46,47], increasing 
the free interface area for additional particle attachment. For instance, at higher salt concentrations (e.g., 1 M), many aggregates and 
highly percolated microstructures were formed (Fig. 5c) because of the relatively stronger capillary attractions, increasing the free 
interface space, which was consistent with the previous report [45,46]. Conversely, at lower salt concentrations, the electrostatic 
repulsion became dominant, and the interparticle separations were increased. In this case, the continued addition of particles to the 
particle-laden interface is likely to be energetically unfavorable. Fast Fourier Transform (FFT) analyses implemented with ImageJ 
software were used to visualize the effects of Ntot and cNaCl on microstructures, as illustrated in Fig. 5c [50,53]. When the values of Ntot 
and cNaCl were lower, the FFT resulted in hexagonal patterns that corresponded to long-range ordered microstructures. However, in 
conditions where the values were higher, these patterns vanished, demonstrating the formation of aggregates and percolated networks. 
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In short, the proportional tendency between Patt and cNaCl demonstrates the negative effect of the interparticle electrostatic repulsion 
on interface attachment. Accordingly, a particle-effective diameter might be introduced; that is, it becomes relatively larger in the 
presence of stronger repulsive forces, allowing fewer particles to be absorbed into the interface. In addition, the surface coverage for 
the three types of PS particles increased in the order of SPS, CPS, and APS, showing good agreement with the Patt result in Fig. 3a. 

3.4. Clarification of relative contributions of interparticle interactions and wettability to Patt 

To further understand the interface attachment behaviors of the particles depending on the salt concentration, we directly 
measured the electrostatic interaction force between interface-attached particles using optical laser tweezers (Fig. 6a). Under each salt 
condition, we repeated the force measurements for more than 18 different particle pairs due to interaction heterogeneity [24]. As 
depicted in Fig. 6a, for CPS particles, the repulsive force decreased with increasing cNaCl, which was consistent with the previous report 
[46,47]. The obtained force profiles were fitted using 

F =F0

(
d
r

)4

, (6)  

and the mean values of the repulsive force magnitude 〈F0〉 were plotted as a function of cNaCl (inset in Fig. 6a). For CPS particles, the 
values of log〈F0〉 were ~3.13, ~2.04, and ~1.43 for 0, 15, and 50 mM, respectively; that is, ~50 times stronger repulsion force was 
obtained with no NaCl ions compared with that at 50 mM. Meanwhile, the force profile at 200 mM did not follow the power law 
behavior of F ∼ r− 4 due to the weak repulsion and the relatively strong capillary attraction [46]. 

APS particles at cNaCl = 0 mM exhibited a time evolution in their microstructures. The hexagonal pattern of these particles was 
initially observed, and many aggregates were formed after 1 h (Fig. 6b). This time-dependent aggregate behavior is a typical feature of 
interfacial particles that carry weak electrostatic repulsions [45]. Accordingly, the weak repulsion of APS particles could be responsible 
for the highest Patt (Fig. 3a) and σ (Fig. 5a), compared with the case of CPS and SPS particles at 0 mM. However, the repulsive force 
magnitude of SPS particles at cNaCl = 0 mM was ~75 times weaker than that of CPS particles under the same salt condition, whereas Patt 
and σ for SPS particles exhibited lower Patt and σ than those for CPS particles. This observation was likely to be contradictory to the 
prediction based on the electrostatic repulsion. Therefore, another factor should be involved in interfacial attachment behaviors. 

The effect of wettability on particle attachment was examined. CPS particles had a higher contact angle value than SPS particles 
(θc,CPS = 142.6 ± 1.2◦ vs. θc,SPS = 99.4 ± 2.1◦) (Table 1). In other words, more portion of a CPS particle tends to preferentially reside in 
the oil phase than the case of an SPS particle. When the particle solution with the spreading solvent (IPA) is dropped onto the oil phase, 
these particles rapidly migrate from the oil phase to the oil–water interface. After these particles reach and hit the interface, the 
probability of overcoming the interface attachment energy and sinking into the water phase would be lower for hydrophobic particles 
than for hydrophilic particles. Note that the attachment energy for a spherical particle from the oil phase to the oil–water interface is 
given by 

Fig. 6. Evaluation of the electrostatic factor on Patt . (a) Measured interaction forces as a function of r/d. The inset shows a logarithmic magnitude of 
repulsive force log 〈F0〉 with varying CNaCl. Results of CPS (0 mM) and SPS (0 mM) were obtained from Ref. [24]. (b) Time evolution of micro-
structures composed of APS particles at oil–water interface (0 mM NaCl). The number of particles added was Np = 3 × 107. 

Table 1 
Repulsive force magnitude 〈F0〉, zeta potential ζ, three-phase contact angle θc, and particle diameter d for CPS, SPS, and APS particles.  

Property CPS (CNaCl = 0 mM) CPS (15 mM) CPS (50 mM) CPS (200 mM) SPS (0 mM) APS (0 mM) 

〈F0〉 (pN) 1363.96a 108.40 53.28 26.65 18.16a – 
ζ (mV) − 65.6 ± 3.2a – – – − 57.5 ± 2.2a 29.8 ± 1.8 
θc (deg) 142.6 ± 1.2a – – – 99.4 ± 2.1a 134.2 ± 1.7 
d (μm) 3.16 ± 0.07a – – – 2.96 ± 0.05a 2.68 ± 0.03  

a These values were obtained from Ref. [24]. 
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ΔE = − π
(

d
2

)2

γow(1 + cos θc)
2 (7)  

where γow denotes the interfacial tension [37]. Combining the results of the stronger electrostatic repulsion and higher contact angle 
for CPS than for SPS, the higher Patt and σ of CPS demonstrates that the wettability factor dominantly contributes to the interfacial 
attachment behavior, rather than the electrostatic factor. Consistently, APS particles have two favorable factors to the interfacial 
attachment such as the large contact angle (θc = 134.2 ± 1.7◦) and the weak electrostatic interaction, resulting in the highest Patt and σ 
among the three types of PS particles. 

The proposed mechanism of particle attachment efficacy to the interface was summarized and further discussed in terms of 
wettability and interparticle interactions. For the wettability effect, the favorable condition for a stable attachment was the case of high 
θc, where particles reside more preferentially in the oil phase. When the particle solution, along with the spreading solvent, is added to 
the oil–water interface, strong convective flow occurs. This flow can provide energy for the particles adsorbed at the interface to detach 
from the interface. This flow-induced detachment phenomenon likely occurs more actively in the case of hydrophilic particles that 
prefer water (Fig. 7a and b). For the interparticle interaction effect, as depicted in Fig. 7c and d, strong electrostatic dipolar repulsion at 
lower salt concentrations prevents additional particle attachment to the interface. In this case, the effective diameter should be much 
larger than the particle diameter, which reduces the free interface area for additional particle attachment. In contrast, the local 
interface deformation-induced capillary force becomes dominant when the dipolar repulsion is significantly reduced at higher salt 
concentrations. The formation of aggregates and percolated network structures of interface-attached particles provides more space for 
particle adsorption. 

4. Conclusion 

We investigated the effects of interparticle interactions and wettability on the particle attachment efficacy to the oil‒water 
interface. Three types of PS particles with different surface functional groups were examined at varying salt concentrations and the 
number of particles injected into the interface. Based on the microfluidic method and the surface coverage measurement, we found that 
the two contributing factors significantly influenced particle attachment efficiency to the interface, while the wettability factor has a 
major contribution. In our future studies, the complex interplay between other parameters, such as particle shape, particle size, particle 
mixture with heterogeneous sizes, oil phase thickness, and different types and amounts of spreading solvents, will be quantitatively 
evaluated via the developed microfluidic platform. Using a high-speed camera, we will also conduct a study to determine the critical 
force by which a particle in the oil phase with a spreading solvent can be transferred to the aqueous phase after colliding with the oil‒ 
water interface. We believe that this study deepens the understanding of fundamental physicochemical aspects in the assembly of 
particles at fluid interfaces and potentially provides engineering strategies for forming interfaces with tailored structures that would 
determine mechanical or rheological interfacial performances. 
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bility and interparticle interactions. (a, b) Wettability effect at low and high θc. (c, d) Particle interaction effect at low and high CNaCl. The undulated 
interface contact line around each particle was not shown for simplicity. 
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