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Abstract 

There has been increasing use of interfacial engineering to stabilize Pickering emulsions in commercial 

products and biomedical applications. Pickering emulsion stabilization is aided by interfacial 

viscoelasticity, but typically the primary means of stabilization are steric hinderances between high surface 

concentration shells of particles around drops. In this work, the concept of creating large interfacial 

viscoelastic yield stresses with low particle surface concentrations (<50%) using bidisperse charged 

particle systems is tested to evaluate their potential efficacy in emulsion stabilization. To explore this 

hypothesis, interfacial rheology and visualization experiments are conducted at o/w interfaces using 

positively charged amidine, negatively charged carboxylate, and negatively charged sulfate coated latex 

spheres and compared to a model based on interparticle forces. Bidisperse particle systems are observed 

to create more networked structures in comparison to monodisperse systems. For surface concentrations 

<50%, bidisperse interfaces created measurable viscoelastic moduli ~1 order of magnitude larger than 

monodisperse interfaces. Furthermore, these interfaces had measurable yield stresses on the order of 10-4 

Pa*m when monodisperse systems had none. Bidispersity impacts surface viscoelasticity primarily due to 

increasing the overall magnitude of attraction between particles at the interface, and not due to changes in 

microstructure. The developed model predicts what relative surface fraction creates the largest moduli and 

shows good agreement to experimental data. The results show the ability to create large viscoelastic 

moduli for small surface fractions of particles, which may enable stabilization using fewer particles in 

future applications.  
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Introduction 

Fluid/fluid interfacial engineering has gained significant attention as it plays a central role in stabilizing a 

wide range of commercial and industrial foams and emulsions. Although there are a range of surface active 

materials for such interfacial engineering, colloidal particles have found increasing use to stabilize 

emulsions across a range of applications, including enhanced oil recovery,1-2 food,3-5 polymer 

engineering,6 3D printing,7 environmental remediation,8 antimicrobial treatments,9 and cosmetic 

formulations.10 Colloids irreversibly adsorb to an interface, hindering droplet coalescence, forming a 

stable Pickering emulsion.11 The surface properties of the particles themselves dictate the properties and 

type of Pickering emulsion,12 in particular wettability and charge have significant impact.13-15 

Typically, the assumption is that the stabilization mechanism of particles around droplets in Pickering 

emulsions has been due to their near full coverage creating an “armor” like shell.16 Such assumptions have 

also been held for particle stabilized foams.17 However, recent work has shown that that well engineered 

particle laden air/water interfaces with sufficient interfacial yield stress are more than capable of resisting 

dissolution and Ostwald ripening of particle stabilized foams when under compressive pressure loading. 

The results show that the key parameter limiting the dissolution is interfacial yield stress. Even lower 

surface coverage interfaces made with ellipsoidal particles can create stable foams due to their ability to 

create larger yield stresses at low surface concentrations.18 Such result have led to the hypothesis that 

stable foams could be made from low surface concentration interfaces engineered using particle size, 

shape, and surface chemistry to modify interparticle forces to create sufficient interfacial yield.19  

In this work, the goal is to explore whether such high interfacial yield stress, low surface concentration 

particle surfaces are possible at o/w interfaces, where interfacial forces typically work against their 

formation. To understand why it may be more difficult to engineer lower surface concentration, high yield 

o/w interfaces, it is necessary to understand the fundamental forces that control particle behavior at o/w 

interfaces and what is already known about the mechanics of particle laden interfaces, focusing on the 

behavior of hard spheres microparticles. There are three primary interactions that occur between such 

particles at o/w or a/w interfaces.  

The first force is the electrostatic interaction between charged particles; due to being trapped at the 

interface, the particles develop charge distribution within the Debye length in the aqueous phase and no 

charge within the non-polar oil, resulting in the formation of electrostatic dipoles through the particles, 

creating strong, long-range interactions. Depending on relative dipole alignment, these interactions can be 

either attractive or repulsive.20 Because this force occurs across the interface, it is highly dependent on the 

dielectric constant of the interfaces.21 The electric field created by the dipole that causes the force, can 

either be transmitted due to charges trapped at the particle/non-polar interface or through the polar phase.22  

Importantly, if the force is carried through the polar phase, it is explicitly tied to the Debye layer of the 

particle, and hence the ionic concentration of the polar phase.22 

The second primary force between interfacial particles is a capillary force. Unlike larger particles, 

capillary forces between colloids occur due to interfacial deformation caused by contact line undulation.23 

The resulting interface deformation is complicated, but in literature has been found to best modeled as a 

quadrupole.23-24 Interestingly, this deformation results in an angular dependence of the capillary force 

where aligned particles will have attractive interactions and unaligned particles will have repulsive forces 
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with torques attempting to create alignment. 24-25 Due to the nature of the force, the magnitude and strength 

are highly dependent on the particle shape,26 roughness,27wettability,28 hardness,29 charge,30 and the 

presence of other adsorbed materials.31-32   

Finally, hydrophobic particles at interfaces also exhibit a typically large attractive force known as a 

hydrophobic attraction. This force arises due to the physical phenomenon of hydrophobic surfaces 

minimizing contact between themselves and water surfaces, and its overall magnitude is dependent on 

specific system composition.33  Importantly, it can lead to strong differences in interfacial viscoelastic 

moduli between hydrophilic and hydrophobic particles, due to increased attraction of hydrophobic 

particles.34 

There have been several studies examining how changes to subphase/interface composition impact the 

relative effects on these forces to create stronger interfaces from monodisperse particle populations. For 

instance, overall salt concentration has been found to reduce the magnitude of electrostatic interactions, 

resulting in aggregation and greater viscoelastic moduli in measurement.35-37 Furthermore, the subphase 

composition will also impact electrostatic forces, with o/w interface exhibiting larger repulsions in 

comparison to a/w systems due to the difference in dielectric constants, as previously mentioned.20 

Because of the change in contact angles and decrease in contact line undulation, a/w interfaces exhibit a 

more monopolar capillary charge in comparison to the quadrupole charge of o/w interfaces, allowing  less 

repositioning of particles at a/w interfaces and stronger capillary bonds between particles.38-39 In general, 

literature indicates increasing ionic concentration of polar subphases will create larger viscoelastic moduli 

and a/w interfaces typically have larger moduli than o/w due to increases in capillary bond rigidity and 

reduction of dipole repulsion.  

Additionally, for monodisperse particle populations properties such as particle size40, shape,18 charge,41 

roughness,42-43, deformability,44 and wettability45 have been observed to impact both microstructure and 

mechanical properties of these interfaces by influencing capillarity and/or electrostatic repulsions.  In 

order to provide even greater opportunity for controlling the mechanical properties and rheology of these 

interfaces, many studies have looked at using Janus particles which has recently been well reviewed46 and 

are found to form highly elastic and more networked like structures due to their amphiphilicity.  

In the above studies, one commonality is the use of monodisperse particle systems. Even in the case of 

more complicated Janus particle systems, the particles are all a single type. The resulting systems can have 

large viscoelastic moduli, but usually only at large surface concentrations with increasingly small moduli 

at lower surface concentrations. However, many studies of Pickering emulsions’ bulk behavior have 

shown that controlled particle bidispersity in charge, size, wettability, and hardness all improve bulk 

emulsion stability; these studies are well covered in the recent revie article of Liu and Ngai.47 This 

indicates bidispersity is enhancing the mechanical properties of drops and hence their interfaces. This may 

be an avenue to decrease surface concentration while still creating large interfacial yield stresses.  

A few studies have examined controlled bidispersity as a means of engineering an interface. Qiao and 

coworkers showed adding small fraction of Janus particles to the interface results in the formation of 

clusters around the Janus particles, creating a more elastic and higher modulus interface.48 Ballard and 

coworkers found that size bidispersity on spherical interfaces allows smaller particles to fix defects in an 

overall crystal packing structure.49 Monteaux and coworkers showed that bidisperse sized particles  with 
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identical charge on spherical interfaces create systems with areas of identical particles and compressible 

holes at grain boundaries.50 On a flat interface, Nallamilli and coworkers have shown that charge 

bidisperse particles create long range, percolated networks when near equivalent relative concentrations 

of particle.41 Bidisperse wettability particles increase microstructure connectivity similar to bidispersity 

in charge,and relative elasticity on a/w interfaces, which was theorized to be due to relative probability of 

particle interactions with opposite type particles.51  

Given previous results on bulk emulsions and bidisperse interfaces, bidispersity at an o/w interface may 

create a low surface concentration, high yield stress interface capable of stabilizing an emulsion. However, 

there are still unanswered questions regarding this topic. Bidisperse emulsion studies use high particle 

volume fractions, which create high surface coverage droplets that are primarily protected due to the armor 

like effect. Furthermore, there is little understanding how and why bidispersity increases moduli, making 

designing systems impossible. In this paper, o/w interfaces with polystyrene particles of opposite charge 

are characterized experimentally and used to create high interfacial stress, low surface concentration 

interfaces. A model is developed to predict the relative surface concentration of maximum impact. 

Materials and Method 

Particles 

Three types of particle types were used to create interfaces. The first were a positively charged Amidine 

particles (Thermo Fisher Scientific, Lot No. 2530683) with a mean diameter of 0.98µm and a surface 

charge density of 25.4 µC/cm². The second were negatively charged sulfate particles (Thermo Fisher 

Scientific, Lot No. 1071785) with a mean diameter of 0.99 µm and a surface charge density of 5.3 µC/cm². 

Finally, negatively charged Carboxylate particles (Polysciences Inc., Lot No. 695542) with a reported 

mean diameter of 1µm were used. For these particles, a surface charge density of 8.47 µC/cm² was 

calculated experimentally using a zetaziser (Microtrac) and assuming a small Debye length.52 

Particles were cleaned of surfactant and impurities by centrifuging for 60 min at 4400rpm (Eppendorf 

5702), removing supernatant and replacing with fresh DI water of equal volume; this process was repeated 

10 times. Stock particle solutions were made from cleaned particles by combining predetermined volumes 

of cleaned particle solution with DI water. 

Interface composition 

Aqueous subphase contained 70% by volume DI water and 30% by volume Glycerol to prevent particle 

sedimentation. The oil supra phase was composed of silicone oil (Sigma Aldrich) with 10cSt viscosity at 

25 °C was used. Particle systems are identified by XXYY to identify both particle composition: where 

A stands for Amidine, C for Carboxylate and S for Sulfate when replacing  and XX/YY are the 

percentage of each respective preceding particle. 

Interfaces were created by spreading a mixture of isopropanol, DI water, and particle stock at 4:5:1 

volumetric ratio. Before experiments, the spreading solution was sonicated for at least 10 minutes at room 

temperature. To get the syringe as close as possible to the interface, the syringe was attached to a custom-

made 3D printed syringe holder that sits on the Langmuir trough and holds the syringe at 45°. The syringe 

holder secured syringes at a fixed height from the interface such that the attached needle was directly 

above the interface’s desired location. Before adding the oil supraphase, an unfilled syringe was used to 
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extract excess water/glycerol subphase to set the interface height. Oil was then added. Finally, a syringe 

filled with spreading solution and particles was placed in the syringe holder, allowing the particles to be 

placed directly at the interface.  

The double wall ring geometry was attached to the rheometer and located to the interface using axial force 

measurements in TRIOS (TA Instruments) software. Oil was then added to the system. To ensure particles 

would cover the whole interface, the geometry was moved down into the water phase during particle 

injection to the interface. Using the syringe holder the spreading solution was injected at the interface at 

3 locations. After particles are added to the interface, interfaces were allowed to reach equilibrium 

microstructures over 3 hours and 30 minutes. 

The surface coverage of the particles for every 

experiment varied and was controlled via volume 

of particle solution added and particle 

concentration in the solution. Actual measured 

surface concentrations are shown in Table 1. 

Across a single nominal surface concentration, the 

bidisperse particle systems are generally within 

uncertainty of each other and close to the nominal 

value. Both monodisperse interfaces have slightly 

lower surface concentrations then intended 

typically.  

Interfacial Rheology and Imaging  

A Discovery HR-20 equipped with a double wall ring was used to measure interfacial storage and loss 

moduli using small amplitude oscillatory shear.53  Amplitude sweeps were conducted with strain rates 

from 0.002% to 20% at a frequency of 1 rad/s and the response of the interface was recorded. Interfacial 

measurements can be impacted by bulk flow, checked by the Boussinesq Number 

 𝐵𝑜 =
𝐹𝑜𝑟𝑐𝑒𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝐹𝑜𝑟𝑐𝑒𝑏𝑢𝑙𝑘
=

𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒
∗ 𝛾𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑃𝑖

𝐺𝑏𝑢𝑙𝑘
∗ 𝛾𝑏𝑢𝑙𝑘𝐴𝑠

=
𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒

∗

𝐺𝑏𝑢𝑙𝑘
∗ 𝐻

 (1) 

where 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒
∗  represents the surface complex modulus, 𝐺𝑠𝑢𝑟𝑏𝑢𝑙𝑘𝑓𝑎𝑐𝑒

∗ the bulk complex modulus, γ the 

applied strain, Pi the probe's contact perimeter, As the probes surface area of contact, and H a representative 

length scale derived from Pi/As. Bo values from low to moderate indicate considerable torque due to bulk 

flows and low sensitivity: double wall rings generate high Bo values because Pi/As = 0.7 mm-1. 

Considering the subphase system’s viscosity of 2 mPa*s, Pi/As, and the observed range of surface moduli 

(0.00001 to 0.01 Pa·m), Bo values typically range between approximately 7 and 7000. The reported 

interfacial moduli have been further adjusted to cancel bulk effects, using a correction code provided by 

Dr. Jan Vermant.53 A minimum detectable moduli, 10-5 Pa*m, was calculated based on the rheometer’s 

minimum torque.54 

A custom designed trough was used that enabled both control of the surface concentration via a Langmuir 

trough, and interfacial visualization, which has been outline previously.55 A Mitutoyo Lense M plan Apo 

50X / 0.55 f=200 long distance and a IL-5S camera (Fastec, 1280 × 1024 pixels, 5 μm pixel) at 500 fps 

Table 1: Intended surface concentrations as calculated by 

volume added compared to measured surface concentration 

from actual surfaces. Values are average surface concentration 

across three positions on the interface and uncertainty is the 

standard deviation of those measurements. 
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were used to capture images interfaces. Images of stable microstructures at each interface across three 

locations were taken prior to testing.  

Images were auto adjusted for brightness and contrast, followed by automatic thresholding in ImageJ. 

Black and white thresholded images were used to find fractal dimensions via box-counting and surface 

concentration using ImageJ. Changing automated in brightness, contrast, and thresholding routines and 

values were evaluated and found to not significantly alter fractal dimensions or surface concentrations 

derived.  

Results 

Impact of bidispersity on microstructure  

At the lowest surface concentration, small, isolated clusters of particles were observed for the 

monodisperse amidine system (Figure 1). These clusters qualitatively grew in size and complexity of 

shape with increasing surface concentration. Increasing complexity was measured directly via fractal 

dimension, which for the amidine system increased from 1.36 to 1.73 with increasing surface 

concentration. Pure carboxylate behaved similarly, but shape complexity was not impacted with increasing 

surface concentration. Pure system images had particles out of the focal plane, creating a blurrier effect in 

comparison to the bidisperse systems. This was consistent with the lower surface concentrations measured 

in Table 1.  

As was initially observed in the work of Nallaimilli and coworkers looking at charge bidisperse 

interfaces,41 bidisperse populations of particles increased interface microstructure complexity. 

Qualitatively, this is observed as the more network like structures of the bidisperse interfaces. This is 

Figure 1: Microstructures of Amidine and Carboxylate mixtures at o/w with 0.05M salt concentration in the subphase. Each 

image is annotated with a fractal dimension, Df, which were calculated from images at 3 locations. Average values are 

reported. Across all systems the standard deviation was exceedingly small, average value of .02, which is treated as the 

uncertainty for these measurements. 1280 × 1024, 5 μm pixels, 500 fps and a 50X Mitutoyo lens. Auto brightness/ contrast 

adjustment in ImageJ were done on all images. 
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quantitatively confirmed through examining the fractal dimensions of the interfaces. For all the bidisperse 

systems, the fractal dimensions are larger than the monodisperse and range from 1.79 to 1.85. Changes in 

fractal dimensions did not appear to have any specific trend with the changes in relative concentration of 

amidine/carboxylate particles or surface concentrations. For most systems, the values of fractal 

dimensions for the three tested bidisperse interfaces were nearly identical. The most dramatic difference 

between the monodisperse and bidisperse interfaces in fractal dimension is observed at the lowest surface 

concentration  

In some images, we see small regions of darker particles within rafts/structures particularly in the A100 

50% surface concentration interface. These could be an indication of the formation of small multi-layer 

regions within the larger monolayer.  Alternatively, they are also possibly due to inconsistent lighting 

and/or particle variability. 

Impact of Bidispersity on Interfacial Rheology 

In previous work with bidisperse hydrophobic/hydrophilic interfaces, increase in system elasticity was 

observed as relative concentrations between particles reached equi-fraction and all systems had higher 

moduli when bidisperse in comparison to monodisperse results.51 Charge bidisperse systems also had 

larger moduli than corresponding monodisperse systems across most surface fractions tested at 0.05M 

NaCl.  

The impact of charge bidispersity was least significant at the highest surface concentration evaluated, 

50%. Examining the results, the A100, A70C30, and A50C50 interfaces all had nearly identical storage 

and loss moduli and were dominated by their elastic response (Figure 2). The A30C70 interface had 

slightly lower moduli than all these systems. A30C70 had a measurable modulus that was also dominated 

by elasticity, whereas the pure carboxylate system was below system resolution. Based on Table 1, these 

systems all had surface concentrations within error of each so they can be treated as equivalent.  

For = 38%, both sets of monodisperse interfaces are very weak and nearly below the resolution of the 

rheometers. However, all bidisperse systems provide a measurable interface. In fact, all three bidisperse 

interfaces for this surface concentration exhibit moduli higher than the monodisperse systems. The 

bidisperse A70C30 system is clearly the strongest system with moduli ~ 1.5 orders of magnitude larger 

than A50C50 and A30C70 system. Although the A70C30 system also has the largest surface concentration 

(Table 1), the variations in surface concentrations are less than 10% which  does not create changes in 

moduli as large as observed.32 The A50C50 and A30C70 have similar moduli to each other, but are no 

longer elastic dominated, and the pure systems are essentially below measurement range.  

At 27% surface concentration, all systems are viscous dominated, and moduli are quite small; it is difficult 

to draw any conclusions.  
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Figure 2: (a)  =50%, (b)  =38%, and (c)  =27% storage and loss moduli for AXXCYY subjected to strain rates 

ranging from 0.002% to 20% at 1 rad/s and at a salt concentration of 0.05M. Storage moduli on the left and loss on 

the right. 
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Nature of Dipole 

The force due to the electrostatic dipole can be carried 

through either the polar or non-polar phase of the fluid 

as mentioned previously. This may cause fundamental 

changes to both the strength of the dipole, as well as the 

length scale of the interaction. To determine how the 

electrostatic dipole force behaved in this system, salt 

concentration in the polar DI water/Glycerol subphase 

was altered over several orders of magnitude. Changes 

in salt concentration impact the Debye length in the polar 

phase, and therefore would impact the dipolar force if it 

acts, even only partially through the polar subphase. 

Figure 3 shows how a bidisperse system, A70C30, at the 

o/w interfaces behaves with changing salt concentration. 

As molarity of the salt increases, so does the storage moduli up to the maximum salt concentration of 4M 

NaCl concentration. 4M NaCl represents the uppermost limit of salt solubility in our subphase. The results 

indicate that the electrostatic dipole force is transmitted through the polar phase and the dipole is occurring 

at least partially through particle/polar charge screening.  

Impact of bidispersity on yield stress 

The goal of this work is to implement increased 

stability in emulsions with lower surface coverage than 

typically used. The results show that using bidispersity 

may be a way to achieve this for higher salt, lower 

surface concentration systems. For the 50% surface 

concentration, the monodisperse amidine and the 

amidine majority systems all exhibited similar results 

(Figure 2 and 4), indicating at moderate surface 

concentration bidispersity had less impact.  The 

weakest interface was the A30C70 (Figure 4).  These 

variations appear to be due to bidispersity, given the 

surface concentrations are all equivalent based on 

variability. At these surface concentrations, the 

decrease of hydrophobic attraction by reducing the 

amidine particles appeared to be balanced by the increase electrostatic attraction between carboxylate and 

amidine particles.  

As 38% surface concentration, the bidisperse systems were stiffer than pure systems (Figure 2 and 4), 

particularly the A70C30 system. The A100 system is the lowest surface concentration measured.  A30C70 

is slightly stronger then the A50C50. The reason for this is unclear. As mentioned previously, this was not 

likely due to variations in surface concentrations;32 as can be seen in Figure 4, these systems were all 

relatively close in actual surface concentration when variation is considered. In general, the increased 

Figure 3: Effect of Increasing Salt Molarity in the 

Subphase on the Viscosity of the Interface of the oil 

water interface at  = 27% and A70C30 and strain rate 

of 0.002% to 20%. 

Figure 4: Linear complex moduli, G*, vs. actual surface 

concentration for 0.05 NaCl.  C100 and 27% data not 

shown because it of low values. Error bars represent 

standard deviation. Y error bars in some cases are hidden 

by symbol. Dark symbols are the nominal 50% interfaces 

and gray the nominal 38% interfaces.   
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electrostatic attraction due to carboxylate particles is effective at increasing surface moduli for this surface 

concentration, despite the reduction in hydrophobic interaction.  

At 27% surface concentration, it is difficult to draw any specific conclusions about the role of bidispersity.  

Changing salt concentration, based on Figure 3 and table 2, 

impacted the relative effectiveness of bidispersity, making 

the bidisperse systems stiffer, which seems counterintuitive 

given the reduction in electrostatic attraction. 

Previous work,18 found interfacial yield stress to be the 

means of stabilizing gas bubbles with values of ~10-4 Pa M 

needed. It is unclear if such values are sufficient for 

emulsions. Interfacial yield stresses of studied systems 

were estimated by the yield strain multiplied by the linear 

storage modulus and are shown in Table 2 and 3.  For those 

systems with measurable moduli, Table 3 shows that moduli reach the benchmark value for all 50% 

interfaces except the pure carboxylate. Interestingly, despite the moduli being similar, the yield stress of 

the bidisperse interfaces were larger than the pure amidine, suggesting that the interfaces although similar 

in overall strength have varying behavior in yield. Changes in this value indicate the impact of 

microstructure.35  As salt increases, the benchmark yield stress value is also reached (Table 2).The results 

of this work indicate that the enhancement of interfacial moduli through bidispersity is possible and may 

be able to yield sufficient moduli/yield stress for stabilization. 

Modeling composition specific interfacial viscoelasticity 

Examining the charge bidiperse systems at o/w interfaces in this work, differences with the previous work 

are immediately noticeable. Charge bidisperse interfaces were more networked/complex compared to 

monodisperse systems, consistent with previous work on bidisperse charged systems41 and mixed 

wettability systems.51 However, the increased complexity did not depend on the overall surface 

concentration and/or the relative surface fraction of the particles like the previous studies.  Negatively 

charged particles of bidisperse wettability at a/w interfaces exhibit increased interfacial moduli as relative 

particle fractions reach 50/50 at all surface concentrations.51 Charge bidisperse systems exhibit increased 

moduli inconsistently at o/w interface: bidispersity had an essentially neutral impact for 50% surfaces in 

terms of moduli magnitude. Furthermore, they reached maximum moduli at a 70/30 split of particles.  

Table 2: Yield stress of A70C30 interfaces at an  

oil water interface with the presence of different 

NaCl concentrations in the subphase. Units in 

Pa*m 

Table 3: Yield stress of different systems at the oil water interface with the presence of 0.05M 

NaCl in the subphase. Units in Pa*m. 
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Observed enhancement of moduli and changes in microstructure due to bidispersity clearly depends on 

system specific composition parameters, including overall surface concentration, relative surface 

concentration, type of bidispersity, and subphase composition. To implement bidisperse systems 

intelligently, the impact on interfacial moduli must be predictable. Previously, it was hypothesized that the 

increased interfacial moduli with  bidisperse particle systems was due in part to increasing 

complexity/network microstructure.51 In that work, changes in elasticity correspond to increased 

microstructure complexity as observed by fractal dimension. However, elasticity increases also 

correspond with a relative force asymmetry metric. Neither microstructure nor force asymmetry could 

fully capture the observed moduli increase.  

Both microstructure and moduli depend on the interparticle forces; the differences between previous work 

and current work therefore must be due to changes in the underlying system composition impacting those 

forces. To model the impact of bidispersity and predict at what relative particle fraction maximum moduli 

occur, the net force in the system is considered, which is based on examinations of moduli variation in 

monodisperse systems.35 The overall force on a system, Fnet, can be estimated based on the average force 

per particle, 〈𝐹〉, and the total number of particles, 

 𝐹𝑛𝑒𝑡 =
𝐴𝑖Γ

𝜋𝑟2
〈𝐹〉 (2) 

where Ai is the interfacial area, the area of the particle is assumed to be equivalent to its largest cross 

section, and are particles are assumed to be the same nominal radius. The average force per particle can 

be estimated by the probability of interactions between various particles,  

 〈𝐹〉 = 𝑃𝑎𝑎𝐹𝑎𝑎 + 𝑃𝑎𝑏𝐹𝑎𝑏 + 𝑃𝑏𝑏𝐹𝑏𝑏 (3) 

 𝑃𝑎𝑎 = %𝑎%𝑎;  𝑃𝑏𝑏 = %𝑏%𝑏; 𝑃𝑎𝑏 = 2%𝑎%𝑏 (4) 

 〈𝐹〉 = %𝑎
2(𝐹𝑎𝑎 + 𝐹𝑏𝑏 − 2𝐹𝑎𝑏) + 2%𝑎(𝐹𝑎𝑏 − 𝐹𝑏𝑏) + 𝐹𝑏𝑏 (5) 

where Piy is the probability of interaction between any two particles, and % is the relative percentage of 

each particle on the interface. The percentage of one type of particle where the maximum moduli occur 

should correspond to the maximum of the <F>, 

  
𝑑〈𝐹〉

𝑑%𝑎
= 0 → %𝑎,𝑀𝑎𝑥 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 =  

𝐹𝑏𝑏−𝐹𝑎𝑏

𝐹𝑎𝑎+𝐹𝑏𝑏−2𝐹𝑎𝑏
 (6) 

Using equation (6), it should be possible to find a system specific relative surface fraction that creates the 

strongest interface; however, it does require that the interparticle interactions are known or calculable. 

This is not altogether trivial. As previously mentioned, there are two primary forces to act on all particles, 

plus hydrophobic attraction.  

To calculate the net force and/or its maximum requires calculation of the forces between the particles, F.  

As mentioned previously, there are several interactions that can be considered. 

The magnitude of the capillary attraction between particles is based primarily on particle radius, contact 

line undulation magnitude, and the capillary multipole type. Assuming a capillary quadrupole, the in-line 

force takes the form,24  
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 𝐹𝑐𝑎𝑝 = −48𝜋𝛾ℎ𝑖ℎ𝑗 cos 2(𝜑𝑖 − 𝜑𝑗)
(𝑟𝑖𝑟)2

𝐿𝑖𝑗
5  (7) 

where γ is surface tension, h is the magnitude of contact line undulation,  is the quadrupole angle, L is 

the center-to-center distance between the particles, and r is the particle radius. Although this cannot be 

assumed for all systems, for this work it is reasonable to assume that all particles have the same undulation 

magnitude and size given the similar synthesis and composition. Therefore, the magnitude of the capillary 

forces for aligned quadrupoles will be the same between a and b, a and a, and b and b particles. This 

results in capillary forces having no impact on equation (6) and but does impact equation (5).   

Given the results of examining salt concentration, each particle is modeled as having electrostatic dipole 

forces due to the electric field created by the charges at the particle/polar phase interface, which can be 

modeled as,22 

 𝐹𝑒𝑙 =
3𝜀𝑛

2𝜋𝜀0𝜀𝑤
2

𝑝𝑎𝑝𝑏

𝐿4
 (𝐿 ≫ 𝑟)  (8) 

Where p represents the dipole magnitude of an individual particle, L is the separation between the particles, 

and n is the dielectric constant of the non-polar phase, 𝜀𝑤 is the dielectric constant of water, and 𝜀𝑜 is 

permittivity of free space. The dipoles are then,  

 𝑝 =
𝑞

𝜅
 (9) 

where  − is the Debye length of the particle and q is equivalent point charge at the waters interface, 

which is, 

 𝑞 = 𝜎𝑐 ∗ 2𝜋𝑅2(1 + cos 𝜃) (9) 

where c is the colloidal surface charge density and  is the contact angle of the particle.20 

The Debye length of each was calculated from ionic concentration.56 contact angles for both amidine 

(100°)41 and carboxylate (70°)57 were found in literature.  The average separation between particles is not 

known, but given many particles are in close contact L=2r, is assumed for all calculations. For the purposes 

of modeling, h is assumed to be on the order of 10nm24 and the particles were assumed to be in perfect 

alignment. 

The charge density  used in equation (9) is difficult to know apriori, since the actual charge will be changed 

by the solvent qualities (salt and ph)58 and the degree of disassociation and manufacture.59  There are some 

theoretical models for the surface charge at the interface,20 and they can be measured via fitting of those 

models to surface pressure isotherms.60-61 A thorough study on carboxylate particles in solution found 

surface charges on the order of -1 c/cm2 to -20  c/cm2 for salt concentrations ranging from 1 mM to 

1000mM at a range of ph’s. For latex particles of unknown surface functionalization, surface charges at 

an octane/water interface where found to be anywhere from 1%61 ~  35%62 of the manufacturer value. 

Given the wide potential range of values and potential difference between materials, the surface charge 

provided by the manufacture or measured was used in models to be consistent; impacts of changes to 

surface charge will be discussed below.  
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Van der wals forces, which should be attractive between like particles and may be attractive or repulsive 

between dissimilar particles, could also be considered due to the close packed nature of the particles.  

Fundamentally, this force is mediated by the interface, and in the most simplistic take, an effective 

Hamaker constant which is based on area fraction of the particle in each phase can be used to calculate 

this force.63-65 When particles are at close range on interfaces, it has been found that the this force scales 

with 1/L,64-65 which when used to estimate with typical Hamaker constants was found to be several orders 

of magnitude less than both capillary and dipole forces.  Furthermore, in a variety of studies, capillary 

attraction has been found to be the dominant attractive mechanism experimentally,35 in simulations,38-39 

and when used to theoretical predict interfacial elasticity.23 

Finally, the hydrophobic attraction will only exist in between hydrophobic particles. Unfortunately, there 

is no convenient theoretical form for this force. It could be used as a free fitting parameter. However, using 

data from Figure 3, the value can be estimated by assuming systems with similar Fnet should create similar 

moduli. Using equation (2) and equating 𝐹𝑛𝑒𝑡,1 = 𝐹𝑛𝑒𝑡,2, 

 𝐹𝐻 =
〈𝐹〉2−𝐹ℎ

−
Γ1
Γ2

〈𝐹〉1−𝐹ℎ

Γ1
Γ2

%𝑎,1
2 −%𝑎,2

2
 (10) 

assuming particle a is the hydrophobic particle. 

This is only an estimate of the hydrophobic force, and it makes several assumptions about the nature of 

the force:  it is unaffected by total number of particles on the interface and the relative ratio of particles. 

From Figure 2, several systems with similar moduli in the linear regime are observed which could be used 

to calculate a value of  𝐹𝐻:  =  A100C0, A70C30, A50C50 and = A70C30. Using the 50% 

systems,  𝐹𝐻 is calculated to have a value of          

-5.2±0.4 x10-12 N, which is similar in value to 

the forces calculated for Fel. If the lower surface 

concentration system is used to calculate, a 

larger value results, indicating that the 

assumptions mentioned above regarding the 

constancy of the hydrophobic force are not 

entirely valid.  

Using the calculated value, 𝐹𝑛𝑒𝑡 is plotted as a 

function of relative surface fraction of amidine 

for the amidine/carboxylate systems in Figure 4. 

Without the hydrophobic force, the minimum 

curve occurs at 36%, but with the hydrophobic 

force, the relative prediction for the maximum is 

moved to a relative fraction of amidine of 85%.  

This seems to correspond well with the value for 

the 50%. Furthermore, based on Figure 5, for the 

50% interface the equivalence between the 

A100, A70C30, and A50C50 in Figures 2 is 

Figure 5: Fnet as predicted by equation (5) for 

Amidine/Carboxylate interfaces. Fnet is presented non-

dimensionally by the maximum net dipolar force from that 

curve.  
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reasonable.  Furthermore, the A30C70 and C100 having the weakest interface is predicted. The model 

does seem to accurately match the interface as measured. 

The 38% interface matches the predicted maximum in Figure 5.  It exhibits A100 and A50C50, as having 

similar moduli (Figure ?) which is consistent with Figure 5. However, A30C70 is seen to be stronger than 

those 2 interfaces, which is not consistent with prediction.  These errors may be due to changes in the 

surface concentration 

In general, modulus increase with bidispersity relies on changes to the Net force, and the attractive force 

asymmetry sets the relative fraction where max moduli occur.  

It should be possible to predict relative surface fraction with maximum moduli using Equation (6) if details 

of the system composition are known and the forces can be modeled/estimated as above. Using the same 

hydrophobic amidine particles and sulfate particles (contact angle 70°)57 the net force as a function relative 

amidine fraction is shown in Figure 5 for a 50% surface concentration system.  

The predicted point of maximum moduli is an amidine fraction of 100% (Figure 6, left). Both amidine 

compositions should have measurable moduli with increasing strength towards increasing amidine 

concentration. Pure sulfate should be a very weak interface based on these predictions. The experiment 

corresponds well to the predictions. The pure system has larger moduli than the bidisperse, as before. But 

the A70S30 has a large modulus and the A30S70 has measurable but much weaker. 

  

Model accuracy and utility 

The net force modeled appears to capture the general trends of bidispersity of charge well for the location 

of the interface with maximum modulus.  It cannot predict changes in relative elasticity, which have been 

observed for hydrophobic/hydrophilic bidisperse systems.51  These would appear to be impacted by 

Figure 6: (Left) Fnet as predicted by equation (5) to find the amidine fraction which should correspond to maximum 

modulus. (Right) Experimental measured Moduli for Amidine/Sulfate systems. 0.05 M NaCl 50% surface 

concentration. 
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microstructure and the nature of the forces themselves. However, given the general nature of the model, 

it can theoretically predict the behavior of other systems and/or be used to decouple the effects of 

wettability and charge on interfaces. However, there are several caveats in its application and use that must 

be addressed. 

As described above, the model used manufacturer surface charges, which are a high estimate.  Reducing 

those charges by considering the actual surface charge in water would change the predictions.  In fact, 

reducing the charge of the negative particle further pushes maximum towards greater amidine fraction, as 

can be seen for the sulfate system which has lower surface charge than the carboxylate based on 

manufacturer specifications.  Assuming some differential charge disassociation based on particle type, a 

change to the location of the maximum modulus is expected, which might better correlate to experimental 

results. 

Lowering surface charges of both particles to values more than an order of magnitude lower than the ones 

used, as might be predicted by dissociation, decreases the dipole force, increasing the impact of the 

capillary/hydrophobic forces.  When these systems are modeled, a parabolic curve with the minimum 

beyond 1 is predicted, indicating that the maximum modulus resides at the hydrophobic particle fraction 

being 100%.  A similar result can be implemented by artificially increasing the hydrophobic force.  

Based on the results shown in Figure 2 and 4, the surface charges and hydrophobic force calculation 

somewhat accurately represent the 50% and 38% surface concentration data.  Issues in individual 

predictions compared to data, may be due to variation in surface concentration. Alternatively, the 

dominance of the pure amidine in the 50% surface concentration system may be due to the surface charge 

used in the prediction or the hydrophobic force being wrong.  It is impossible to know which of these is 

occurring, since hydrophobic force is calculated using the dipole force which relies on surface charge. The 

very small value of the moduli for the pure amidine system in the 38% surface concentration may be due 

to overprediction of the hydrophobic force, since it the 50% surface concentration interfaces were used to 

find this value or changes in the surface charge as well. Again, it is impossible to know which of these is 

occurring, since hydrophobic force is calculated using the dipole force which relies on surface charge. 

The relative balance of the various forces is paramount to the model’s success. Correct estimation of forces 

is needed to accurately use the proposed model and expand it to other systems, and accurate calibration of 

the hydrophobic force constant is essential. Given this, accurate application of the model to other systems 

requires a reasonable estimate of the hydrophobic force which may only be possible via experimentation. 

Conclusion 

Results from this work show that interfacial moduli can be increased via bidispersity consistent with the 

initial hypothesis. Specifically, it was found that interfacial moduli could be increased by 1 order of 

magnitude and yield stresses could be created at surface concentrations below 50% when using bidisperse 

interfaces compared to monodisperse interfaces. These improvements may enable emulsion 

stabilization.18 Microstructural analysis shows that mixed systems form more complicated, networked 

structures compared to pure systems, which is consistent with previous work examining microstructure of 

bidisperse particle systems at o/w interfaces.41, 51 This structural complexity is linked to changes in 

trends/behavior of the viscoelastic moduli and the moduli magnitude to increases in overall attraction 
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between particles on the interface,  which is consistent with observations of higher surface concentration 

systems.32, 37  

The system with maximum moduli is not tied to 50/50 relative fraction of particles, but at the system 

composition that maximizes overall attraction between particles on the interface. The surface 

concentration where moduli are maximum can be predicted by evaluating the net force in the system using 

the model proposed in this work, which corresponded well with experimental observations.  This model 

only has a single fitting parameter, which in some instances can be calculated/calibrated via experiments. 

This new model improves upon the previous attempts to collapse data,51 and importantly shows that 

moduli are increased by increasing overall magnitude of attractive forces between particles.  In this work, 

this was done via bidisperse changes to system composition increasing electrostatic interactions; however, 

the model suggests that any system composition changes that increase overall attraction would create 

similar effects.  Therefore, the model has the potential impact to predict a range of other bidisperse 

conditions (such as wettability, size, shape…). 

Our findings improve the understanding of system composition impacts interparticle forces and how those 

influence the viscoelastic properties of particles at oil/water interfaces. Using the model, changes to system 

composition should be able to predictably engineer stronger o/w interfaces under appropriate system 

compositions when a full cataloging of the forces acting between particles is made. Using the results, 

future studies of more complicated systems where changes in forces are made through both particle 

composition and also sub/supra phase composition will be undertaken to explore if similar adjustments to 

interfacial yield stress can be created in a predictable way. 
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