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Abstract

:

The behavior of colloidal particles near fluid interfaces has attracted significant scientific interest, as particles minimize the contact area between the two fluid phases, stabilizing interfacial systems. This study explores the influence of surface roughness on the properties of particle monolayers at the air–water interface, focusing on colloidal silica particles and fumed silica particles of similar hydrodynamic diameter. This research involves comparing low-surface-area (LSA) and medium-surface-area (MSA) fumed silica particles with spherical colloidal silica particles (250 nm in diameter). Utilizing a Langmuir trough, the interfacial particle networks are compressed and expanded. Analysis of surface pressure isotherms reveals that fumed silica particle monolayers form networks at a lower particle surface coverage compared to spherical particles. The spherical particle monolayer exhibits a higher apparent surface elasticity, indicating greater resistance to the applied compression compared to fumed silica networks. Additionally, monolayers formed by fumed silica particles display hysteresis even after successive compressions and expansions due to irreversible particle interlocking and the formation of multilayered aggregates. These findings provide insights into the impact of surface roughness on the behavior of particle monolayers at fluid interfaces, offering valuable information for designing and optimizing mechanisms involved in emulsion and foam stabilization.
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1. Introduction


Studying the behavior of colloidal particles near fluid interfaces has been a subject of great interest among scientists since the initial discovery that the binding of particles to the surface of droplets and bubbles can be used in the stabilization of emulsions and foams [1,2]. Particles can stabilize fluid interfaces by removing the energetically costly contact area between the two fluid phases [3]. For a spherical particle straddling a fluid–fluid interface, the energy input required for particle desorption can be calculated as follows:


    ∆ E   d   = π   R   2   γ     1 ±   cos  ⁡    θ   E         2    



(1)




where   R   is the particle radius,     θ   E     is the equilibrium contact angle of the particle at the interface, and   γ   is the surface (or interfacial) tension between the fluids. For instance, calculating the energy required to desorb a particle of 250 nm diameter straddling the air–water surface at 90° results in     ∆ E   d   ~  105    k   B   T  , where     k   B   T   is the thermal energy (    k   B     is the Boltzmann constant and T is the absolute temperature). Such high energy associated with the desorption of the particles can lead to their irreversible binding to the fluid interface and can be utilized in the design of ultrastable Pickering emulsions and foams [4,5,6,7,8,9,10,11,12].



In addition to parameters such as particle size and surface chemistry that can be used to enhance their binding energy to fluid interfaces [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28], particle geometry can also be exploited as another design parameter in tuning the stability of Pickering emulsions and foams [29,30,31,32,33,34,35]. Examples of anisotropic particle shapes, the performance of which has been studied at fluid interfaces, are ellipsoids [36], nanotubes [34], and fractal-like particles (e.g., fumed silica) [37,38]. Such systems of non-spherical particles are usually dominated by capillary interactions due to the irregular shape of the contact line surrounding the particle surface [39]. These interactions have been shown to be attractive at large interparticle separations [40,41]. Nevertheless, as the interparticle distance becomes smaller, if the direction of surface deformations generated by the contact line pinning around the two approaching particles is not matched, the near field capillary interaction becomes repulsive, as shown by Stebe et al. for microparticle rafts at fluid interfaces [42]. However, not much is known about the impact of surface roughness on the response of the particle monolayer to stresses applied at the interface. Particle-stabilized surfaces are often subjected to different types of stresses; thus, it is important to understand the effects of such roughness on the particle surface in the overall self-assembly and on the dynamics of the resulting monolayer.



Multiphase systems such as foams and emulsions may experience interfacial compressions caused by processes such as Ostwald ripening. Upon extreme compressions, particle-laden interfaces undergo a phenomenon known as collapse, which is defined as the yielding of the particle network upon compression and has been previously associated with the stability of interfacial systems. The mode of collapse upon compression has been studied for particle populated interfaces [43,44,45,46,47]. Horozov et al. found that fumed silica particles have a similar collapse mode to spherical particles at an oil–water interface [47]. However, in contrast to spherical particles, the authors found that fumed silica particles form wrinkles at the inflection point rather than at the collapse point. Finally, they found that regardless of the hydrophobicity, all fumed silica particles possessed similar short wavelengths when collapsed. In contrast, the wettability of spherical silica particles was found to be a governing factor for the collapse mode of the particle monolayer upon compression [43]. While hydrophilic silica particles experienced particle expulsion from the interface as the available area was decreased, hydrophobic particles generated a solid-like network, which collapsed through reversible wrinkle and fold formation. Moreover, it was found that by increasing the ionic strength of the subphase, the expulsion of hydrophilic particles to the bulk was arrested and multilayer creation took place, indicating that particle interactions through the bulk phase also influence the mode of collapse. Additionally, the impact of particle shape anisotropy under extreme compressions has been investigated [48]. It was shown that for ellipsoids of different aspect ratios, a percolation threshold existed under applied compressions, where higher aspect ratios yielded smaller percolation thresholds. Upon further compression, monolayer jamming occurred, locking the particles in their position. After the jamming point, sustained compression resulted in local collapse by ellipsoids, by means of flipping, to accommodate more deformation followed by desorption of the flipped particles from the interface. At later stages of compression, the monolayer exhibited buckling as a whole.



In this work, we have investigated the consequences of surface roughness for the interparticle interactions at the air–water interface and the stability of the resulting particle network under applied stresses. We studied the intrinsic differences between the properties of the resulting interfacial networks formed by spherical particles (250 nm of diameter) compared to monolayers formed by fumed silica particles of a similar hydrodynamic diameter. In order to systematically investigate the impact of particle texture, two types of fumed silica particles were used in these studies, i.e., a low specific surface area (LSA) and a medium specific surface area (MSA). Finally, we examined the surface pressure isotherms obtained from successive compressions and expansions of the monolayers and studied the hysteresis associated with each particle system.




2. Materials and Methods


2.1. Silica Particles


Hydrophilic colloidal silica particles (Fiber Optic Center, New Bedford, MA, USA, nominal diameter of D = 250 nm, calculated specific surface area of 10.5 m2g−1) were hydrophobically modified with Dimethyldichlorosilane (DMDCS, Sigma Aldrich, St. Louis, MO, USA). The modification was performed following a silanization procedure as follows [49]. Briefly, 1 g of the spherical particles was oven dried at 60 °C overnight and dispersed in 10 mL of cyclohexane (Fischer Scientific, Waltham, MA, USA). Next, DMDCS was added (0.1 M) and the dispersion was sonicated in an ultrasonic bath (Fisherbrand™ 11203 Series Advanced Ultrasonic, Waltham, MA, USA) for 30 min. The resulting dispersion was then centrifuged (Legend X1R, Thermo Scientific, Waltham, MA, USA) at 7000 rpm for 5 min and the supernatant was removed via a vacuum line. An additional 10 mL of cyclohexane was added, and the dispersion was sonicated again for 30 min followed by centrifugation and supernatant removal. This process was repeated twice with chloroform and anhydrous ethanol (both purchased from Fischer Scientific), followed by drying the particles in a vacuum desiccator. Hydrophobic fumed (low bulk density) silica particles of low surface area, LSA (CAB-O-SIL® TS610, 125 ± 20 m2g−1), and medium surface area, MSA (CAB-O-SIL® TS622, 195 ± 20 m2g−1), from Cabot Corporation were used as received. All glassware used in this study was base cleaned by a 1 wt% potassium hydroxide solution (KOH, Fischer Scientific) in isopropyl alcohol (Fisher Scientific) overnight before its use. Deionized (DI) water (18.2 MΩ.cm) used throughout the study was generated via Milli-Q® IQ 7000 Ultrapure Lab Water System (Millipore Sigma, Burlington, MA, USA).




2.2. Contact Angle Measurements


Particle-coated slides were prepared by depositing monolayers on the glass substrate via a convective assembly technique [50], which consists of dispersing the particles (either spherical or fumed particles) in ethanol and spreading the dispersion over a glass slide using a syringe pump. Dispersions of 30 wt%, 5 wt%, and 3 wt% were used for the spherical, LSA, and MSA particles, respectively. To perform contact angle measurements, DI water droplets (5 µL) were deposited on the particle monolayer and the resulting droplet contact angle was measured using a tensiometer (Attension Theta, Biolin Scientific, Linthicum Heights, MD, USA) by fitting the drop shape profile.




2.3. Scanning Electron Microscopy


For scanning electron microscopy (SEM, Thermo Quattro S field-emission, Waltham, MA, USA), a drop of particle dispersion at 0.005 wt% was added to a silicon wafer substrate and allowed to evaporate overnight. The resulting wafer was subjected to a sputter coating of iridium (~5 nm) to reduce the charging effects and imaged with SEM under a voltage of 5 kV.




2.4. Dynamic Light Scattering and Zeta Potential Measurements


A 5 mL aqueous particle dispersion was prepared by diluting particles to 0.005 wt.% through the addition of 100 µL of ethanol to 0.25 mg of particles contained in a 20 mL vial. The mixture was stirred, and subsequently 5 mL of DI water was added. The solution underwent sonication for 30 min to achieve complete particle dispersion, ensuring the absence of visible aggregates. Following sonication, the sample was allowed to stand for 1.5 h to facilitate ethanol evaporation. The resulting dispersion was then loaded into a 4.5 mL cuvette and analyzed using a NanoBrook Omni Dynamic Light Scattering instrument (DLS, Brookhaven Instruments, Holtsville, NY, USA) to determine both the hydrodynamic radius and the zeta potential of the particles.




2.5. Langmuir Trough Measurements


A custom-designed Langmuir trough (Nanoscience instruments, Phoenix, AZ, USA) equipped with a microscopy window was integrated with an inverted optical microscope (Olympus IX73 Research Inverted Microscope equipped with Olympus U-LH100-3 12 V 100 W Halogen Lamphouse, Tokyo, Japan) to investigate the response and accompanying microstructural changes in interfacially bound particles to the compression and expansion of the air–water interface carried out by Teflon barriers. The total surface area (  A  ) at open- and closed-barrier states was 180 cm2 and 25 cm2, respectively. A platinum Wilhelmy plate, oriented parallel to the barriers and attached to a pressure sensor, was utilized to measure the apparent surface pressure (  Π  )—defined as the difference between the air–water surface tension (    σ   a w    ) and the effective surface tension in the presence of particles (    σ   e f f    )—in response to the applied compressions. It should be noted that in the case of complex interfaces, the surface pressure reading results from the combined contributions of thermodynamic (isotropic) and mechanical (anisotropic) responses of the interface to the imposed compression. In order to deconvolute the thermodynamic and mechanical contributions, one may measure the apparent surface pressure with an additional Wilhelmy plate perpendicular to the compression barriers, examine the response of the network as the surface concentration of deposited particles is varied, or measure the characteristic relaxation time of the monolayer [51,52,53]. Moreover, one way of minimizing shear stress contributions is to use a radial trough [53]. Before the addition of particles, the surface area between the barriers was reduced while the apparent surface pressure was monitored. If the apparent surface pressure remained below 0.3 mN/m, we would consider the surface to be clean and the experiment would proceed. The particle dispersion was then deposited at the air–water interface in a dropwise fashion using a 50 μL syringe (Hamilton, Reno, NV, USA), which then spread via the action of Marangoni flows. Ethanol (Fischer Scientific) was used as the spreading solvent. Different amounts of particles were deposited at the interface to achieve a similar range of apparent surface pressures, between the open- and closed-barrier states, across all samples. For spherical silica particles, a total of 2.5 mg of particles was added to the surface, whereas for the case of fumed silica particles, the amount deposited was reduced to 0.5 mg. This adjustment was made due to the fact that the fumed silica samples have a lower bulk density than the spherical silica particles due to their porosity [54]. The particle concentration in the dispersions used in these experiments was 7.5 mg/mL for fumed silica particles and 37.5 mg/mL for spherical particles so that the same amount of ethanol was added to the surface. Evaporation was allowed to take place for 30 min prior to the compression of the interface at a rate of 15 cm2/min. The mode of collapse was determined by extreme compressions of the particle monolayer at the interface, while the resulting microstructural changes were imaged via the inverted optical microscope. From the measured apparent surface pressure isotherms, the apparent isothermal compressional modulus of the interface, defined as     κ   0   s   = −       ∂ Π   ∂ l n A       T    , was calculated [55].




2.6. Interparticle Interactions


To estimate the overall interparticle interactions experienced by the particles within the network, and the resulting apparent surface pressures, a surface equation of state was used to interpret the surface pressure isotherms [56]. It is important to note that this analysis assumes that all the contributions to the apparent surface pressure are of a thermodynamic nature and disregards the contributions from the mechanical properties of the network. As shown by Fainerman et al., the surface pressure of a particle monolayer can be related to the particle surface coverage and interparticle interaction parameter via the following equation:


  −   Π   ω   0     k T   =   ln  ⁡    1 − θ     + θ   1 −     ω   0     ω     + a   θ   2    



(2)




where     ω   0     is the molecular area of the solvent,   ω   is the fluid–fluid interfacial area occupied per particle, and   θ   is the total surface coverage of the particles at the fluid interface. Therefore, using the information on the total area occupied by the particles at any time, and the corresponding surface area of the trough, one can calculate   θ  . We estimated the total area occupied by particles assuming the surface coverage at the inflection point (    θ   I P    ) of the isotherm as a fitting parameter. The inflection point of the isotherm corresponds to the point at which the monolayer has reached the maximum coverage that can be achieved in two dimensions; any further compression beyond this point will cause the monolayer to collapse. The Frumkin interaction parameter (  a  ) captures the nonideality of interactions (i.e., positive for attractive and negative for repulsive interactions), and is related to the enthalpic contribution to the interactions [56]. We assumed that the       ω   0     ω     ratio goes to 0 since   ω ≫   ω   0    , and used both   a   and     θ   I P     as fitting parameters to estimate the limiting surface coverage and interaction parameter that best represents the apparent surface pressure data obtained for the studied monolayers. From the maximum surface coverage (i.e.,     θ   I P    ) that best fits the experimental data, the area occupied by the particles at the inflection point of the isotherm can be estimated. From the total interfacial area occupied by the particles, we can calculate the number of spherical particles trapped at the interface. Next, the binding efficacy of the spherical particles can be estimated by dividing the total number of particles trapped at the interface by the total number of particles deposited at the interface from the spreading solution (calculated based on the added mass of particles to the interface, their size and density). Due to the complexity associated with the fumed silica particles, such an analysis is not possible to be performed on their respective monolayers.




2.7. Hysteresis Analysis


For a quantitative hysteresis analysis associated with each particle system, the difference between the areas under the compression and expansion curves was evaluated (  ⎎  ). This can be understood as calculating the work that is “dissipated” from the system after the completion of the cycle. In addition, since the monolayer might lose some particles after the first cycle, which could reduce the particle surface coverage below the amount required for reaching the collapse point on the subsequent cycles, we define a normalized hysteresis parameter (    ⎎  ¯   ), by dividing   ⎎   by the product between the total apparent surface pressure (  ∆ Π  ) and the total area variation (  ∆ A =   A   m a x   −   A   m i n    ), as follows:


    ⎎  ¯  =   ⎎   ∆ Π ∆ A   =         ∫    A   o p e n       A   c l o s e      Π   d A     C o m p r e s s i o n   −       ∫    A   o p e n       A   c l o s e      Π   d A     E x p a n s i o n     ∆ Π ∆ A    



(3)









3. Results


3.1. Surface Characterization of Particles


As a means of characterizing the wettability of the particle systems under study, the contact angle of water droplets on a deposited monolayer of particles was measured, the results of which are provided in Figure 1. All particles used in this study exhibit a hydrophobic character, which originates from the replacement of the silanol groups on the surface of silica particles with silane. Since the contact angle measurements were carried out on a particle-coated slide, the roughness associated with the particle monolayer enhances the measured wettability of the surface as expected [57]. Since the surface is far from smooth, the measured contact angle (    θ   C B    ) can be represented by the Cassie–Baxter equation (    cos  ⁡    θ   C B     =   σ   s o l i d     cos  ⁡    θ   s o l i d     −   σ   a i r    , where   σ   is the relative surface fraction of either solid or air in percent), which considers the air that is trapped between the particle surface and the drop and how it enhances the hydrophobic character of the surface, changing the actual contact angle of the solid surface (    θ   s o l i d    ) [57]. This effect is expected to be more prominent on surfaces with higher roughness, which is the observed trend in Figure 1; as the specific surface area increases from spherical to LSA and MSA particles, the measured contact angle also increases.



SEM pictures of the particles used in this study are shown in Figure 2. The spherical particles are highly monodispersed with a diameter of 283 ± 30 nm, whereas the fumed silica particles are made from smaller nanoparticles (~20 nm) that are fused together, forming a fractal-like structure. Figure 2b,c shows a magnified image of the fumed particles in which the individual entities that form the particles and the larger aggregates are visible. Since a size estimation cannot be achieved for fumed silica particles based on the SEM images, we investigated their hydrodynamic size via DLS measurements (see Table 1). From this perspective, it is possible to note that even though remarkably different in their surface area and roughness, when dispersed in water, spherical and fumed silica particles used in this study possess a similar hydrodynamic diameter (in the range of 190–320 nm). Additionally, all particle systems exhibit a zeta potential of comparable magnitude and thus their electrostatic interactions at the interface are assumed to be comparable.




3.2. Monolayer Formation and Response to Compression


The surface pressure isotherms for the three particle systems are shown in Figure 3a. The reason for the different amounts of deposited particles at the interface is to capture and compare the entire phase space upon compression, from a gaseous state where the apparent surface pressure is negligible up to the collapse of the monolayer upon compression and beyond, as indicated by the kink present in all the curves at high apparent surface pressures. Figure 3b depicts the same isotherms normalized with their area at the inflection point. The inflection point can be associated with the maximum surface packing of the monolayer prior to collapse. In Figure 3c, the corresponding isothermal compressibility modulus (    κ   0   s    ) is plotted with the normalized area.



It is worth noting that despite depositing the same mass of particles for both fumed silica particles, the MSA sample exhibited an apparent surface pressure that was higher than LSA at similar trough areas. This indicates that either the amount of MSA particles trapped was higher or that they were able to form a network at a lower surface coverage (i.e., at a larger trough area). It is possible to determine the percentage of trapped particles for the spherical sample, since its cross-sectional area is known (Table 2), as described in the methods section. However, this is not a trivial task for the case of fumed silica particles due to their irregular shape. From the perspective of the normalized isotherms (Figure 3b), it is possible to state that there is indeed a network formation for both fumed silica particles occurring at less compressed, more open area states when compared to the spherical sample. However, both LSA and MSA curves overlap throughout the normalized area span, which indicates that the generated monolayers have similar structural properties. This is further shown in Figure 3c. From this analysis, it can be deduced that MSA particles have indeed a better trapping efficiency than LSA particles. This might be due to the fact that MSA particles are more porous than LSA particles, which decreases their overall bulk density [58]. It can be observed that the spherical particles reach a higher     κ   0   s     than both fumed silica particles, indicative of a network that exhibits a higher resistance to compression (Table 2). This behavior can be explained by the fact that the fumed silica particles are inherently porous, thus allowing for particle interpenetration and flexing of the network (see the Supplementary Video S1 on MSA compression).




3.3. Thermodynamic Model Fit to the Measured Surface Pressure Isotherms


As depicted in Figure 3a, as the monolayer is compressed, the particles populating the interface are pushed closer together, which forces them to interact at closer ranges. These interactions give rise to the apparent surface pressure rise recorded by the Wilhelmy plate. For colloidal particles straddling fluid interfaces, both attractive and repulsive interactions may be experienced, depending on a number of factors, such as particle characteristics and fluid properties. An earlier study on interfacially trapped hydrophobically modified spherical particles (250 nm) revealed that the predominant interaction influencing the network formation is the capillary interaction arising from the non-uniform pinning of the three-phase contact line [59]. These interactions are usually more prominent as we move away from isotropic particles towards systems containing chemically anisotropic particles (i.e., Janus or patchy particles) [40,60,61,62,63,64], or shape anisotropic particles [65], as well as the rough silica particles used in this study.



By utilizing an equation of state, one can estimate some physical parameters of relevance for the particle monolayers. Figure 4 depicts the best fit results to the experimentally obtained apparent surface pressure isotherms that were generated via Equation (2) as a function of the particle surface coverage (  θ  ) with the resulting best fit parameters provided in Table 2. For the case of spherical particles (Figure 4a), there is a good agreement between the fit to the model and the experimental isotherm, indicating that the model can adequately represent the physics of the system in this case. Since the model in Equation (2) is based on an equation of state that depends on thermodynamic state variables (e.g.,   T   and   θ  ), from the good agreement between the model and the experimental data, it can be further deduced that the observed surface stress response is dominated by thermodynamic contributions, as opposed to rheological properties, in the case of spherical particles. In contrast, the equation of state lacks the important features to capture the behavior exhibited by monolayers of fumed silica particles, especially at high surface coverages. Therefore, the measured surface stress is not only due to the thermodynamic state of the monolayer but also encompasses the rheological properties of the network [51]. As such, a constitutive model and proper material functions are needed to accurately describe the obtained response in case of a network formed by fumed silica particles. As the particle clusters are brought closer upon compression, the undulated contact lines pinned around the particle rafts begin to overlap, creating a complex network of capillary interactions for the case of fumed silica particles.



With respect to their estimated highest surface coverage, the monolayer formed by the spherical particles occupies ~88.5% of the available surface, which is close to the maximum hexagonal close packing of 90.7% (hcp) arrangement at the interface, indicating a uniform packing in this case [66]. For fumed silica particles, both LSA and MSA samples converged to the maximum allowed packing of 90.7%, or the hcp. This value was set as the upper bound limit for the packing of fumed silica particles to avoid any non-physical results for the packing fraction. However, it is important to note that due to the interpenetration of fumed silica particles, which could take place under the applied compressions, these particles are likely to pack more densely than the assumed value of hcp used as the upper bound.



When comparing their interaction parameter   a  , the spherical particles exhibited the highest value, followed by MSA and LSA. This can be explained by the magnitude of interactions being experienced by these particles when brought closer together as a result of the applied compression. Spherical particles are likely to experience interactions of higher magnitude given the fact that their hydrodynamic size is bigger than the fumed silica particles and that they act as a rigid body. In contrast, fumed silica particles can accommodate some of the stresses with deformation since they are porous structures. Additionally, we expect the overall fumed silica network to behave less attractively and more repulsively due to the higher likelihood of mismatch between contact line undulations as the particles approach each other. It is important to note that even though the capillary interactions are complex at small distances, with regions being attractive and regions being repulsive, at larger distances, they are more likely to be attractive since there is room for particle rotation and rearrangements, as estimated from the fittings [41]. Since we are assuming a single value for   a   throughout the compression, these factors are convoluted and an overall average is considered.




3.4. Collapse and Hysteresis


Analysis of the isotherm hysteresis obtained for the particle networks undergoing compressions and expansions can inform us on the nature of interparticle interactions. When subjected to compression and expansion cycles, the monolayers might experience hysteresis since the applied work during the compression part of cycle might be lost, which could lead to the expansion leg of the cycle taking a different path. This behavior is illustrated in Figure 5, which shows the first and third cycle of compression and expansion for all systems under study.



One can quantify the amount of shift on the inflection point from one compression to another, which is associated with either particle desorption or monolayer compaction by calculating the relative difference between the inflection point area. For the systems under study, the spherical particles depict the least difference, with only a 5.9% shift in the inflection point after the first compression. However, fumed silica samples show much higher inflection point shifts estimated to be 54.2% and 66.4% for LSA and MSA, respectively. Therefore, there is a 10-fold increase in the shift when comparing the data for spherical particles to those of fumed silica particles, likely caused by particle interpenetration followed by interlocking in the latter case.



For the spherical particles, it is possible to note in Figure 5a that there is hysteresis between the first compression and expansion. However, for the third cycle, the difference between the compression and expansion curves is minimized, indicating that the monolayer was compacted during the first cycle. Figure 5b shows the same curves for LSA samples, where it is possible to notice two major differences in comparison to the spherical sample. The first contrast is that there is a much larger difference between the first compression and the first expansion curves in the case of fumed silica particles. A similar behavior was captured for MSA monolayers shown in Figure 5c. The second difference between the round and rough particles is that for the latter, even at the third compression and expansion cycle, the two curves are not overlapping, in contrast to what is observed for the case of spherical particles. The bigger hysteresis experienced by both fumed silica monolayers indicates that they are undergoing a larger irreversible change than the one experienced by the spherical particles.



To further investigate the processes that are taking place within the monolayer, in response to the applied compressions and expansions, direct visualization via an optical microscope was carried out in tandem with the experiments on the Langmuir trough. By analyzing the images of the monolayer beyond the collapse point, we can see that the monolayer formed by spherical particles collapses via buckling, generating large folds (Figure 5d). However, both fumed silica monolayers show a smaller degree of wrinkling upon compression (Figure 5e), accompanied by the appearance of darker patches. These regions form at the edge of two rafts that are being pushed together where the particles undergo subduction, followed by the generation of multilayers (Figure 5f). This behavior has been previously reported for Janus particles and attributed to anisotropic stresses present at the interface caused by the random orientation of Janus particles [44]. It is likely that, in our case, fumed silica particles are able to interlock with themselves, forming denser aggregates and generating a state of anisotropic stresses in the monolayer, which are visible in Figure 5f, characterized by the various orientations of the wrinkles present in the frame. These aggregates, once formed, do not separate during the expansion leg of the cycle as discussed before, which corroborates the interlocking idea. Both factors contribute to the irreversible character of the process imposed on the monolayers.



The hysteresis experienced by each particle network can be quantified by calculating the work that is added to the system upon compression and “retrieved” from the expansion (Equation (3)). This is analogous to a piston cell in 3D, where the work applied to compress a gas can be calculated based on the pressure and volume differences from start to finish. However, it is important to highlight that unlike the 3D analogue, the monolayer is not carrying out work to open the barriers on the expansion leg of the isotherm. Figure 6 shows examples of how the hysteresis coefficient was calculated for monolayers formed with the spherical particles (Figure 6a) and MSA particles (Figure 6b). Figure 6c shows the results for the normalized hysteresis parameter (    ⎎  ¯   ) as a function of the specific surface areas for each sample at different cycles of the isotherm. For all cycles, there is a direct dependency between     ⎎  ¯    and the specific surface area, where MSA particles show hysteresis one order of magnitude larger when compared to the spherical particles. After the first cycle, cycle 2 shows a decrease in the areas between the compression and expansion curves for all particles. By going from cycle 2 to 3, no change is observed in     ⎎  ¯    for spherical particles, whereas there is a consistent reduction in     ⎎  ¯    with the cycle number for fumed particle samples. From these results, we can infer that once the monolayer of spherical particles undergoes the first round of compression and expansion, it remains unchanged upon further compressions. However, fumed silica particles show a persistent decrease in     ⎎  ¯    as the cycles of compression and expansion are performed, which could be attributed to microstructural changes taking place that are of irreversible character (Figure 5f).





4. Conclusions


In this work, we examined the consequences of introducing surface roughness into colloidal particles on their resulting behavior at the air–water interface. We illustrated that there are differences between the interfacial properties of the monolayer when comparing spherical particles to two types of fumed silica particles (LSA and MSA). It was found that MSA particles are more surface active than LSA particles; however, both fumed silica particles generate a monolayer that behaves similarly upon compression. When compared to the monolayer formed by the spherical particles, fumed silica particles create a network that has a lower magnitude of the apparent surface modulus, possibly due to its porous structure. In addition, the network formed with fumed silica particles spans over larger trough areas, which could be attributed to the complex long-range capillary interactions taking place due to the roughness of particles. We analyzed the obtained surface pressure isotherms using a thermodynamic model. It was found that the employed equation of state is proper for modeling the behavior spherical particles, indicating that the thermodynamics is the governing factor in their interfacial response. In contrast, the thermodynamic model could not capture the physics taking place within the monolayers of fumed silica particles, especially at smaller particle distances. Since fumed silica particles possess an irregular structure, they create a complex network of capillary interactions, especially at high particle surface coverages. The rheological contributions to the surface stress cannot be captured by the thermodynamic model; as such, qualitative comparisons based on the model need to be made with caution. The measured apparent surface pressure isotherm from successive compression and expansion cycles depicted that the monolayer formed by spherical particles collapses reversibly and can recover the same network behavior between cycles, whereas monolayers created by both fumed silica particles exhibit a more pronounced hysteric behavior. Finally, we demonstrated that that there is a relationship between the specific surface area of the particle and the hysteresis experienced by the successive compressions and expansions.



Our experimental results show that the particle roughness affects the state of stresses present in a highly compressed monolayer. We show that the particle type affects the monolayer compressibility. Furthermore, it drastically increases the hysteresis experienced by the monolayer upon compression and expansion cycles. These results are relevant in the design of interfacial systems stabilized by colloidal particles.
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Figure 1. Contact angle of DI water droplets on glass slides coated with the particles under study. From left to right: (a) spherical colloidal particles; (b) LSA fumed silica particles; and (c) MSA fumed silica particles. 
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Figure 2. SEM pictures of (a) spherical colloidal particles; (b) LSA fumed silica particles; and (c) MSA fumed silica particles. 
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Figure 3. (a) Surface pressure isotherm of spherical particles, low-surface-area (LSA), and medium-surface-area (MSA) fumed silica particles. Green circles indicate the inflection point for each isotherm. Images on the side panels show the microstructures obtained at different apparent surface pressures for both spherical (left panel) and MSA particles (right panel). It should be noted that given the imaging resolution of the microscopy setup, the microstructure obtained for LSA particles resembles that captured for MSA and therefore is not provided; (b) isotherm normalized with the area at the inflection point; (c) isothermal compressibility of the monolayers as a function of the area normalized with the inflection point. Black squares, red circles, and blue triangles represent spherical particles, LSA and MSA fumed silica particles, respectively. Scale bar in images of the microstructure is 10 µm. 
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Figure 4. Surface pressure (  Π  ) isotherms as a function of surface coverage of particle (  θ  ) obtained for different particles monolayers. (a) Spherical particles are shown in black squares, (b) LSA fumed silica particles in red circles, and (c) MSA fumed silica particles in blue triangles. The experimental data is shown in lighter tones and the best fit from the Frumkin equation of state (Equation (2)) is shown in a darker tone. The function only fits the data for   θ ≤     θ   I P     since at higher surface coverages, the monolayer is not a 2D structure. 
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Figure 5. Surface pressure (  Π  ) isotherm plotted as a function of the compression ratio (      A   0    /  A    ) for compression (closed symbols) and expansion (open symbols) legs of cycles 1 (circles) and 3 (squares) carried out on monolayers formed by (a) spherical, (b) LSA, and (c) MSA silica particles. Note that the direction of compression corresponds to moving from left to right on the x-axis. Microstructure images of the monolayer beyond the collapse point are shown for (d) spherical, (e) LSA, and (f) MSA silica particles. Scale bars in (d–f) is 25 μm. 
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Figure 6. Illustration of hysteresis coefficient (  ⎎  ) calculation for (a) spherical and (b) MSA particles based on the compression and expansion isotherms; (c) normalized hysteresis coefficient (    ⎎  ¯   ) for different cycles of compression and expansions as a function of the specific surface area of the particles used in this study. Black squares, dark grey circles, and grey triangles represent the 1st, 2nd and 3rd cycle, respectively. The green area represents the area difference between the compression and the expansion isotherms, whereas the blue area represents the product of the variation in area and apparent surface pressure, which is used to normalize the data as shown in Equation (3). 
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Table 1. Results for the particle size from SEM (DSEM), hydrodynamic size (DH), and zeta potential (ζ) measurements for samples under study.
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	Sample
	DSEM (nm)
	DH (nm)
	ζ (mV)





	Spherical
	283 ± 30
	322 ± 100
	−31 ± 2



	LSA
	-
	189 ± 16
	−23 ± 2



	MSA
	-
	196 ± 70
	−26 ± 1










 





Table 2. Characterization of the networks formed by spherical and fumed silica particles under study as follows: the maximum isothermal compressibility (    κ   0   s    ) achieved by the monolayer and obtained from the analysis of surface pressure isotherms; the parameters obtained from the fitting of the surface pressure isotherms to the Frumkin equation of state, the surface coverage at the inflection point (    θ   I P    ) and the overall interparticle interaction parameter (  a  ).
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	Particle
	     κ   0   s      (mN/m)
	      θ   I P     
	    a   





	Spherical
	160 ± 12
	88.5%
	0.74



	LSA Fumed
	105 ± 5
	90.7%
	0.26



	MSA Fumed
	105 ± 5
	90.7%
	0.50
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