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ABSTRACT 

Particle-stabilized emulsions and foams are widely encountered, as such there remains a concerted 

effort to better understand the relationship between the particle network structure surrounding 

droplets and bubbles, and the rheology of the particle-stabilized interface.  Poly(vinylpyrrolidone) 

coated silica nanoparticles were used to stabilize foams. The shear rheology of planar particle-

laden interfaces were measured using an interfacial shear rheometer and the rheological properties 

measured as a function of the sub-phase electrolyte concentration and surface pressure. All 

particle-laden interfaces exhibited a liquid-like to solid-like transition with increasing surface 

pressure. The surface pressure-dependent interfacial rheology was then correlated to the formed 

micron-scale structures of the particle-laden interfaces which were imaged using a Brewster angle 

microscopy. With the baseline knowledge established, foams were prepared using the same 

composite particles and the particle network structure observed using cryo-SEM. An attempt has 

been made to correlate the two structures observed at a planar interface and that surrounding a 

bubble to elucidate the likely rheology of the bubble stabilizing particle network.  Independent of 

the sub-phase electrolyte concentration, the resulting rheology of the bubble stabilizing particle 

network was strongly elastic and appeared to be in a compression state at the region of the L-S 

phase transition.  
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1. INTRODUCTION  

2D colloid assembly at gas – liquid or liquid – liquid interfaces of particle-stabilized foams and 

emulsions have been progressively utilized to produce novel, functional products and materials.[1-

4] An increase in the number of applications has resulted from the significant research interests in 

particle assembly over the past few decades.[5, 6] We now have a sufficiently detailed 

understanding of these systems to allow us to fine tune their properties.[5, 7, 8]  This precise 

control on particle assembly at interfaces can now be used to design-in performance characteristics, 

i.e. structure – property relationship control.[9, 10]  In the simplest case the range of particle 

structures can be bound by the degree of dispersion, with interfacial and bulk properties 

significantly different when considering particle-laden interfaces of highly dispersed and close 

packed assembly.[11] 

 

The potential for a particle to reside at a liquid-liquid interface is highly dependent on the 

interaction forces between the particle and interface,[12] and the particle wettability.[13-16] While 

particle interactions in a single phase are well characterized, the asymmetric alignment of particles 

at an interface between two immiscible liquids of contrasting polarity introduces added complexity 

which contributes to the overall arrangement of the particle assembly.[17] The main forces 

contributing to the particle assembly include colloidal (DLVO), capillary, monopolar and dipolar 

interactions. Since the dipolar and dispersion forces are a function of the total surface area exposed 

to the non-aqueous and aqueous phases, respectively, the overall interaction energy becomes very 

sensitive to the particle wettability.[18]     

 

Control on particle assembly offered by the particle wettability has been demonstrated in several 

recent studies.[13-16]  For hydrophilic particles, particle assembly is governed by the interaction 

forces mediated through the aqueous phase. Since the particle repulsion is weak, hydrophilic 

particles have a tendency to form particle clusters which have been observed to densify through 

the addition of electrolyte, and as a function of time.[18]  Similar to the particle aggregation 

kinetics observed in the bulk, particle aggregation at the liquid-liquid interface follows the 

diffusion-limited (DLCA), or reaction-limited cluster aggregation (RLCA) kinetics to form low 

density or high density gel-like networks, respectively.[10, 19]  For strongly hydrophobic particles, 
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well ordered, crystalline structures have been observed when deposited at a liquid-liquid 

interface,[20] with the long-range Coulomb interaction dominating the particle-particle repulsion.  

 

Particle assembly can also be influenced by the number of particles residing at the liquid-liquid 

interface.[9, 21]  The contribution of particle networks to the rheological properties of the liquid-

liquid interface is significant, with the lateral mobility of particles and particle domains governing 

the stability of droplets and bubbles.[22-24]  The mobility of the particle-laden interface was 

shown to be a function of the particle coverage and the applied shear at the interface.[25]  At 

relatively low particle concentrations, the lateral displacement force is low and the particles 

migrate in slip layers. At slightly higher particle concentrations, the lateral displacement force also 

remains low but mobility is frequently observed through the rotation of particle domains due to 

the influence of neighbouring particles. The force required to laterally displace particles at an 

interface increases dramatically as the 2D close-packed assembly is approached (ߔ ̱ ͹ͷΨ).[26]  

This increase in the lateral displacement force correlates to a sudden increase in the interfacial 

shear rheology.[9]  At very high particle concentrations the shear deformation of the interface is 

highly constrained, leading to ‘jamming’ of the particle domains, restricting mobility as the 

interface response becomes solid-like.[9, 27]  As a result, the rigid particle network remains intact 

and inhibits droplet coalescence when two liquid interfaces (droplets or bubbles) approach.[23] 

The critical particle concentration for network jamming is dependent on the attractive potential, 

with strong attraction between particles leading to the formation of a space-spanning, contiguous 

particle assembly of increased shear viscosity at significantly lower particle surface coverages (ߔ 

~ 40%).[10, 19] The liquid-like to solid-like boundary has been shown to strongly correlate to the 

decreased probability of droplet coalescence.[23]  In a solid-like state, mobility of the particle 

assembly can only be achieved once the particle assembly is ruptured after the sustained stress 

exceeds the interfacial shear yield stress of the particle-laden interface.[22, 28]  

 

The surface shear rheology dependence on particle wettability has been considered by Safouane 

et al. using ~200 nm amorphous fumed silica particle aggregates.[29] The aggregate wettability 

was controlled by adjusting the SiOH surface content.  For weakly hydrophobic particles the 

surface shear elasticity (G’) was unmeasurable and close to the sensitivity limit of the measurement 
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technique. For weak particle networks Van Hooghten[30] emphasized that care should be taken 

when interpreting the viscoelastic properties of particle-laden films because the geometry inertia 

can lead to erroneous behaviour. As particles partition more strongly at the air-water interface the 

contribution from G’ emerges and a strongly elastic interface eventually formed with long-range 

attraction attributed to hydrophobic and capillary forces.[29]  As a function of particle 

concentration and strength of particle-particle contact, Zhang et al.[19] highlighted both one-step 

and two-step yielding mechanisms for particle-laden interfaces.  Beyond the fluid-solid transition, 

weakly aggregated particle networks exhibited one-step yielding with two-step yielding observed 

with increasing elasticity of the particle-laden film. The mechanism for yielding was attributed to 

the particle dynamics arrested first from attraction induced bonding bridges and then from the cage 

effect of particle jamming.   

 

A second mode of interface deformation that is often discussed in relation to bubble or droplet 

stability is the dilatational rheological term (elasticity). This mode of deformation considers the 

expansion and contraction of interfacial area. While it is considered to be a dominant stabilization 

mechanism for surfactants, relatively few studies have considered the dilatational rheology of 

particle-stabilized interfaces.  In the same study by Safouane et al.[29] the compression elastic 

modulus was shown to predominantly exceed the compression loss modulus over a range of 

surface coverages and particle wettabilities. This dominance of elastic over viscous contributions 

has been seen for a range of particle systems. [12, 31-34] While the dilatational elasticity is a useful 

parameter to define conditions under which bubbles or droplets can resist coarsening, recent 

research has shown that for droplet coalescence it is the shear rheology that governs stability, with 

interfaces preferring to shear under an applied load, i.e. the shear viscoelastic moduli are smaller 

than the dilatational viscoelastic moduli.[23, 35]  

 

In our recent study, polymer-coated nanoparticles were shown to be effective foam stabilizers, 

with the foam stability dependent on the aqueous phase electrolyte concentration.[22] The current 

study develops those initial findings to better understand the structure-rheology relationship for 

polymer-coated nanoparticles deposited at the planar air-water interface. Using techniques such as 

Brewster Angle Microscopy (BAM) and pressure-modulated interfacial shear rheology, we are 
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able to directly correlate the mechanical properties of the particle-laden interface to its structure. 

We extend our observations to make some initial assessment about the rheology of particle-laden 

interfaces surrounding foam bubbles by correlating the structures observed at 2D planar and bubble 

interfaces.  

 

2. MATERIALS AND METHODS 

2.1 Materials  A Ludox AS40 silica nanoparticle sample was supplied by Sigma-Aldrich (UK) 

as a 40 wt% aqueous suspension. Poly(vinylpyrrolidone) (PVP, 40 kDa) was supplied by Alfa 

Aesar (UK) and used without further purification.  Prior to its use the silica particle suspension 

was diluted to 10 wt% using Milli-Q water and then ion exchanged using Amberlite IRN 50 resin 

(Alfa Aesar, UK) to remove excess SO4
2- counter-ions. The particle diameter measured using a 

Malvern ZetaSizer Nano ZS (Malvern Instruments, UK) was ~ 34 nm with a PDI of 0.14. Milli-Q 

water with a resistivity of 18.2 Mȍ.cm was used throughout the study and sodium sulphate (99+%. 

A.C.S. R, Sigma Aldrich, UK) used to adjust the electrolyte concentration.  

 

The polymer-coated composite particles were prepared using a simple one-step adsorption 

process.[22] The successful formation of the composite particles was verified by transmission 

electron microscopy (FEI Tecnai TF20, UK) and thermo-gravimetric analysis (Q-500 TA 

Instruments, USA), see Yu et al. for detailed analysis of the prepared composite particles.[22] The 

TEM images (Fig. S1) showed a core-shell structure and the mean hydrodynamic diameter (ܦ௛) 

of the composite particles in Milli-Q water was 52 nm, indicating that the average thickness of the 

hydrated polymer shell was approximately ~ 9 nm. The PVP surface coverage (ī) on the silica 

nanoparticles was determined to be ~ 0.9 mg/m2 as measured by TGA.[22] Our previous study 

confirmed the stability of PVP to water rinse-off, with negligible mass removed following 

adsorption on silica.[49] For the current experimental conditions the adsorbed PVP was shown to 

be stable to the sample washing procedure outlined in Yu et al.[22] and throughout the duration of 

the study. 
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2.2 Characterization of particle-laden interfaces   

2.2.1 Ȇ-A Isotherms Surface pressure–area (ߎ – A) isotherms of deposited particle layers were 

studied using an air-liquid Langmuir trough (Biolin Scientific, Sweden), with a maximum trough 

area of 280 cm2. Details of the trough cleaning procedure can be found elsewhere.[22] The 

particles were first dispersed in the spreading solvent (mixture of water and isopropanol alcohol at 

a 1:1 vol. ratio) to a concentration of 0.5 wt%. 80 µL of the 0.5 wt% particle suspension was spread 

carefully at the air-liquid interface ensuring that the suspension droplets were evenly distributed 

across the trough area. The deposited film was left undisturbed for 30 min to evaporate the 

spreading solvent. The surface pressure of the particle-laden interface was continuously measured 

as the trough area was reduced from 280 cm2 to 20 cm2 at a compression rate of 50 cm2/min. All 

measurements were repeated in triplicate and the results demonstrated good reproducibility 

(surface pressures at equivalent trough areas were within േ ͷΨ ). Further details on the 

experimental setup and procedure can be found in our previous publication.[22] 

 

2.2.2 Particle-laden interface structure The structure of the particle-laden interface was studied 

under several states of compression (low ĺ high surface pressures) using a Brewster Angle 

Microscope (BAM, Model EP3, Accurion GmbH, Germany) combined with a Langmuir 

trough.[36, 37] One advantage of combined Langmuir trough + BAM is that the structural changes 

associated with compression of the particle-laden interface can be measured in-situ without the 

need for ex-situ analysis of a Langmuir-Blodgett film.[38] In the current study, the BAM was 

equipped with light guides and a CCD camera used to image the particle-laden interface at ൈ10 

magnification. Both the microscope and polarized light were initially aligned to the air-water 

Brewster angle, ߠB ≈ 53.22°. With no p-polarized  reflection (i.e. parallel light to the incident plane) 

from a clean air-water interface, reflected light was only measured following deposition of the 

particle-laden interface, with the reflected light intensity being a function of the particle surface 

coverage and film thickness.[39]  

 

Three electrolyte concentrations (0.01 M, 0.1 M and 0.55 M Na2SO4) in the aqueous sub-phase 

were considered. The Brewster angle was calibrated for each electrolyte concentration (0.01 M 

~53.23°, 0.1 M ~53.27° and 0.55 M ~53.45o) to achieve the best image quality (i.e. maximize the 
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contrast between the aqueous sub-phase and the particle layer).  Following calibration, 80 ȝL of 

the 0.5 wt% composite particle suspension was deposited at the air-aqueous interface in the 

spreading solvent. The deposited particle-laden interface was left undisturbed for 30 min prior to 

imaging. The particle-laden interfaces were compressed to several target surface pressures (0.5, 1, 

2, 3, and 4 mN/m) from a maximum trough area of 320 cm2. The compressed particle-laden 

interfaces were allowed to relax for 1 min before imaging by BAM at constant pressure. The 

polarizer and analyzer were set to 2° and 10°, respectively. Images were collected using the 

EP3View2.x software (Accurion). 

 

2.2.3 Interfacial shear rheology (ISR) The viscoelasticity of the particle-laden interfaces was 

studied under shear using an Interfacial Shear Rheometer (ISR400, Biolin Scientific,) combined 

with a KSV NIMA Langmuir trough (Biolin Scientific). The measurement region is enveloped by 

a pair of Helmholtz coils with one coil used to fix the orientation of the magnetic needle and the 

second coil producing a magnetic field gradient to drive the magnetic needle in motion. The needle 

had dimensions of radius (a) = 0.27 mm, length (L) = 55 mm and mass (m) = 72 mg. To conduct 

the rheology measurements a hydrophobically modified magnetic needle was pinned at the air-

aqueous interface and positioned within a roughened glass channel. A slight meniscus was 

generated by the glass channel to ensure that the magnetic needle was self-centred. An overhead 

CCD camera (Basler Electric Company) was focused on the needle such that one edge of the needle 

could be precisely tracked during oscillatory motion.[9] Edge detection was projected onto a linear 

image sensor with a 512-pixel photodiode array and pixel resolution of 3.58 ȝm.  

 

With the magnetic needle oscillating sinusoidally (induced by the Helmholtz coils), an amplitude 

ratio, AR, can be defined as the ratio of the amplitude of the rod displacement (strain, ߛ) to the 

forcing amplitude (stress, ߪ), with the strain and stress offset being the phase difference (ߜ). The 

dynamic surface modulus, כܩ, which is given by  כܩሺ߱ሻ ൌ ǯሺ߱ሻܩ  ൅  ǯǯሺ߱ሻ, can be determinedܩ݅ 

directly from AR and [41 ,40] ߜ  

ሺ߱ሻכܩ  ൌ ଵ஺ோ ݁௜ఋ ൌ ǯሺ߱ሻܩ ൅  ǯǯሺ߱ሻ      (1)ܩ݅ 
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where ܩǯ and ̶ܩdescribe the storage and loss moduli of the interfacial film, respectively. 

  

The operability of the ISR was recently considered and the limits to attain good-quality data 

discussed.[42] The needle inertia can be minimized by reducing the needle dimensions and 

mass.[43-45] While needle inertia becomes more prevalent for viscous or weakly elastic interfaces, 

for strongly elastic interfaces the contribution is lessened and the measured viscoelasticity 

becomes a true reflection of the interfacial rheology.[46] Another sensitivity of the ISR technique 

is to ensure that the surface stresses dominate the underlying sub-phase stresses. The requirement 

to decouple the surface stresses from the sub-phase bulk contribution can be assessed by the 

dimensionless Boussinesq number (Bo), which is defined as the ratio of surface to bulk stresses.[46] 

For all particle-laden interfaces considered in the current study Bo ൒ 20, indicating no requirement 

to decouple the sub-phase contribution. For this reason, all experimental data are presented without 

further processing.[19]  

 

In a typical ISR measurement, 400 mL of the aqueous sub-phase was first pipetted into the 

Langmuir trough. Prior to each measurement the needle was magnetized and positioned at the air-

aqueous interface within the glass channel. The mobility of the magnetic needle was first calibrated 

on a particle-free interface such that the combined contribution from the sub-phase and needle 

inertia could be baseline subtracted from the measured response when oscillated in the presence 

of particles. 80 ȝL of the 0.5 wt% particle suspension was then deposited at the air-aqueous 

interface following the film preparation procedure previously described. The particle-laden 

interface was left undisturbed for 30 min to evaporate the spreading solvent and then compressed 

at a rate of 10 cm2/min to several target surface pressures (0.5, 1, 2, 3, 4, 5 and 6 mN/m). To 

maintain a constant surface pressure the operational mode of the Langmuir trough was switched 

to pressure control mode during the rheological measurement.  

 

For all particle-laden interfaces a dynamic strain sweep (amplitude sweep) was first conducted at 

a fixed frequency of 0.5 Hz (3.14 rad/s) to determine the linear viscoelastic region. Such 

measurements also provided guidance on the input voltages required to drive the magnetic needle 
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into oscillation with sufficient forward and backward motion. For example, for weak particle-laden 

interfaces (i.e. low surface pressures ~ 0.5 mN/m) the optimal input voltage was in the range 0.05 

to 0.8 V, while for more compressed interfaces (i.e. higher surface pressures ~ 3 mN/m) the input 

voltage varied between 0.1 and 1.5 V. Details of the input voltages used in the current study are 

summarized in Table S1. To probe the time-dependent response of the particle-laden interfaces, 

frequency sweep measurements were conducted between 0.1 Hz (0.63 rad/s) and 5 Hz (31.40 rad/s), 

see Table S2 for experimental settings.  All interfacial rheology tests were repeated three times 

with minimal experimental variability observed.  

 

2.3 Cryo-SEM To prepare the particle-stabilized foams, 10 mL of a 1 wt% composite particle 

suspension prepared in either 0.1 M or 0.55 M Na2SO4 was added to a 40 mL glass vial. The 

suspension was gently agitated for 5 min using a laboratory carousel before 1 min of vigorous 

handshaking to generate the foam. More details on the foaming procedure and foam 

characterization can be found in our recent publication.[22]  

 

Cryo-SEM (Quorum Technologies, UK) was used to study the structure of the particle-laden 

interfaces surrounding air bubbles. Approximately 0.5 mL of the foam was pipetted onto a 

universal specimen shuttle (AL200077B) and plunged into liquid nitrogen at -196 °C for 2 min.[47] 

The frozen sample was then transferred to a Quilo cryo preparation chamber (T = -175 °C) under 

high vacuum (1×10-7 mbar) using the system cryo transfer device. The preparation chamber with 

viewing window was used to remove excess ice by the twin fracturing manipulators. With the 

excess ice removed, the cryo samples were transferred onto a highly stable SEM cold stage for 

imaging at -150 °C.  

 

 

3. RESULTS AND DISCUSSION 

-A isotherms and interfacial structure Ȇ-A isotherms of the deposited particle – ࢰ 3.1

laden interfaces are shown in Fig. 1. The effect of the sub-phase electrolyte concentration is evident, 

with the highest surface pressures measured for the highest electrolyte concentration. All particle-
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laden interfaces exhibit gas (G), liquid (L), and solid (S) phases, showing an increase in the film 

collapse pressure with increasing Na2SO4 concentration: 8 mN/m to 11 mN/m to 22 mN/m for 

0.01 M to 0.1 M to 0.55 M Na2SO4, respectively.  

 

The surface elasticity of the particle-laden interface upon compression was determined by, ܧ଴ ൌെ ௗஈௗ௟௡஺ǡ where A is the trough area and ߎ the surface pressure. The inset of Fig. 1 compares the 

surface elasticities for the three particle-laden interfaces (0.01 M, 0.1 M and 0.55 M Na2SO4).  An 

increase in the sub-phase electrolyte concentration leads to an increase in the surface elasticity of 

the particle-laden interface, thus confirming a stiffer particle network with greater resistance to 

compression. It should be noted that the observed differences in surface elasticities were unlikely 

to result from particle removal (detachment) from the air-aqueous interface. In our previous study, 

differences between consecutive compression and expansion cycles across equivalent trough areas 

(0.01 M Na2SO4 particle-laden interface) were shown to be negligible when the surface pressure 

exceeded ~ 1.5 mN/m, and hence the potential for particle removal under compression was thought 

to be insignificant. Also at higher electrolyte concentrations, particle retention at the air-aqueous 

interface would be further enhanced due to increased particle aggregation and a changing particle 

wettability which is governed by the polymer solvency in the electrolyte.[22] The increasing 

surface elasticity was thought to result from changes in the particle-particle interaction strength. 

Our previous study confirmed the aggregation of composite particles at a critical electrolyte 

concentration of 0.1 M Na2SO4. As measured by AFM, the particle-particle interaction was 

attractive between two composite particles in 0.1 M and 0.55 M Na2SO4 with an apparent adhesion 

force measured during pull-off. For 0.01 M Na2SO4, the interaction was purely repulsive with no 

measurable adhesion.[22]  The apparent softening of the particle-laden film at smaller trough areas 

was indicative of monolayer collapse as the surface pressure begins to saturate.    

 

Interestingly, while the film collapse pressure was dependent on the electrolyte concentration, the 

compressional area at film collapse appears to be independent of the electrolyte concentration. 

This is clearly evident when comparing the surface elasticities of the three particle-laden interfaces, 

with the maximum surface elasticity corresponding to the collapse area (inset Fig. 1).  For hard-
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spheres this electrolyte independence does not hold true with the collapse area shown to increase 

with increasing electrolyte concentration.[48] This behaviour has been explained by the increased 

aggregation between particles, restricting particle mobility and producing a “rigid” space-spanning 

network at lower surface coverage. While increased particle aggregation at higher electrolyte 

concentration has also been shown in the current study (Fig. 2), this observed independence likely 

results from the deposited PVP layer around the nano silica particles. In our recent study we 

showed that two PVP-coated surfaces (silica) produce a lubrication effect when compressed 

together,[49] with the lubrication effect maintained, albeit to a reduced effect, when polymers are 

submerged in solutions of increasing electrolyte concentration.[50, 51] As such, the particle-

particle contacts become mobile at a critical compressional stress, allowing the film to reorganize 

and densify to an almost self-similar structure before eventually collapsing (buckling or wrinkling).   

 

    
Figure 1. ߎ െ  isotherms of composite particles deposited at the air-aqueous interface. The ܣ

particle concentration and spreading volume remained fixed at 0.5 wt% and 80 ȝL, respectively. 

The surface pressure was measured continuously at a compression rate of 50 cm2/min.  The inset 

compares the surface elasticity (ܧ଴ ൌ െ ௗஈௗ௟௡஺) of the three particle-laden interfaces as a function of 

surface area. 
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BAM was used to visualize the structures of the particle-laden interfaces at surface pressures ≤ 5 

mN/m (Fig. 2). For 0.01 M Na2SO4 and at the lowest surface pressure (Ȇ = 0.5 mN/m), the BAM 

image was featureless and of uniformly dark grey color, hence no assessment of the particle-laden 

interface structure was made.  However, as the particle-laden interface was compressed (Ȇ = 1, 2, 

3 mN/m) the BAM image became increasingly brighter as a result of increased densification of 

the particle network (increased surface coverage). The brightness of the image taken at the L-S 

phase boundary (Ȇ = 3 mN/m) appeared to be uniform throughout, suggesting that the deposited 

particle-laden interface was homogenous, although intricate detail of the particle network structure 

was difficult to visualize since the particles remained dispersed at the lowest electrolyte 

concentration.  

 

The onset of particle aggregation allowed for more interesting structural features to be identified. 

With consecutive increases in electrolyte concentration it was readily shown that the particle-laden 

interface (Ȇ = 0.5 and 1 mN/m) became less homogenous with dark (voids) and bright (particle 

aggregates/clusters) spots being clearly observed.  At the highest electrolyte concentration (0.55 

M Na2SO4) the voids in the particle-laden interface were significant, with the void size observed 

to decrease with increasing surface pressure. 

 

As a function of the electrolyte concentration and surface pressure, the grey-scale contrast between 

the particle network and aqueous sub-phase can be used to provide an approximation of the particle 

surface coverage at the air-water interface. BAM images were processed using ImageJ software 

with a band pass filter used to correct for the varying illumination prior to thresholding.[52] While 

different approaches were considered to determine the most appropriate threshold value for 

distinguishing between the two phases (voids and particle aggregates), visual comparison of the 

BAM and grey-scaled images was found to be the most reliable.  A sensitivity assessment on the 

chosen threshold value showed that a േ 5% change in the threshold value would result in a 4.5 – 

6 % variability in the quoted apparent particle surface coverage. Assessment of the apparent 

particle surface coverage was made by analysing three images (dimensions – 390 × 490 µm) along 
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the centreline of the trough from the barrier edge to the mid-point between the two Langmuir 

trough barriers.  

 

Fig. 3 compares the apparent particle surface coverages for the 0.1 M and 0.55 M Na2SO4 particle-

laden interfaces as a function of the surface pressure. Intuitively, the particle network compresses 

as the surface pressure increases, hence the particle surface coverage increases. The apparent 

particle surface coverage of the 0.55 M Na2SO4 particle-laden interface was consistently below 

that of the 0.1 M particle-laden interface at equivalent surface pressures. As is clearly shown, the 

lower particle surface coverage results from a higher degree of particle aggregation which has been 

reported in our previous study.[22] For 0.1 M Na2SO4, the apparent particle surface coverage 

increased from ~ 70 % to almost complete coverage (~ 99%), while the average void size reduced 

from approximately 4 µm2 (~4.1 µm2) to less than 1 µm2 (~ 0.7 µm2) as the surface pressure was 

increased from 0.5 mN/m to 4 mN/m. At the highest electrolyte concentration (0.55 M Na2SO4), 

the apparent particle surface coverage increased from ~ 27% to ~ 80%, while the average void size 

reduced from greater than 1000 µm2 (~1135 µm2) to less than 10 µm2 (~7 µm2) across the same 

range of surface pressures.   

 

 

Figure 2. BAM images of composite particles deposited at the air-water interface as a function of 

the sub-phase electrolyte concentration (as labelled 0.01 M, 0.1 M, and 0.55 M Na2SO4) and 

0.5 mN/m

0.01M

1 mN/m 2 mN/m 3 mN/m 4 mN/m 5 mN/m

0.1M

0.55M
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surface pressures. Higher electrolyte concentrations increased voidage in the particle-laden films, 

which can be attributed to aggregation of the composite particles. Surface pressure driven 

densification of the particle-laden films was qualitatively verified by the reduced voidage and 

increased brightness of the BAM images.  

 

  
Figure 3. Apparent particle surface coverage (׎) of 0.1 M and 0.55 M Na2SO4 particle-laden 

interfaces. BAM images were processed using ImageJ, first correcting for varying illumination 

using a band pass filter and thresholded to differentiate between the sub-phase and particle network.   

 

3.2 Interfacial rheology The shear rheology of the particle-laden interface was studied using 

the ISR needle rheometer, with the elastic (G’) and viscous (G”) contributions measured as a 

function of the sub-phase electrolyte concentration and surface pressure.  Having attained the 

target surface pressure, the Langmuir trough barriers were operated in feedback mode to ensure 

the surface pressure remained constant during the rheology measurement. To assess the 

mechanical properties of the particle-laden interfaces, the magnetic needle was oscillated at an 

amplitude within the linear viscoelastic region and at a constant frequency of F = 0.5 Hz (3.14 

rad/s). 
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Figure 4. a) Dynamic surface shear moduli (G' – closed symbols and G" – open symbols) and b) 

G’/G’’ ratio of the particle-laden interfaces as a function of the sub-phase electrolyte concentration 

and surface pressure.  The magnetic needle was oscillated at a constant frequency (߱ ൌ 3.14 rad/s) 

and amplitude in the linear viscoelastic region. The dynamic surface shear moduli were determined 

using Eq. 1. Inset a) shows the dependence of G’ on the apparent surface coverage (ࢥ). The dash 

lines are given by ܩᇱ ൌ ߶ሺܣ െ ߶௖ሻଷ, where A is an adjustable parameter and ߶௖ is the critical 

surface coverage taken to be 0.22 and 0.71 for 0.55 M and 0.1 M Na2SO4, respectively, in good 

agreement with the BAM assessment.   

 

Fig. 4a compares the dynamic surface shear moduli of the three particle-laden interfaces under 

increased compression. The viscoelastic response to the compressional force was consistent for all 

three particle-laden interfaces, and resembled the typical rheological profile of an aging interface, 

for example oil-water interfaces stabilized by asphaltenes which exhibit a time-dependent viscous-

to-elastic transition as the asphaltenes accumulate (increased surface coverage) and reorganize at 

the oil-water interface .[53] At the lowest surface pressure (ߎ ൌ ͲǤͷ ݉ܰȀ݉), all three particle-

laden interfaces were viscous dominant and can be considered liquid-like. However, as the 

imposed surface pressure increased, the contribution of the two viscoelastic moduli increased at 

different rates, eventually attaining an elastically dominant (i.e. solid-like) interface. It is 
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interesting to note the critical surface pressure to promote this transition (G’ = G”) was shown to 

be a function of the sub-phase electrolyte concentration (Fig. 4b). 

 

At the lowest electrolyte concentration (0.01 M Na2SO4) and low surface pressures (Ȇ < 3 mN/m), 

the particle-laden interface was purely viscous with an immeasurably small shear elasticity.  At 

these surface pressures the particle-laden interface was in the L-phase, and due to the repulsive 

interaction[22] the particles were freely mobile under the applied shear.  The viscous and elastic 

contributions measured at Ȇ = 3 mN/m were almost equivalent, while at higher surface pressures 

in the S-phase (Ȇ = 3 – 8 mN/m) the viscoelastic ratio (G’/G”) increased sharply up to Ȇ = 4 

mN/m, indicating the strongly elastic nature of the compressed particle-laden interface. Eventually 

a maximum viscoelastic ratio of ~3.2 was reached as the particle-laden interface approached the 

collapse pressure. Similar trends in the surface pressure dependent viscoelastic response were 

observed when increasing the electrolyte concentration.  However, the surface pressure to satisfy 

the condition G’ = G” was observed to decrease (Fig. 4b), with the 0.55 M Na2SO4 particle-laden 

interface being strongly elastic when Ȇ = 1 mN/m, a condition which can be considered well below 

the L- to S-phase transition pressure (Fig. 1). The increased elasticity at low surface pressures can 

be attributed to the higher degree of particle aggregation which promotes the formation of a 

contiguous, space spanning network when the apparent particle surface coverage is low.  

 

As shown in Fig. 4a, the magnitude of the viscoelastic response (when compared at equivalent 

surface pressures) increased with increasing sub-phase electrolyte concentration. This type of 

response is indicative of the structural differences, most likely governed by the particle coverage 

and the particle-particle interaction strength (i.e. the modulus of the individual composite particles). 

The relative contribution from the two governing parameters is not readily apparent, although the 

particle-particle interaction strength which is controlled by the sub-phase electrolyte concentration 

is shown to have a dramatic influence on the magnitude of the viscoelastic moduli, in good 

agreement with previous observations.[54] However, while the magnitude of the viscoelastic 

responses were different, it is interesting to note that the viscoelastic ratio for all three systems 

appeared to plateau towards G’/G” ~ 3.0 (Fig. 4b), underlining that the shear viscoelastic response 

becomes independent of the surface pressure when the particles are in a close-packed lattice above 
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a critical surface coverage, ߶௖, i.e. approaching a jammed state.[55] This characteristic response 

appears to indicate once again that the particle networks, independent of the sub-phase electrolyte 

concentration, become self-similar at high surface pressures when the axial compression dictates 

the structure forming parameters.  This self-similarity at high surface pressures complements the 

observed independence of the critical compression area at film collapse as a function of the 

electrolyte concentration (Fig. 1).  Fig. 1 also confirms that the viscoelastic ratios plateaued within 

the S-phase for 0.01 M and 0.1 M Na2SO4 particle-laden interfaces, while it was observed to be in 

the L-phase at the highest electrolyte concentration.   

 

Figure 5. Frequency dependent dynamic surface moduli (G' – closed symbols and G" – open 

symbols) of the particle-laden interfaces as a function of the sub-phase electrolyte concentration 

(symbols shown inset) and surface pressure (as labelled). The power-law scaling confirms the 

transition from liquid- to solid-like behaviour with increasing surface pressure and sub-phase 

electrolyte concentration. 
 

To better understand the time-dependent dynamics of the particle-laden interfaces, frequency-

sweep measurements were performed in the linear viscoelastic regime. Fig. 5 shows the dynamic 

surface moduli measured as a function of the oscillation frequency.  At low surface pressure (ߎ ൌͲǤͷ ݉ܰȀ݉), the response of all three particle-laden interfaces was characteristically viscous, 

varying with ̱߱ଵ  and independent of the sub-phase electrolyte concentrations. At higher 

frequencies, G’ was immeasurable as the phase difference between the stress and strain approached 

90o.[40] 
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At intermediate surface pressures (ߎ ൌ ʹ ݉ܰȀ݉), the 0.01 M Na2SO4 particle-laden interface 

remained viscous dominant, while a viscoelastic transition was measured for the 0.1 M and 0.55 

M Na2SO4 particle-laden interfaces. The G’ and G” dependence on the oscillation frequency 

decreased with increasing electrolyte concentration. For example, the G’ response of the 0.55 M 

Na2SO4 particle-laden interface showed a frequency independent plateau, signifying the onset of 

the glassy state when the dynamics of the system become frozen.[56]  At the highest surface 

pressure all particle-laden interfaces exhibited a frequency independent plateau of G’, which was 

expected as the apparent particle surface coverage approached 100%, although the plateau can be 

achieved at lower apparent particle surface coverages when the attractive potential between the 

composite particles is strong, for example 0.55 M Na2SO4.  While no definitive crossover in the 

viscoelastic moduli was measured in the frequency range, the dependence of G” on ߱  4 = ߎ) 

mN/m) suggests that the high frequency response is influenced by the viscous forces,[57] i.e. the 

sub-phase fluid viscosity and confined polymer layers.  

 

3.3 Yield point determination In the solid-like state (G’ > G”) particle-laden interfaces 

exhibit a critical yield which must be exceeded for the particles (particle domains) to flow. 

Dynamic strain-amplitude sweeps at a constant frequency (߱ ൌ ͵ǤͳͶ ݀ܽݎȀݏ) were performed to 

measure the yield modulus as a function of the sub-phase electrolyte concentration and surface 

pressure. Fig. S2 shows the characteristic responses of the particle-laden interfaces to the increased 

strain. At low amplitude (strain) the viscoelastic moduli were independent of the applied 

deformation, signifying the characteristic linear viscoelastic response. With increasing strain, both 

moduli decreased as the mechanical strength of the particle-laden interface was weakened. A 

critical strain was attained when G’ = G” and the particle-laden interface had yielded. Beyond 

yielding the film response to deformation (strain) was dominated by viscous forces. In the 

nonlinear regime the ratio of slopes of G’ and G” was ~2 (Fig. S2), in good agreement with 

previously reported values for yielding interfaces.[27] 

 

Fig. 6a shows the dependence of the particle-laden interface yield modulus on the sub-phase 

electrolyte concentration and surface pressure. For all systems the yield modulus increased with 

surface pressure and increasing electrolyte concentration (yield modulus at equivalent surface 
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pressures), the latter consistent with the increased particle aggregation in 0.1 M and 0.55 M Na2SO4 

electrolyte. At the lowest electrolyte concentration (0.01 M) the particle-laden interface yield 

modulus was only measured in the S-phase region, i.e. under high compression. The increase in 

yield modulus was moderate and almost linear with increasing surface pressure. For the 

intermediate electrolyte concentration (0.1 M) the yield modulus was measured in both the L- and 

S-phases (slightly beyond the transition pressure).  The linear dependence of the yield modulus on 

surface pressure was once again observed up to ߎ ൌ Ͷ ݉ܰȀ݉, beyond which the yield modulus 

became almost independent of the surface pressure when in the S-phase region.  The reduced 

dependency of yield modulus on surface pressure in the S-phase is in good agreement with the 

0.01 M Na2SO4 system. At the highest electrolyte concentration (0.55 M) the yield modulus was 

measured only in the L-phase region (L-to-S phase transition 6 ~ ߎ mN/m).  While there is slight 

fluctuation in the data, the trend is approximately linear (yield modulus vs. surface pressure) and 

in good agreement with the L-phase characteristic response. 

 

Fig. 6b compares the apparent yield strain for all systems. The yield strain reflects the amount of 

interfacial deformation required to yield the particle-laden interface, with an interface of low yield 

strain and high yield stress often described as brittle.[46]  While the apparent yield strain remains 

relatively low for the two cases where attraction between the composite particles is prevalent, the 

apparent yield strain of the 0.01 M Na2SO4 particle-laden interface appears more sensitive to the 

surface pressure, with the yielding properties characterized by ductile and brittle responses at low 

and high surface pressures, respectively. 
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Figure 6. a) Yield modulus (G’ = G’’) and b) apparent yield strain of particle-laden interfaces as a 

function of the sub-phase electrolyte concentration and surface pressure. The apparent yield strain 

was determined based on the condition G’ = G” as shown in Fig. S2. 

 

3.4 Particle-stabilized bubbles A unique feature of the ISR is the ability to accurately adjust 

the surface pressure applied to a particle-laden interface and measure the pressure-dependent 

interfacial rheology.  Correlating the rheology and film structure can then provide new insights to 

the likely rheology of bubble stabilizing particle networks. Extrapolating the rheology measured 

at a planar interface to that of a curved interface is only sensible if the two radii of curvature 

(particle and bubble) are sufficiently contrasting such that the particle ‘sees’ the interface as being 

effectively planar. 

 

Particle-stabilized foams were imaged using cryo-SEM such that the structure of the particle-laden 

interface surrounding an air bubble could be elucidated. Fig. 7 shows low and high magnification 

images of single bubbles isolated in foams prepared with composite particles dispersed in 0.1 M 

(Fig. 7a) and 0.55 M (Fig. 7b) Na2SO4 electrolyte. The typical bubble size (Db) following foaming 

was greater than 100 µm and the hydrodynamic diameter (Dh) of the composite particle was ~ 52 

nm, thus the Db/Dh ratio was of the order of ~ 103. At this ratio simple geometric arguments 

confirmed the reliability of evaluating the likely rheology of the bubble stabilizing particle network 

from the rheology measured at a planar interface (i.e. ISR).  
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Firstly on assessment of the cryo-SEMs, the structures of the bubble stabilizing particle networks 

showed good similarity to those measured by BAM (Fig. 2). At the highest electrolyte 

concentration (0.55 M Na2SO4) the structure of the particle-laden interface was heterogeneous 

with fractures sparingly distributed throughout the film (Fig. 7b), which contrasted the 

homogenous and densely packed particle-laden interface observed for the intermediate electrolyte 

(0.1 M Na2SO4) foam (Fig. 7a). Those structures visually compared to the BAM images obtained 

at the higher surface pressures. Using the previously described thresholding method we determine 

that the apparent particle surface coverage stabilizing air bubbles in foams was approximately 100% 

and 95% for 0.1 M and 0.55 M Na2SO4 foams, respectively. Referring to Fig. 3, those apparent 

particle surface coverages indicate that the surface pressure of the bubble stabilizing particle 

networks was 4 = ߎ mN/m (0.1 M Na2SO4) and 5 ~ ߎ mN/m (0.55 M Na2SO4). Quite interestingly 

both surface pressures correspond to a particle-laden interface at the L-S phase transition, and an 

interfacial shear rheology which is strongly elastic.  

 

It should be acknowledged that while the two methods of forming particle-stabilized interfaces 

differ (i) particle adsorption in foaming and (ii) particle deposition via spreading at an air-water 

interface, the resulting structures of the particle networks are remarkably similar for methods (i) 

and (ii).  This is not unexpected since the method to bring particles close to an interface does not 

influence the final position which is governed by the pinning of the contact line on the surface of 

the particle.[35, 58, 59]   
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Figure 7. Particle-laden interfaces surrounding air bubbles: a) 0.1 M Na2SO4 foam, and b) 0.55 M 

Na2SO4 foam. The individual bubble is shown in the inset of the higher magnification interfacial 

image.   

 

4. CONCLUSION 

The current study considered the influence of sub-phase electrolyte concentration and surface 

pressure on the rheology of composite particle-laden interfaces.  Silica nanoparticles stabilized by 

PVP formed highly dispersed and homogenous particle-laden interfaces, which evolved into 

aggregated, space spanning networks when the electrolyte concentration was increased. Under 

axial compression all particle-laden interfaces underwent gas-liquid-solid phase transitions before 

collapse of the particle network structure at high surface pressures.   

The surface shear moduli of all particle-laden interfaces exhibited a liquid- to solid-like transition 

with increasing surface pressure, and the critical surface pressure at transition was shown to be a 

function of the sub-phase electrolyte concentration. While the particle-particle interaction strength 

predominantly affected the magnitude of the viscoelastic moduli, at higher surface pressures the 

viscoelastic ratio (G’/G”) became almost independent of the sub-phase electrolyte concentration, 

possibly indicating self-similarity of the particle networks once the axial compression dictates the 

structure forming parameters. Such behavior in different electrolyte environments was thought to 

relate to the lubricating potential of the particle polymer-shell, a unique feature exhibited by the 

composite particles.  

The use of composite nanoparticles as the stabilizing species provided insight to the likely 

rheology of the bubble stabilizing particle network. The particle network structure surrounding an 

air bubble and deposited at a planar interface were correlated using cryo-SEM and BAM images. 

At intermediate and high electrolyte concentrations it would appear that the structure of the 

particle-laden interface (surrounding an air bubble) was close-packed, with a surface pressure at 

the L-S phase transition boundary. At this condition the shear rheology of the particle-laden films 

was strongly elastic, although the particle-laden interfaces exhibited a low yielding strain due to 

their brittleness, possibly an influence of the contact lubricating effect.  
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For composite particles the interfacial rheology becomes a function of the localized mechanical 

response of the soft particle-shell and rigid particle-core. While the relative contributions from the 

core and shell are not readily discernible in the current study, this is part of our ongoing effort. 

Due to their hybrid structure, composite particles are increasingly more interesting with an ability 

to finely adjust their mechanical response, and hence find greater application in the formulation of 

novel soft matter materials.      
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