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Abstract

Hypothesis: The interactions between oppositely charged nanoparticles and surfactants can significantly in-

fluence the interfacial properties of the system. Traditionally, in the study of such systems, the nanoparticle

concentration is varied while the surfactant concentration is kept constant, or vice versa. However, we believe

that a defined variation of both components’ concentration is necessary to accurately assess their effects on the

interfacial properties of the system. We argue that the effect of nanoparticle-surfactant complexes can only be

properly evaluated by keeping the surfactant to nanoparticle ratio constant.

Experiments: Zeta potential, dynamic light scattering, high amplitude surface pressure and surface ten-

sion measurements are employed synergistically to characterize the interfacial properties of the nanoparticle-

surfactant system. Interferometric experiments are performed to highlight the effect of surface concentration

on the stability of thin liquid films.

Findings: The interfacial properties of surfactant/nanoparticle mixtures are primarily determined by the sur-

factant/nanoparticle ratio. Below a certain ratio, free surfactant molecules are removed from the solution by

the formation of surfactant-nanoparticle complexes. Surprisingly, even though the concentration and hydropho-

bicity of these complexes do not seem to have a noticeable impact on the surface tension, they do significantly

affect the rheological properties of the interface. Above this ratio, free surfactant monomers and nanoparticle-

surfactant complexes coexist and can co-adsorb at the interface, changing both the interfacial tension and the

interfacial rheology, and thus, for example, the foamability and foam stability of the system.

Keywords: Nanoparticle surfactant complexes, Surfactant to nanoparticle ratio, Surface

pressure isotherm, Zeta potential, Film stability

1. Introduction1

Particles play a critical role in numerous industrial applications [1–3], necessitating a comprehensive un-2

derstanding of their behavior for proper process design in these domains. In certain industries, such as phar-3

maceuticals and food, particles are specifically designed and added to the system to improve product quality4
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and achieve desired properties [4–6]. Whereas in industries such as petroleum and agriculture, particles are5

naturally present and can have a significant impact on the underlying processes. For instance, in the petroleum6

industry, particles can increase the stability of unwanted emulsions, which can lead to an increase in pipeline7

pressure drop [7].8

Most of the particles found in natural processes are not inherently surface active, yet their presence in a9

system containing surfactant molecules can greatly affect the interfacial properties of the system. The interaction10

between the two components is highly dependent on the characteristics of both the particles and the surfactants11

[8, 9]. Numerous studies have investigated the interactions between oppositely charged nanoparticles (NPs) and12

surfactants, as the formation of nanoparticle (NP)-surfactant complexes (NPSCs) is expected via electrostatic13

attraction forces [10–15]. The formed complexes are surface active and can adsorb at the interface [16]. The14

adsorption of surface active materials, whether in the form of particles or surfactant molecules, can reduce the15

interfacial tension and thus facilitate the formation of multiphase systems. Simultaneously, it enables interfaces16

to resist deformation and stress, thus stabilizing them [17–19].17

The stabilizing effect of particles is a multifaceted process governed by several mechanisms. Particles can18

form a self-assembled rigid layer that provides stability through steric effects [20]. Moreover, their influence19

on the stability of the system extends to the alteration of the rheological properties at the interfaces, which20

manifests itself in effects such as variations in the film drainage rate [20, 21]. Various approaches have been21

used to investigate the stabilizing effect of different particles. One such approach is to study the response of22

interfacial layers to deformation under high amplitude compression, which can also provide valuable insight into23

particle interactions at the interface [22, 23]. Another approach is to directly study the stability of particle-laden24

interfaces. This can be accomplished by using a dynamic foam/emulsion analyzer [24, 25] to observe the entire25

foam/emulsion system, or by using interferometry to study the thinning behavior of a single film in the presence26

of particles [26, 27].27

Despite the numerous studies that have addressed the behavior of oppositely charged NPs and surfactants,28

there is still no unanimous conclusion regarding the effects of NPSCs on the interfacial properties of the system.29

For example, while Ravera et al. [28] state that the addition of silica NPs increases the surface tension of the30

surfactant solution, Vatanparast et al. [22] argue that the presence of NPs further reduces the surface tension31

of the system. Furthermore, the crucial factors that dictate the surface pressure response of the particle-laden32

interface during compression have not been definitively identified [23, 29–31]. These factors are essential because33

they are directly related to the stability of multiphase systems.34

In an attempt to connect the previous studies and to understand the effects of NPs on the interfacial proper-35

ties of the system, we have performed profile analysis tensiometry (PAT) studies using silica NPs in the presence36

of the cationic surfactant Hexadecyltrimethylammonium bromide (CTAB) at the air-water interface. We con-37

sider the effect of particle size and concentration on the surface tension of the aqueous system for a wide range38

of surfactant concentrations. Remarkably, we introduce a novel perspective by analyzing the surface tension39

of these complexes in conjunction with results from zeta potential and dynamic light scattering measurements.40

This novel approach allows us to systematically identify the ”critical ratio”, i.e. the ratio of surfactants to41
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nanoparticles, at which all the introduced surfactants are adsorbed on the surface of the nanoparticles. Further-42

more, we analyze the behavior of particle-laden interfaces under high amplitude compression while maintaining43

a constant surfactant/nanoparticle ratio. These analyses illustrate how particle concentration and hydropho-44

bicity affect interfacial rheology, although their influence on surface tension remains minimal. Interferometric45

experiments are performed on specific systems to study the stability of thin liquid films in the presence of46

adsorbed NPSCs, emphasizing their significant role in maintaining the stability of multiphase systems. The47

results indicate that neither the concentration of surfactants nor the concentration of NPs alone determines the48

surface tension of the system. Unambiguous trends can only be obtained when the NP/surfactant ratio is kept49

constant.50

2. Materials and Methods51

2.1. Materials52

CTAB (purity≥ 99%, Merck) is used as the cationic surfactant. CTAB has a molecular weight of 364.45 gmol−1,53

a hydrophilic-lipophilic balance (HLB) of 10, and a critical micelle concentration (CMC) of 0.91mM [32]. A54

commercial colloidal dispersion of silica NPs, Levasil 300/30 (with stock concentration of 30 wt.% Nouryon,55

Germany) and Ludox TM50 (with stock concentration of 50 wt.%Grace, US), were used as stock nanoparticle56

dispersion. The nominal particle sizes of the Levasil and Ludox dispersions used are 9 and 25 nm, respectively.57

Ultrapure water (from a Milli-Q ELGA apparatus, United Kingdom) with 18.2Ω resistivity and organic content58

≤ 2 ppb is used to prepare the aqueous solutions.59

The surfactant concentrations in this study are denoted by x CMC, which indicates the relative concentration60

of the surfactant with respect to its CMC, e.g., 0.45 mM CTAB is designated as 0.5 CMC CTAB. Note that the61

addition of NPs may change the CMC of the system; however, whenever the CMC is referred to in the text, it62

is the CMC of CTAB in deionized water. The NPs are denoted as NPy, where y indicates the average nominal63

diameter of the particles, e.g., NP25 means NPs of diameter 25 nm.64

2.2. Sample preparation65

The surfactant-nanoparticle dispersion samples were prepared by adding a specified amount of CTAB solu-66

tion into the pre-diluted NP dispersion to obtain the desired concentrations. For example, to attain the desired67

composition of x CMC CTAB + y wt.% NP, the 2x CMC CTAB solution is added drop by drop to the 2y68

wt.% NP dispersion. The dispersion is prepared beforehand by diluting the original NP source concentration69

by adding the required amount of deionized water. The whole dispersion was continuously stirred during the70

drop-wise addition to avoid particle aggregation [14]. The final sample of the surfactant-nanoparticle dispersion71

was sonicated in an ultrasonic bath for at least 20 minutes. The temperature of the bath was controlled to72

avoid any destabilization or degradation within the system [33].73
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2.3. Zeta potential and dynamic light scattering (DLS)74

Zeta potential and DLS measurements (reported as Lognormal Median Diameter by Intensity, also known75

as effective diameter) for NP solutions were performed using a NanoBrook 90Plus Zeta device (Brookhaven76

Instruments, USA). The experiments are carried out at 25◦C including a 180 s delay after a steady device77

temperature has been reached in order to ensure the absence of temperature gradients within the sample. The78

samples were prepared by diluting the original dispersion with ultrapure water for DLS and zeta potential79

measurements [33]. It should be noted that this dilution changes the pH and ionic content of the system. The80

pH of the stock solution of Levasil 300/30 was 10 and LUDOX TM-50 was 9 as reported by the manufacturer.81

2.4. Surface tension measurements82

Profile analysis tensiometry (PAT-1M, Sinterface Technology, Germany) was used to evaluate the dynamic83

interfacial tension and surface pressure of the air-water interface. Thereby, the shape profile of the pendant84

drop, defined by the interplay of gravity and interfacial tension, is fitted to the Young-Laplace equation (YL),85

yielding the interfacial tension [34]. To understand the properties of the adsorbed layer of NPSCs, four cycles of86

large amplitude compression/expansion experiments were performed after the system reached equilibrium (see87

also SI, Fig. A.1a). The droplet surface area was gradually decreased and then increased back to the initial88

surface area. During this process, the change in interfacial tension was recorded. The corresponding surface89

pressure (see also SI, Fig. A.1b) was evaluated as the difference between the equilibrium interfacial tension of90

the uncompressed system and the interfacial tension under compression (Π = γeq − γ) as a function of the91

normalized surface area (A/A0).92

2.5. Interferometry measurements93

Interferometry is used to study the thinning behavior of liquid films with adsorbed NPSC under controlled94

conditions. The method uses the interference of light waves to determine the thickness of a thin film by analyzing95

the resulting fringe pattern [35]. The apparatus comprises two basic units: the measuring cell (“Scheludko-96

Exerowa cell”, Fig. 1a) in which the film is formed, and the optical-electronic system for monitoring the film97

and its thickness (Fig. 1b).98

To form a film, the cylindrical part of the cell is first filled by dipping the film holder into the suspension99

and drawing in the solution. A double concave droplet is then formed by gently withdrawing liquid from the100

capillary outlet with a microsyringe, marked by the arrow in Fig. 1a. After the formation of the double concave101

droplet, different aging times can be set for the particles to adsorb at the two interfaces formed. Gradual102

withdrawal of more liquid causes the two interfaces of the double concave droplet to approach each other,103

resulting in the formation of the liquid film. The liquid film begins to drain under the effect of capillary104

pressure and its thickness can be monitored. The film is vertically illuminated (see Fig. 1b) with coherent light105

generated by an inverted microscope (model IX51, Olympus). The light is then reflected from both surfaces of106

the film. This produces two phase-shifted beams of reflected light, which are collected by a photodetector and107

recorded as a time series of interferograms [36]. The software “Image J” is used for processing of the recorded108
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a b

Figure 1: a) The Scheludko-Exerowa cell [36]. b) Experimental setup for studying thin liquid films [37].

images. The spatial interferogram of a frame shortly before film rupture was chosen for evaluation, which was109

considered appropriate to represent the characteristics of the liquid film. Once the spatial interferogram, i.e.,110

image intensity along a selected line is extracted, the equation 1 is used to calculate the film thickness,111

h =
λ

2πn0

[
lπ ± arcsin

√
∆(1 + r)2

(1− r)2 + 4r∆

]
(1)

where λ is the wavelength of the monochromatic light after digital filtration (for green light λ = 547 nm), l is the112

order of interference, ∆ = (I− Imin)/(Imax− Imin), I is the spatially varying pixel intensity, Imax and Imin are113

its maximal and minimal values, r = (n0−n1)
2/(n0+n1)

2 is the Fresnel reflection coefficient and n0 and n1 are114

the refractive index of water and air at T=20◦C, respectively. The minimum signal for the film is usually taken115

from the signal of a ruptured film, while the maximum signal is taken from the digital interferogram. However,116

this does not apply to complex interferograms of films with very inhomogeneous thickness where the order of117

the interference is 2 and more. In these cases, multiple minimal signals Imin depending on the thickness of the118

film can be expected. Therefore, the analyses are performed with local Imin taken from the interferograms.119

3. Results and Discussion120

3.1. Effect of nanoparticles on surface tension of CTAB solution121

The surface tension of the silica NP dispersion was measured for approximately 2000 s. The addition of NPs122

was found to have no significant impact on the surface tension of pure water at all NP concentrations and sizes,123

see Fig.A.2a for NP9 and Fig.A.2b for NP25 in the SI. This proves that, first, the system is free of impurities124

and, second, the NPs are not surface active.125

Fig.2 shows the equilibrium surface tension values of nanoparticle-surfactant mixtures as a function of surfac-126

tant concentration for different NP sizes and concentrations. The addition of NPs increases the surface tension127

of the surfactant solution over almost the entire range of surfactant concentrations used in this study, regard-128

less of the size and concentration of the NPs. The formation of nanoparticle-surfactant complexes (NPSCs)129
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Figure 2: Equilibrium surface tension (filled blue triangles) vs. CTAB concentration for a) 0.5 wt.% 9 nm nanoparticles, b) 0.5 wt.%

25 nm nanoparticles, c) 2.0 wt.% 9 nm nanoparticles and d) 2.0 wt.% 25 nm nanoparticles. The green diamonds representing the

reference surface tension of pure CTAB are plotted for comparison of the studied systems. The orange circles represent surfactant

to nanoparticle ratios.

reduces the concentration of free surfactant molecules in the solution, and since the surface activity of NPSCs130

is significantly lower than that of surfactants [28], the surface tension of the system increases. It is only at131

very low concentrations of CTAB (around 0.1 CMC) that the addition of NPs reduces the surface tension of132

the surfactant solution, see the encircled points in Fig.2. This means that even such a low concentration of133

surfactant can change the hydrophobicity of the NPs, leading to their surface adsorption and a slight reduction134

in surface tension. However, such a low concentration is not sufficient to significantly change the surface tension135

of pure water. The formed NPSCs under these conditions have a greater effect on surface tension considering136

their concentration and surface activity.137

Furthermore, the results show that the surface tension of the mixtures containing NP9 does not change138

significantly with increasing surfactant concentration. This is evident from the nearly flat trend of the surface139

tension curve as a function of CTAB concentration as shown in Fig.2 a and c. In contrast, for NP25, different140

trends are observed depending on the concentration of the NPs. The surface tension of the system decreases141

with increasing surfactant concentration at 0.5 wt.%NP25, whereas it remains constant at 2.0 wt.%NP25. It can142

also be inferred that larger particles provide lower surface tensions for given CTAB/NP concentrations. The143

size effect is particularly enhanced at higher surfactant concentrations and/or lower NP concentrations, see Fig.144
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A.3 in the Supporting Information for a better illustration of the size effect.145

Fig.2 also shows the number of surfactant molecules per unit area of the NPs [nm2], simply referred to146

as the surfactant/NP ratio [nm−2], versus surfactant concentration. The ratio is calculated as the ratio of147

added surfactants to added NPs. The results indicate that the surface tension remains relatively constant with148

increasing surfactant concentration, provided that the surfactant/NP ratio is below 0.6 nm−2. In contrast, for149

ratios above 0.8 nm−2, as shown in Fig.2b, a significant decrease in surface tension with increasing surfactant150

concentration is observed.151

3.2. Zeta potential and dynamic light scattering152

Fig.3 shows the results of zeta potential and DLS measurements for 0.5 wt.% of NP25 and NP9 with different153

concentrations of CTAB. Initially, the magnitude of the zeta potential decreases with increasing surfactant154

concentration. However, at a certain concentration of surfactant, the exact value of which depends on the155

size and concentration of the NPs, the system reaches its isoelectric point (IEP). Beyond this point, the sign156

of the zeta potential changes and increases as the surfactant concentration increases. The system reaches its157

IEP at roughly 0.73 CMC for NP25 and about 1.8 CMC for NP9. The change in sign of the zeta potential158
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Figure 3: Zeta potential (a and c, blue triangles) and effective diameter (b and d, blue triangles) results vs. surfactant concentration

for NP25 (a and b), and for NP9 (c and d), respectively. The orange circles represent surfactant to nanoparticle ratios. The green

area indicates the range of ratios below IEP, the red area corresponds to the range of ratios above IEP, and the yellow area indicates

the transition range in which the IEP is located.
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is due to the hydrophobic interaction of the non-polar tails of the surfactant molecules. As the surfactant159

concentration increases, the surface charge decreases and the strong electrostatic forces diminish. Hence, the160

weaker hydrophobic forces gain influence, leading to the adsorption of the surfactant molecules in a reversed161

orientation on the particle surface, resulting in bilayer formation and a positive charge on the particles.162

The dynamic light scattering results show clear indication of particle agglomeration, even at low surfactant163

concentrations. In particular, the average diameter of NP9 shows a consistent increase with increasing surfactant164

concentration. On the other hand, for NP25, the average diameter does not undergo substantial growth with165

surfactant concentration below the isoelectric point (IEP). However, as expected, a sharp increase in average166

diameter is observed near the IEP, followed by a subsequent decrease at higher surfactant concentrations. This167

decrease in average diameter suggests that the NPs are re-stabilized by the electrostatic repulsion generated by168

the positively charged surfactant bilayer formed on their surface. It is important to note that near the IEP, the169

sample shows a pronounced instability, mainly due to the reduction of the repulsive forces, which facilitates the170

agglomeration of the particles. This is evidenced by the two phases formed in the suspension. This tendency171

to agglomerate is further supported by the relatively high polydispersity index observed in DLS results for172

particle suspensions close to the IEP. Therefore, great care must be taken when interpreting and analyzing173

measurements under these circumstances.174

3.3. Surface tension measurements at constant surfactant to nanoparticle ratio175

As observed in Fig.2, up to a certain surfactant/nanoparticle ratio (denoted as ccrit in Fig. 4a), the surface176

tension remains relatively constant with increasing surfactant concentration, meaning that all the added surfac-177

tant is adsorbed on the surface of the NPs [38, 39] and not at the air-water interface. Beyond this ratio, referred178

to in this study as the critical ratio, the surfactants begin to distribute between the aqueous phase (hence the179

air-water interface) and the surface of the NPs (see Fig. 4b) until the surface of the NPs reaches its maximum180

capacity (denoted as cMax at Fig. 4d). Somewhere between ccrit and cMax, the surfactant molecules begin to181

adsorb in the form of bilayers on the surface of the NPs and the zeta potential changes its sign, shown as c IEP
182

at Fig. 4c.

a b c d

𝑐 < 𝑐crit 𝑐 > 𝑐crit 𝑐 = 𝑐IEP 𝑐 > 𝑐Max

Figure 4: Schematic representation of surfactant adsorption on a particle surface.

183

Based on the results of the surface tension measurements, the critical ratio is expected to be in the range of184

0.6 nm−2 to 0.8 nm−2. Considering that the isoelectric point is around the ratio of 0.74 nm−2, the surfactant/NP185

ratio range for the critical ratio can be further narrowed down to 0.6 . . . 0.74 nm−2, since the critical ratio must186
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be lower than the isoelectric point ratio [39]. This approach is valid only if the zeta potential remains the187

same for different NPSC concentrations at the same ratio. Fig. A.4 in the SI shows that, indeed, the zeta188

potential remains relatively constant over different concentrations of NPSCs at the same ratio. Certainly, it’s189

worth highlighting that the zeta potential does exhibit slight variability with NPSC concentration, primarily190

attributable to the influence of changes in ionic strength and pH resulting from the process of dilution.191

The surface area of the CTAB molecule on the particle surface is calculated from these values to be about192

1.4 nm2 to 1.7 nm2, assuming a monolayer surface coverage. The reported molecular cross sectional area of CTAB193

head groups at the water/air interface is approximately 0.4 nm2-0.6 nm2, measured by various techniques such194

as neutron reflectometry and Langmuir-Blodgett method [39, 40]. Since the calculated value is larger than the195

actual surface area of the CTAB, it can be concluded that the surfactant concentration on the particle surface196

is still quite sparse at the critical ratio. The maximum adsorption capacity (cMax) of silica NPs in the study of197

Wang et al. [39] is found to be around 3.1 nm−2, which expectedly is higher than the calculated critical ratio in198

this study.199
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Figure 5: Equilibrium surface tension measurements of different concentrations of NPSCs solutions with constant ratio of adsorbed

surfactant molecules per nanoparticle: a) 0.036 nm−2 and b) 0.072 nm−2.

The effect of NPSCs concentration on the interfacial tension of the system is studied, while keeping the200

nature of the NPSCs constant. Fig.5a and b show surface tension as a function of NPSCs concentration at201

fixed surfactant to NP9 ratios of 0.036 and 0.072 surfactant per nm2, corresponding to 9 and 18 surfactant per202

nanoparticle, respectively. The ratios are selected according to three criteria: First, the systems have sufficient203

stability, since the surface charges are not completely neutralized, and second, they are among the most studied204

concentration ranges in the literature. And finally, both of these ratios are well below 0.5 nm−2, which means205

that the surface tension is expected to remain constant. The concentration of NPSCs is calculated based on206

the concentration of nanoparticles added to the system. Evidently, at a constant surfactant/nanoparticle ratio,207

increasing the concentration of NPSCs has little to no effect on the surface tension of the system. The slight208

decrease in surface tension may be due to changes in the ionic strength and pH of the solution resulting from209

the increased NPSC concentration. These changes are expected to affect the behavior of the surface tension [9].210

Collectively, it can be concluded that either the concentration of NPSCs has no significant effect on surface211
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tension, or even the lowest concentration is too high to capture the concentration dependence of surface tension.212

3.4. Large amplitude compression/expansion experiments213

The mechanical properties of particle-laden interfaces play a crucial role in stabilizing multiphase systems.214

The effective stabilization strongly depends on the rheological behavior of such monolayers, as in many industrial215

applications, the interfaces are subjected to large deformations that generate compressive and shear stresses [23].216

Additionally, as recently reported [33], the hydrodynamic behavior of bubbles and droplets changes significantly217

under large amplitude compressions. Therefore, large amplitude compression/expansion cycles were performed218

to better understand the mechanical properties of the systems under study. After reaching equilibrium, the219

droplet volume was linearly reduced (about 80% of the initial droplet volume) and the changes in surface tension220

were evaluated. The compression/expansion cycles were repeated a total of 4 times at 150 s intervals (protocol221

shown in Fig.A.1 in SI).222

To maintain brevity, this section will exclusively discuss the results related to the 0.036 nm−2 ratio and will223

focus solely on two concentrations. For additional concentrations, please refer to the SI (Fig. A.5), or for the224

higher ratio of 0.072 nm−2, refer to the Fig. A.6. To investigate the hysteresis phenomenon, the surface pressure225
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Figure 6: Surface pressure as a function of surface area for different compression cycles i.e., first, second, third, and fourth for

a) 0.5 wt.% + 0.1CMC CTAB and b) 2.0 wt.% + 0.4CMC CTAB. Surface pressure as a function of surface area for different

concentrations of nanoparticles and surfactants for c) first compression/expansion cycle d) second compression/expansion cycle.

The ratio of surfactant to nanoparticles was 0.036 nm−2 for all figures.
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isotherms of the different compression-expansion cycles are shown in Fig.6a and Fig.6b for 0.5 wt.% + 0.1CMC226

and 2.0 wt.% + 0.4CMC, respectively, at a fixed surfactant/nanoparticle ratio of 0.036 nm−2. Regardless of227

the concentration (ranging from 0.5 wt.% to 2 wt.%) or the type of NPSC (0.036 nm−2 and 0.072 nm−2), the228

surface pressure curve shows significant hysteresis and shifts consistently to the right with each cycle, indicating229

a comparable surface pressure at higher surface area. Notably, the shift is particularly pronounced from the230

first cycle and becomes less noticeable in subsequent cycles. Interestingly, the surface tension value at the231

beginning of each compression was very similar and close to the equilibrium surface tension. This indicates that232

performing the compression/expansion cycle did not significantly affect the surface tension value. It is known233

that after the first compression, the particles tend to stay together in the form of small clusters and maintain234

an interconnected network [23]. These formed clusters interact with each other during repeated compression235

and increase the surface pressure, which explains the shift of the isotherms after the first cycle. Each expansion236

creates a new surface area that can accommodate additional particles, which in turn leads to increased particle-237

particle interactions over larger surface areas, explaining the rightward shift of the isotherm from cycle 2 to238

4. This might seem contradictory to the aforementioned similar surface tension prior each compression cycle.239

However, as shown in Fig.5, the surface tension shows a very weak dependence on the surface concentration of240

the particles, assuming that the surface concentration changes with the bulk concentration.241

The surface pressure isotherms of different concentrations of NPSCs at a fixed ratio of 0.036 nm−2 are plotted242

for the first and second cycles in Fig.6 c and Fig.6 d, respectively. In the Supporting Information, Fig.A.7 shows243

the third and fourth cycles at the previously mentioned ratio of 0.036 nm−2, and Fig.A.8 shows corresponding244

experiments covering all four cycles at the constant ratio of 0.072 . The surface pressure isotherm shifts to the245

right with increasing NPSC concentration over all compression/expansion cycles at both surfactant/NP ratios.246

Since the hydrophobicity of the particles is kept the same in each figure, the effect can only be attributed to247

the number of particles in the solution, which can affect the number of particles at the interface. This means248

that the (quasi-)equilibrium surface tension is not a sufficient indicator of the NPSCs behavior, as it is almost249

identical for all NPSCs in the uncompressed state, as shown in Fig.5.250

To investigate the effect of particle hydrophobicity at a fixed NP concentration, the surface pressure isotherms251

for the two different hydrophobicities (surfactant/NP ratio 0.036 nm−2 and 0.072 nm−2, respectively) are plotted252

side by side in Fig.A.9. The results show that increasing the hydrophobicity of the particles shifts the isotherm253

to the right, i.e. to higher surface areas, for 1.5 wt.% nanoparticles for all compression cycles.254

3.5. Effect of aging time255

In previous experiments, compression/expansion cycles were performed after reaching equilibrium. However,256

in practical scenarios, such a condition may not always be met. Thus, to explore the effect of drop age on the257

interface response to large amplitude surface perturbations, compression/expansion experiments are performed258

at extended time intervals namely 100, 500, 1000, and 2000 seconds after drop formation. An exemplary result259

for 0.5 wt.% + 0.3CMC CTAB is shown in Fig.7. Although the surface tension of the uncompressed droplet260

does not change much (see Fig.7a), the response of the interface to large amplitude compression shows marked261

11



differences between compressions performed at earlier and later stages (see Fig.7b). The possible effect of262

previous cycles is also investigated by compressing different droplets of the same solution at corresponding263

times without previous compression, see Fig.7a. The previous cycles do not significantly change the overall264

behavior, i.e., the longer the waiting time, the stronger the surface tension response.265
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Figure 7: Effect of the onset time of compression/expansion on a) the dynamic interfacial tension response and b) the

surface pressure response for 0.5 wt.% + 0.3CMC CTAB.

To further emphasize the effect of aging time on the rheological behavior of the interfaces, and to directly266

demonstrate the technological relevance, the stability of thin liquid films stabilized with the NPSC system of267

0.3 CMC CTAB + 2 wt.% silica NPs is studied for three different aging times: (i) immediately after formation268

of the double concave drop; (ii) 15 minutes after the formation of the double concave drop; (iii) 30 minutes269

after the formation of the double concave drop in the Scheludko-Exerowa cell, which are referred to as Type I,270

II, and III films, respectively.271

It was observed that Type I liquid films are short living, i.e., they ruptured within seconds after their272

formation. Fig.8a presents a typical liquid film of Type I, obtained immediately after formation of the double273

concave drop. The film thickness strongly increases at the rim of the film, and a central dimple with larger274

film thickness (Fig.8b) can be observed in the center of the film, which frequently occurs during film drainage.275

However, in comparison with systems containing only surfactants, this is an unusual liquid film that exhibits276

sharp thickness inhomogeneities due to the presence of adsorbed NPSCs on the interface and presumably also277

in the liquid in the lamella. Type II liquid films have a significantly longer lifetime of approximately 6-7 seconds278

or more compared to Type I films. The rupture is initiated by the formation of an irregular hole that gradually279

expands over several seconds, as shown in Fig. A.10. The slow expansion is a remarkable indication of the280

significant surface viscosity imparted by the presence of NPSCs. The majority of the Type III liquid films had281

an extended lifetime of more than 30 minutes and were also characterized by inhomogeneous thickness, similar282

to the other types. In addition, an intriguing phenomenon of a slowly folding film surface was observed at the283

beginning of the rupture process (Fig. 8c), which is attributed to the solid-like state of the liquid film due to the284

adsorbed NPSC layer. Fig. 8d shows the film thickness profile on a selected line from the general interferogram285

in Fig. 8c, which shows significant thickness inhomogeneity varying from 200 nm to about 500 nm with abrupt286
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Figure 8: Interferogram of liquid film for a) Type I film and c) Type III film. Film thickness profile on the yellow line of the

interferogram for b) Type I film and d) Type III film.

thickness changes along the profile. Considering the relatively small nominal size of the nanoparticles (9 nm),287

such a pronounced thickness inhomogeneity of the film is due to strong aggregation of the particles (around 300288

nm), which are rather randomly distributed at the interface and presumably in the liquid in the lamella.289

There are several mechanisms by which particles can affect the stability of thin films. Particles can increase290

the viscosity of the aqueous phase within the lamella, slowing liquid drainage [41]. They can also form a291

layered structure within the thinning film, leading to stabilization by oscillating structural forces that arise292

when spherical particles are confined between two surfaces [42]. The notable thickness inhomogeneity observed293

in Figure 8a indicates the presence of randomly distributed highly aggregated particles within the lamella. In294

the case of Type I films, it can be confidently stated that the particles have not had sufficient time to adsorb295

at the interface and are therefore predominantly within the liquid film. These aggregates can bridge adjacent296

bubbles and create a physical connection between the bubbles, allowing gas transfer between the bubbles and297

potentially destabilizing the film at thicker distances. However, particles bridging between bubbles in a foam298

can also form a network-like structure that strengthens the foam structure. The particle bridges act as physical299

barriers that prevent the thinning and breaking of liquid films between bubbles, thereby inhibiting coalescence.300

The ability of particles to stabilize the foam film through a bridging mechanism depends on several parameters,301

the most important of which are the hydrophobicity and shape of the particles.302

In Type II and Type III films, particles are adsorbed at the interfaces and can therefore create a steric/mechanical303

barrier to coalescence. The presence of adsorbed particles can also alter the curvature of the gas-liquid interface,304
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reducing the pressure difference between the plateau borders and the associated films, ultimately increasing the305

stability of the thin film [6, 41]. If aggregate formation had led to film destabilization, one would expect to see306

more rapid destabilization with longer aging times. This is because the aggregates should expand and increase307

in size over time, contributing to the destabilization process. Since such a trend was not observed, it could be308

concluded that the particles, even considering the aggregates as a whole, should stabilize the interfaces and the309

stabilization effect outweighs the bridging effect. Nevertheless, the presence of aggregates should cause the film310

to rupture at thicker distances.311

4. Discussion312

Different trends can be observed when investigating the synergetic effect of oppositely charged nanoparticles313

and surfactants [22, 28]. Adding particles can increase or decrease the surface tension of the surfactant solution314

over a wide range of NP and surfactant concentrations. The results presented in the study show that neither315

the concentration of the surfactants nor the concentration of the nanoparticles alone can determine the surface316

tension of the system. More conclusive trends can only be obtained when considering the surfactant to NP ratio.317

We postulate that this principle holds true for materials where electrostatic attraction serves as the primary318

driving force for complex formation; see Fig.A.11 in the SI for similar experiments performed with DTAB,319

which has a shorter hydrocarbon tail.320

Surface tension measurements show two distinct regions: below the critical surfactant/NP ratio, the surface321

tension remains constant with increasing surfactant concentration (Fig.2). This region can be further divided322

into two sub-regions: at very low ratios, the inclusion of nanoparticles decreases the surface tension of the323

surfactant solution (see encircled points in Fig.2), while at higher ratios, still below the critical ratio, the324

incorporation of nanoparticles increases the surface tension of the surfactant solution. Above the critical ratio,325

the surface tension values begin to decrease with increasing surfactant concentration (Fig.2b). In this region,326

surfactant monomers and NPSCs coexist and can co-adsorb at the interface. This is demonstrated by combining327

high-amplitude compression (Fig. 7) and dynamic surface tension measurements(Fig. A.12). The former shows328

the presence of NPSCs at the interface as the interface collapses upon compression, while the latter shows a329

rapid decay of the surface tension, which is indicative of the adsorption of free surfactant molecules.330

Our measurements indicate that NPSCs concentration and hydrophobicity have no significant effect on the331

equilibrium surface tension of the system as long as the surfactant to nanoparticle ratio remains below the critical332

ratio (5). However, increasing the hydrophobicity of NPSCs or their concentration can significantly change the333

rheological properties of the interface (Fig.6). For example, increasing the concentration/hydrophobicity of334

NPSCs causes the surface pressure isotherm to rise faster (see Fig. A.9 in the SI for hydrophobicity effect335

on surface pressure). This means that increasing the concentration/hydrophobicity of NPSCs either increases336

the number of the NPSCs at the interface or causes stronger inter-particle interactions at the interface. As337

the concentration/hydrophobicity of NPSCs increases, the tendency of the NPSCs to adsorb at the interface338

increases. It can also be argued that the more hydrophobic NPSCs have a lower surface charge, which reduces339

the electrostatic repulsion barrier for the adsorption of new NPSCs, resulting in more populated interfaces.340
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The faster increase in surface pressure for more hydrophobic NPSCs also might be affected by the higher steric341

hindrance of such NPSCs, which is caused by the chain length of the surfactant molecules adsorbed on the342

NPSCs, increasing the interparticle interactions. The CTAB molecule is 1.5 to 2 nm in length [43]. Given the343

nominal size of the particles, Dp = 9nm less than 50 to 30 percent of the particles are needed compared to bare344

nanoparticles to achieve a similar packing density. For this estimation, the electrostatic interactions are ignored345

and the contact condition is assumed.346

At a constant surfactant/nanoparticle ratio and below the critical ratio, increasing the concentration of347

NPSCs did not significantly change the surface tension of the system (5). Purely arithmethically (see below),348

even at the lowest concentration, there are enough particles in the system to completely occupy the interface.349

Since NPSCs adsorb irreversibly, their adsorption behavior is governed mainly by kinetic rather than thermo-350

dynamic factors. This means that the final state would be the same for different concentrations because the351

maximum amount of surface-active material that can be adsorbed on the surface is reached when the surface is352

completely covered, neglecting multi-layer adsorption. The percentage of nanoparticles at the interface relative353

to the total number of the nanoparticles added to the solution can be calculated using the following equation:354

%of particle at the interface =
(Ad/Vd)(Vp/Ap)(ρ

p/ρw)× η

χ
, (2)

where Vd is the droplet volume and Ad is its surface area, Vp is the volume of the nanoparticles and Ap is their355

cross-sectional area, χ is the mass fraction of the nanoparticles, and η is the packing density of the nanoparticles356

at the interface. For a spherical droplet with a diameter of 3mm and spherical nanoparticles with a diameter of357

9 nm and χ as low as 0.25 wt.%, and assuming the highest interfacial packing density (η), i.e. 0.91, corresponding358

to hexagonal packing density, the percentage of nanoparticles at the completely covered interface will be less359

than 1 %. Even if the aggregated particle diameter of approximately 400 nm is included in the equation, the360

percentage of nanoparticles at the completely covered interface would be less than 1 %. This indicates that361

there are enough NPSCs available, even at 0.25 wt.% concentration of NPSCs, to fully cover the interface, which362

explains why the surface tension of NPSCs does not change significantly with the bulk concentration of NPSCs.363

Indeed, the surface concentration of the NPSCs also depends on the activity coefficient of the NPSCs and the364

magnitude of the adsorption barrier, both of which can change based on the bulk concentration of the NPSCs.365

5. Conclusions366

This research aims to extend previous findings [10–12, 14, 22, 28, 44–46] on the effect of oppositely charged367

surfactants and nanoparticles (NPs) on interfacial properties. To comprehensively address this overarching issue,368

the study covers the full parameter space, including different concentrations and sizes of silica NPs, along with369

different surfactant concentrations. Our results highlight the surfactant/NP ratio as the predominant influencing370

factor on the interfacial behavior of the system, outweighing the influence of both surfactant concentration and371

NP concentration.372

A critical ratio, indicating the surfactant/NP ratio below which all added surfactant molecules are adsorbed373

on the NP surface, is introduced and experimentally measured by combining surface tension and zeta potential374
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measurements. The ratio ranges from 0.6 nm−2 to 0.74 nm−2 and agrees well with the values calculated from375

the data of Ravera et al. [28] and Wang et al. [39]. The surface tension of the system remains nearly constant376

for different surfactant and NP concentrations as long as the surfactant/NP ratio remains below this critical377

ratio. Conversely, the surface pressure isotherms showed a significant dependence on the concentration of378

nanoparticles and surfactants. Upon surpassing the critical ratio, the system accommodates both nanoparticle-379

surfactant complexes (NPSCs) and free surfactant molecules that can co-adsorb at the interface. Consequently,380

the surface tension of the system decreases as the surfactant concentration increases.381

By increasing the concentration of NPSCs while maintaining a constant surfactant/NP ratio below the382

critical ratio, we observed that the surface tension of the system does not show significant changes with the383

concentration of NPSCs. In contrast, the surface pressure experiments showed a significant influence of the384

NPSC concentration. Similarly, time-dependent surface pressure experiments showed a significant change in385

the structure of the interface with time, while the interfacial tension showed a negligible change with time. Such386

changes in interfacial structure over time are also visualized by our film stability experiments.387

Further work is needed to determine whether the surface concentration of these complexes increases or their388

interfacial structure changes with time or bulk concentration. The striking impact of the adsorbed particle layer389

on the film rupture dynamics deserves future studies to unravel the detailed thinning and rupture mechanism.390

In combination with foam stability measurements, these insights are expected to be of high relevance for391

technological applications of foam systems.392
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Experimental protocol517

Fig. A.1a shows the protocol of surface area and interfacial tension variation over time for surface pressure518

calculations. Four cycles of large amplitude compression/expansion experiments were performed after the system519

reached equilibrium. The droplet surface area was gradually decreased and then increased back to the initial520

surface area. During this process, the change in interfacial tension was recorded. The corresponding surface521

pressure was evaluated as the difference between the equilibrium interfacial tension of the uncompressed system522

and the interfacial tension under compression (Π = γeq−γ) as a function of the normalized surface area (A/A0).523
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Figure A.1: a) Exemplary protocol of surface area and interfacial tension variation over time for surface pressure calculations. b)

The calculated surface pressure isotherm from an exemplary compression cycle for surfactant and nanoparticle-surfactant complexes

systems.

Surface tension of nanoparticle dispersion524

Fig.A.2a and b show the surface tension of water with added silica nanoparticles for NP9 and NP25, respec-525

tively.526
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Figure A.2: Equilibrium surface tension of nanoparticles solution vs. nanoparticles concentration for a) 9 nm and b) 25 nm silica

nanoparticles.
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The effect of nanoparticle concentration of the surface tension of CTAB solution527

Fig.A.3a and b show the effect of nanoparticle size on the surface tension of the CTAB solution at a constant528

nanoparticle concentration, a) 0.5 wt.% and b) 2.0 wt.%.529
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Figure A.3: The effect of nanoparticles size on the equilibrium surface tension of CTAB solutions at fixed concentration of nanopar-

ticles a) 0.50 wt.% and b) 2.00 wt.%.

Zeta potential measurement at fixed ratio530

Figure A.4 shows the zeta potential measurements of CTAB-Silica comlexes as a function of NPSCs concen-531

tration. The results show that the zeta potential remains nearly the same for different concentrations of NPSCs532

at the same ratio. Indeed, the zeta potential varies slightly with NPSC concentration due to the effects of ionic533

strength and pH changes caused by dilution, as shown in the figure.534
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Figure A.4: Equilibrium surface tension of DTAB-silica nanoparticles of 9 nm vs. DTAB concentration.

Large amplitude compression/expansion experiments535

Fig.A.5 compares the results of surface pressure measurements for different cycles of a) 1.00 wt.% + 0.2CMC536

CTAB and b) 1.50 wt.% + 0.3CMC CTAB. The surface pressure curve shifts to the right with each cycle, i.e.,537
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increased surface pressure is already obtained at higher surface areas (corresponding to lower compression),538

with a very large difference between the first cycle and the remaining cycles.539
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Figure A.5: Surface pressure as a function of surface area for different compression cycles i.e., first, second, third, and fourth. a)

1.00 wt.% + 0.2CMC CTAB b) 1.50 wt.% + 0.3CMC CTAB. The ratio of surfactant to nanoparticles was 0.036 nm−2 for all

figures.

Fig.A.6 compares the results of surface pressure measurements for different cycles of a) 0.50 wt.% + 0.2CMC540
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Figure A.6: Surface pressure as a function of surface area for different compression cycles i.e., first, second, third, and fourth for

a) 0.50 wt.% + 0.2CMC CTAB, b) 1.00 wt.% + 0.4CMC CTAB, c) 1.5 wt.% + 0.6 CMC CTAB, and d) 2.00 wt.% + 0.8CMC

CTAB. The ratio of surfactant to nanoparticles was 0.072 nm−2 for all figures.
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CTAB, b) 1.00 wt.% + 0.4CMC CTAB, c) 1.50 wt.% + 0.6CMC CTAB and b) 2.00 wt.% + 0.8CMC CTAB,541

i.e., 0.072 nm−2. Similar to the systems with surfactant to nanoparticle ratio of 0.036 nm−2, the surface pressure542

curve shifts to the right with each cycle, i.e., increased surface pressure is already obtained at higher surface areas543

(corresponding to lower compression), with a very large difference between the first cycle and the remaining544

cycles.545

Fig.A.7 and Fig.A.8 show surface pressure isotherms for different concentrations of nanoparticles and sur-546

factants for different compression cycles at ratios 0.036 nm−2 and 0.072 nm−2, respectively. Increasing NPSCs547

concentration results in a shift of the isotherm to higher surface areas. This means that the NPSCs concen-548

tration plays an important role in the response of the interfacial layers to compressive deformation. Since the549

hydrophobicity of the particles is the same within one figure, the effect can be attributed solely to the number550

of particles in the solution, which is supposed to affect the number of particles at the interface. This means551

that the (quasi-)equilibrium surface tension is not a sufficient indicator of the NPSCs behavior, as it is almost552

identical for all NPSCs in the uncompressed state (as shown in Fig.5).553
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Figure A.7: Surface pressure as a function of surface area for different concentrations of nanoparticles and surfactants, at fixed

ratio of 0.036 nm−2. Each sub-figure represent a different compression/expansion cycle: a) third b) fourth.

Fig.A.9 plots the surface pressure isotherms for the two different hydrophobicity (surfactant/NP ratio554

0.036 nm−2, resp. 0.072 nm−2). Increasing the hydrophobicity of the particles shifts the isotherm to the right,555

i.e. to higher surface areas, for 1.5 wt.% nanoparticles, for all compression cycles. However, a significant effect556

for the case of 0.5 wt.% was not observed.557
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Figure A.8: Surface pressure as a function of surface area for different concentrations of nanoparticles and surfactants, but at fixed

ratio of 0.072 nm−2. Each sub-figure represent a different compression/expansion cycle: a) first b) second c) third d) fourth.
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Figure A.9: Surface pressure vs. surface area for two different nanoparticle hydrophobicities at 1.5 wt.% NPSCs for a) second

compression cycle and b) third compression cycle. The purple curve shows the surfactant/NP ratio 0.036 nm−2, the red curve the

surfactant/NP ratio 0.072 nm−2.

Film stability with NPSCs558

Figure A.10 shows the Type II liquid film during rupture. The rupture of Type II films is initiated by559

the formation of an irregular hole that gradually expands over several seconds. Type II liquid films have a560

24



significantly longer life of approximately 6-7 seconds or more compared to Type I films, which rupture within561

microseconds. The slow expansion of the hole in Type II films is a remarkable indication of the significant562

surface viscosity imparted by the presence of NPSCs.563

Figure A.10: Slowly expanding irregular rupture in liquid film of Type II.

Surface tension of DTAB-silica complexes564

Figure A.11 shows the equilibrium surface tension values of NP9-DTAB mixtures as a function of surfactant565

concentration. These preliminary experiments indicate a higher critical ratio for DTAB compared to CTAB, as566

evidenced by the nearly linear trend of DTAB complexes at higher ratios (Note that DTAB has much higher567

CMC than CTAB).568
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Figure A.11: Equilibrium surface tension of DTAB-silica nanoparticles of 9 nm vs. DTAB concentration.

Dyanmic surface tension measurement569

To further illustrate the differences between NPSCs and NPSCs + free surfactant cases, the dynamic surface570

tension of 0.5 wt.% NP25 is measured with 0.2 and 0.8CMC CTAB, see Fig.A.12. As can be seen, the dynamic571
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surface tension of the 0.8CMC + 0.5 wt.% NP25 system is significantly different from that of the 0.2CMC + 0.5572

wt.% NP25 system and shows a very rapid surface tension decay (starting from near equilibrium values already573

from the beginning of the measurements). In contrast, the 0.2CMC + 0.5 wt.% NP25 system, where no free574

surfactant is expected, shows very slow dynamics, i.e., the surface tension starts close to the surface tension of575

pure water and decreases over time to the (quasi-)equilibrium value.576
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Figure A.12: Dynamic surface tension of 0.50 wt.% NP25 with 0.2CMC and 0.8CMC added CTAB.
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