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Abstract

:

The interaction between nanoparticles and cationic surfactants is an exciting and emerging field in interfacial science. This area of research holds significant promise, linking fundamental principles to practical applications in a variety of industries, including chemical processes, biomedical applications and the petroleum industry. This study explores the interaction between dodecyltrimethylammonium bromide (DoTAB) and silica (SiO2) nanoparticles, investigating their influence on dynamic interfacial properties and foam characteristics. Through equilibrium and dynamic surface tension measurements, along with examining the dilational visco-elasticity behavior, this research reveals the complex surface behavior of DoTAB/SiO2 mixtures compared to individual surfactant solutions. The foamability and stability experiments indicate that the addition of SiO2 significantly improves the foam stability. Notably, stable foams are achieved at low SiO2 concentrations, suggesting a cost-effective approach to enhancing the foam stability. This study identifies the optimal stability conditions for 12 mM DoTAB solutions, emphasizing the crucial role of the critical aggregation concentration region. These findings offer valuable insights for designing surfactant-nanoparticle formulations to enhance foam performance in various industrial applications.
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1. Introduction


Mixtures of surfactants and nanoparticles, which have been recognized as complex fluid systems with broad implications for different technological applications, represent a rapidly expanding area of research. Nanoparticle surface characteristics, such as charge, chemical composition, form and structure, are key to their unique properties at the nanoscale [1,2,3]. This encourages research into surface active agents, including classical surfactants, proteins and polymers, to improve and control the properties of nanoparticles [4,5,6,7]. Such enhancements may reveal new properties or provide control over unexpected behavior. To achieve this goal, a thorough understanding of the interactions between surfactants and nanoparticles in bulk and at interfaces is paramount. Complexes of surfactants and nanoparticles can act as innovative surface-modifying agents, providing the stabilization of dispersed systems such as foams and emulsions [8,9,10,11].



Nanoparticles such as carbon nanotubes, metal oxides (e.g., TiO2 and ZnO) and graphene oxide have been utilized for their distinct properties that contribute to improved foam and emulsion stability [1,2,4]. Untreated particles such as hydrophilic silica typically do not exhibit surface activity at liquid interfaces. However, the interfacial properties of the liquid may be greatly influenced by their application to a system containing surfactants. They may affect the surface activity of surfactants, or they can be activated by adsorbed surfactants, which alter their hydrophilic and hydrophobic properties. This phenomenon has been observed in several studies with combinations of nanoparticles and surfactants [12,13,14,15,16,17]. Nano-silica (SiO2) is used as a typical hydrophilic nanoparticle, which has Si–OH-2 (Silicon hydroxyl groups) on the surface [18]. Nano-silica is easy to obtain and has synergistic effects with surfactants as a foam stabilizer [19]. The foam stabilizes through the increase in the apparent viscosity and the decrease in interfacial tension and, hence, the increase in the surface dilational visco-elasticity, which strengthens the liquid holdup of the foam. A decrease in interfacial tension has a direct effect on the way foam drains. It reduces the force that moves liquid from the bubbles to the Plateau borders of the foam, which slows down the drainage process and helps maintain a higher amount of liquid inside the foam’s structure. This slower drainage rate is important for extending the foam’s lifetime and keeping it stable. Hydrophilic nanoparticles adsorb surfactants, becoming moderately hydrophobic. This increases the detachment energy of the particles at the lamellae and enhances mechanical strength, thereby reducing film drainage and bubble coalescence [18]. Moreover, the surface of silica nanoparticles can be easily modified, allowing for the adjustment of their hydrophilic or hydrophobic characteristics to suit specific applications. This modifiability facilitates a tailored interaction with surfactants, enhancing the stability and longevity of foams and emulsions.



The synergistic effect on the stability of foams/emulsions in the presence of nanoparticles, as shown in [17,18,19,20,21,22,23,24,25,26], extends across various surfactant classes in binary systems. Cationic surfactants, such as cetyltrimethylammonium bromide (CTAB), have been studied for their enhanced interaction with negatively charged nanoparticles, improving foam stability through electrostatic interaction mechanisms [27,28]. Anionic surfactants, including sodium dodecyl sulfate (SDS) and sodium lauryl ether sulfate (SLES), interact with positively charged or neutral nanoparticles, affecting the properties and stability of foams and emulsions by forming complexes that modify the interfacial behavior [9,12,14]. Nonionic surfactants, such as Triton X-100 and members of the Tween series, have also been explored, particularly for their ability to stabilize nanoparticles without the need for electrostatic interactions, thereby offering a gentler approach for sensitive applications and contributing to the formulation and stability of emulsions [5,6]. These investigations highlight the diverse potential of surfactant–nanoparticle combinations in enhancing the performance and stability of foam-based systems.



The electrostatic interaction between the negatively charged particle surface and positively charged surfactants is responsible for adsorption at the interface. This interaction increases surfactant adsorption on the surface of a particle, thereby increasing its hydrophobicity. Notably, complex systems containing silica nanoparticles and cationic surfactants have been extensively studied, showing that charged silica nanoparticles significantly reduce the effectiveness of cationic surfactant solutions at the water–air interface [27,28,29]. Nevertheless, there are only a few studies that have suggested that silica nanoparticles can reduce the surface tension of cationic surfactant solutions at lower or higher surfactant concentrations [16,30,31], and this is illustrated by the complex nature of these interactions. In particular, the surfactant to nanoparticle mixing ratios and the nanoparticle size and concentration strongly influence the properties of these systems.



Previous research has delved into the rheological properties and stability of colloidal systems, emphasizing the influential role of nanoparticles [18,19,20,21]. These contributions underscore the evolving landscape of nanoparticle/surfactant research, highlighting the critical role of dynamic studies in advancing the application of these systems across various industries. Studies involving nanoparticle–surfactant systems have provided valuable insights, elucidating correlations between foam stability and surface tension.



However, the existing knowledge base for nanoparticle/surfactant interactions, especially with DoTAB/SiO2, is still evolving. The literature reveals a lack of systematic investigations into the structure of complexes and the associated dynamics of adsorption, particularly in the context of foamability and foam stability. Building on the identified gaps in the current research landscape regarding DoTAB/SiO2 interactions, our study is founded on the hypothesis that the interplay between silica nanoparticles and the cationic surfactant DoTAB can significantly modify the dynamic surface tension and dilational elasticity of their mixtures, thereby improving foam stability and foamability. Enhanced dynamic surface tension, in the context of our study, means a greater efficiency of the surfactant–nanoparticle mixtures in reducing the dynamical surface tension. This leads to the formation of more stable and durable foams, as the mixtures can better resist the stresses and strains during foam formation and contribute to the synergistic effects between the DoTAB molecules and silica nanoparticles. We posit that the unique surface properties of SiO2 nanoparticles, when combined with DoTAB, can lead to the formation of more structured and resilient interfacial films. These enhanced films are expected to exhibit greater mechanical stress and deformation resistance, a key factor in prolonging foam lifetime. This study aims to investigate the dynamic surface tension and dilational visco-elasticity of DoTAB-SiO2 nanoparticle/surfactant mixed solutions, providing insights into their interfacial properties and foam behavior.




2. Materials and Methods


2.1. Materials


The cationic surfactant DoTAB, with a molecular weight of 308.2 g/mol and a purity of 99%, along with fumed silica (SiO2) nanoparticles, were purchased from Sigma-Aldrich. The specified average size of the silica nanoparticles was 12–15 nm, which refers to the primary particle size as provided by the supplier. The stock solutions of the surfactant were prepared in distilled water. The prepared DoTAB solution was added drop-by-drop to the 0.2 wt% silicon dioxide particle suspension, and the mixture was stirred by a magnetic stirrer at 400 rpm for 30 min. A 1:1 volume ratio of the DoTAB and SiO2 stock solutions at the given concentrations was used for the preparation of the DoTAB/SiO2 mixed solutions.



All experiments were performed at room temperature (25 °C), and the interfacial tension of the pure air/water interface at room temperature was about 72.0 mN/m.




2.2. Methods


2.2.1. Dynamic Surface Tension and Dilational Visco-Elasticity Measurements


The dynamic surface tension and dilatational visco-elasticity of the mixed solutions of the nanoparticles and surfactant were measured using a drop profile analysis tensiometer (PAT-1, SINTERFACE Technologies, Berlin, Germany). The foundation of the setup and the experimental protocol are described in the literature [32]. Additionally, the surface visco-elasticity was measured through volume/area oscillations of the solution drop with a specific amplitude and frequency, followed by Fourier transform analysis to determine changes in surface tension during oscillations. To provide sinusoidal perturbation and exclude nonlinear response, the amplitude and frequency range of these harmonic oscillations were taken to be around 7% of the initial surface area A of the drop at frequencies f of 0.01–0.1 Hz [33,34].



According to the following basic definition, the dilatational surface elasticity, ε, is calculated:


  ε ( ω ) =   δ γ   δ A / A    



(1)




where δγ is surface tension variation during droplet surface area oscillations with an applied amplitude δA. ω = 2πf is the circular frequency.




2.2.2. Foamability and Foam Stability Measurements


Foam was obtained using the laboratory setup shown in Figure 1 to determine foam properties. First of all, it includes a micro compressor (1), through which air is supplied to the humidifier (2), to which a tube with a filter (3) is attached, the polytetrafluoroethylene membrane pore sizes of which vary from 40 to 100 μm. To obtain foam, 20 mL of foaming solution is poured into a 600 mL cylinder. Using a micro compressor, the humidified air is bubbled through the solution for 1 min at an air flow rate of 0.5 L/min, after which the volume of foam produced (  V  ) is measured over a period of time. In the experiment, as the foam begins to settle or degrade, the liquid component of the foam gradually separates and drains downward. This liquid flow occurs through the interconnected channels within the foam structure. Once the liquid reaches the bottom of the cylinder, it collects there. The volume of this collected liquid, referred to as     V   l i q u i d    , is then measured. This measurement is crucial for calculating the true volume of the foam, as it accounts for the liquid that has drained out from the foam body. The foam volume     V   f o a m       is calculated using the following equation [35]:


    V   f o a m   = V −   V   l i q u i d    



(2)







The experiment is repeated with each of the prepared solutions, setting the time t1/2, when the maximum volume of the foam decreases by half. Initially, the height of the foam is measured at one-minute intervals. This measurement frequency is performed to capture the rapid changes that occur in the early stages of foam decay. As the foam stabilizes or breaks down more slowly, the interval between measurements is extended to every 5–10 min. This change in measurement frequency reflects the slower rate of change in the foam’s height during the later stages of the study. The experiment is carried out at room temperature.



The percentage of foam stability is calculated using the following formula:


  F o a m   s t a b i l i t y     %   =     V   5       V   0       *   100 %  



(3)







Here,     V   5     represents the volume of foam remaining at 5 min after termination of the foam formation, and     V   0     is the volume of foam at time t = 0. This provides a normalized measure of the foam decay, enabling comparisons across different formulations and conditions.






3. Results


The error bars represented in all figures are derived from multiple measurements. Specifically, we performed a series of independent experiments for each condition tested to calculate the standard deviation, which is depicted as error bars.



3.1. Equilibrium Surface Tension


The equilibrium surface tension of DoTAB solutions in the concentration range from 0.01 mM to 20 mM, with a constant concentration of SiO2 nanoparticles at 0.1 wt%, is measured, as shown in Figure 2. As illustrated in the figure, there is a change in the surface tension isotherm when SiO2 nanoparticles are introduced into the DoTAB solution. Specifically, a decrease in surface tension was evident, starting at a DoTAB concentration of 6 mM and reaching its maximum decrease at 12 mM. The observed decrease in surface tension with the addition of SiO2 nanoparticles signifies an alteration in the composition of the liquid–gas interfacial layer.



The concentration-dependent behavior observed in the isotherm highlights the sensitivity of the system to variations in DoTAB concentrations. Notably, the maximum decrease in surface tension at 12 mM indicates a critical point where the interactions between DoTAB and SiO2 are most pronounced. These findings prompt discussions about the specific molecular interactions occurring at the liquid–gas interface, highlighting the potential role of SiO2 in influencing the packing and orientation of DoTAB molecules. The observed trend provides the foundation for further discussions on the molecular mechanisms governing the surface behavior and complex formation in this nanoparticle–surfactant interaction.



From these isotherms for DoTAB and DoTAB + SiO2 systems, the CMC (critical micelle concentration) was determined, and the values of surface activity at the CMC (    G   CMC    ), Gibbs maximum adsorption (Γ) and area (    S   CMC    ), occupied by the surfactant molecule both in the presence and absence of SiO2 (Table 1), were calculated. Also presented are the values of the standard free energy of micelle formation and adsorption at the water–air interface. For calculating the parameters of mixtures at the CMC, the following relationships [36] were used:


  Δ   G   M   0   = R T   ln  ⁡    C   CMC      



(4)






  Δ   G   a   0   = R T   ln  ⁡    C   CMC     −   π   CMC   ·   S   CMC   ·   N   A    



(5)




where   R     is the gas constant;   T     is the temperature;     π   C M C     and     S   C M C       are the surface pressure and the area occupied by a surfactant molecule in the adsorption layer at the CMC, respectively; and     N   A       is Avogadro’s number.



Table 1 shows the surface characteristics of pure DoTAB and DoTAB combined with SiO2 nanoparticles at the liquid/air interface, revealing their interplay. While the CMC values are similar for both systems, indicating that SiO2 nanoparticles have a minimal impact on the critical concentration for micelle formation of DoTAB, the presence of nanoparticles slightly increases the CMC, which could be attributed to their adsorption onto the surface of the SiO2 particles. The measured surface tension at the CMC (    σ   C M C    ) is marginally lower for the DoTAB + SiO2 mixture compared to DoTAB alone. This suggests that SiO2 nanoparticles may facilitate the formation of surfactant–nanoparticle associates at the interface, thereby enhancing the surface activity of the system. In the presence of nanoparticles, the Gibbs free energy changes for micellization (  Δ  G M 0   ) and adsorption (  Δ  G a 0   ) exhibit a slight decrease and increase, respectively. This indicates that micelle formation becomes more favorable, but the adsorption dynamics becomes slightly less favorable. The reason for this nuanced behavior could be the co-adsorption of DoTAB and SiO2 nanoparticles, which results in a more complex interfacial structure. The adsorption parameter (Γ) and the calculated minimum surface area per molecule at the CMC (    S   C M C    ) both increase for the DoTAB + SiO2 system, which could be indicative of a denser packing induced by the nanoparticles’ role in structuring the interface.



These findings imply that while the SiO2 nanoparticles do not significantly disrupt micelle formation, they do contribute to the formation of associates and affect surfactant–nanoparticle interfacial co-adsorption, leading to decreased surface tensions. This supports the presence of associates at the interface and suggests complex interfacial behaviors in surfactant–nanoparticle systems. Further study is required to elucidate the potential for a secondary surfactant corona formation around the nanoparticles, which would be indicated by an increase in surface tension at higher surfactant concentrations, thereby enhancing the hydrophilicity of the nanoparticles.




3.2. Dynamic Surface Tension


Examining the dynamic surface tension values is essential for gaining a comprehensive understanding of the interfacial properties of nanoparticle–surfactant mixed solutions. Figure 3 offers insights into the dynamic surface tension behavior by comparing pure DoTAB solutions with those containing SiO2 nanoparticles at a constant concentration of 0.1 wt%.



Similarly to the equilibrium surface tension, the dynamic surface tension values provide valuable information for practical applications. In the context of our study, we maintain a constant concentration of SiO2 nanoparticles (0.1 wt%) while varying the DoTAB concentration from 0.01 mM to 16 mM. These concentrations were specifically chosen to span the range below, at and above the critical micelle concentration (CMC) of DoTAB. This approach allows for a comprehensive investigation of the surfactant’s behavior in the absence and presence of micelles, as well as an examination of the effects of nanoparticle addition on the surfactant’s micellization and surface activity characteristics. The dynamic surface tension measurements allow us to explore the behavior of the DoTAB-SiO2 system over time, shedding light on the kinetics of adsorption and potential complex formation at the liquid–gas interface.



For low DoTAB concentrations (0.01 mM), the dynamic surface tension approaches values resembling those of pure water, indicating minimal surface activity of the formed DoTAB-SiO2 complexes. This aligns with the idea that, at low surfactant concentrations, the number of free DoTAB molecules in the bulk is negligible. Further discussion of these aspects can be found in Section 3.3.




3.3. Elasticity Measurements


The surface dilational visco-elasticity measurements, as illustrated in Figure 4, were conducted at a frequency of 0.1 Hz for both pure DoTAB solutions and those mixed with SiO2 nanoparticles. These measurements provide valuable insights into the visco-elastic properties of the interfacial layer formed by these systems. Regarding the concentration of nanoparticles (0.1 wt%), the results show a remarkable trend with DoTAB concentration ranging from 0.01 to 16 mM. A distinct peak in elasticity is observed around the DoTAB concentration of 12 mM. This peak signifies the point at which the maximum DoTAB/SiO2 complexes are adsorbed, indicating the slower dynamics of adsorption/desorption for the larger complexes compared to the smaller single DoTAB molecules. This equilibrium state is crucial for maintaining the stability and characteristics of the interfacial layer, as presented in Figure 3. For lower DoTAB concentrations, where the adsorbed layer is diluted, minimal changes in surface tension are noted during the measurement. In contrast, at higher DoTAB concentrations, a closely packed, yet highly dynamic DoTAB adsorbed layer, is formed.



Figure 5 demonstrates the elasticity measured for solutions of DoTAB alone and in combination with SiO2 nanoparticles at various frequencies, highlighting the viscoelastic properties of these mixtures at the liquid–gas interface. In both DoTAB and DoTAB/SiO2 mixed systems, a clear trend of increasing elasticity with frequency indicates a more elastic interfacial film as the deformation rate increases. The presence of SiO2 nanoparticles enhances this elasticity, particularly at higher DoTAB concentrations (16 mM and 12 mM), which suggests the formation of a more structured and rigid interfacial film, likely due to the interactions between the surfactant molecules and nanoparticles. Notably, the elasticity of the DoTAB/SiO2 mixture shows a significant increase starting from a surfactant concentration of 12 mM, which can be attributed to the Critical Association Concentration (CAC). Above this concentration, there appears to be a synergistic effect whereby the SiO2 nanoparticles and DoTAB molecules associate more effectively, creating a composite interfacial structure that exhibits enhanced resistance to deformation. This increased elasticity at concentrations above the CAC highlights the importance of surfactant–nanoparticle interactions in modifying the mechanical properties of the interface, which is relevant for applications that depend on the stability and longevity of foams.



The findings from the surface elasticity measurements at different frequencies, as depicted in Figure 5 for various DoTAB/SiO2 mixtures, further substantiate these observations. These measurements provide additional support for the complex dynamics of the adsorbed layers, emphasizing the intricate interplay between DoTAB and SiO2 nanoparticles in influencing the viscoelastic properties at the liquid–gas interface.




3.4. Foamability and Foam Stability


3.4.1. Dependence of Foam Stability of DoTAB/SiO2 Mixed Solutions on Surfactant Concentration


The foamability and stability of DoTAB solutions mixed with SiO2, as demonstrated in Figure 6 and Figure 7, offer valuable insights into the dynamic behavior of these systems and their potential applications in foam-based processes.



The data presented in Figure 6 show the foamability of DoTAB solutions with and without 0.1 wt% SiO2 nanoparticles across a range of concentrations. Contrary to the usual expectation that lower surface tension and viscosity promote higher foamability, the addition of nanoparticles appears to decrease the foamability of the mixture when compared to the pure DoTAB solutions. This decrease could be due to the increased viscosity or altered surface properties caused by the presence of SiO2 nanoparticles, which may hinder the formation of the foam. As the DoTAB concentration increases and exceeds the CAC, we observe an enhanced foamability, which sharply increases up to the CMC. This behavior could be attributed to the increased availability of surfactant molecules that can effectively lower the surface tension and contribute to the formation of more stable foam structures. Beyond the CMC, the foamability of both the pure DoTAB and the DoTAB/SiO2 mixtures reaches a plateau, suggesting that the maximum foamability has been achieved, and additional surfactant molecules do not further enhance the foam’s stability or volume.



It is important to note that the presence of SiO2 nanoparticles in the mixtures does not significantly enhance the foamability, which remains comparable to the foamability of the pure DoTAB solutions at higher concentrations. This indicates that while nanoparticles have a role in the mixture, it does not necessarily translate into increased foamability within the studied concentration range. The nanoparticles instead play a more significant role in the stability and longevity of the foam.



Figure 7 presents the results of foam stability. The findings reveal a plateau in the foam stability for all mixed DoTAB/SiO2 solutions above the CAC. This is attributed to the maximum formation of DoTAB/SiO2 complexes with high surface activity. The observed correlation with the elasticity values underscores the role of interfacial dilational visco-elasticity in influencing foam stability. This correlation aligns with the minimum surface tension values in the equilibrium isotherm curve (Figure 2).



At lower DoTAB concentrations, the solutions experience a depletion of free DoTAB molecules due to their binding to the nanoparticle molecules. However, these complexes are not sufficiently surface-active to be significantly adsorbed, resulting in lower foam stability. Conversely, at high DoTAB concentrations, the rapid adsorption of excess surfactant molecules prevents the significant adsorption of complexes. As a result, the created foams contain more single DoTAB molecules rather than DoTAB/SiO2 complexes. These findings highlight the intricate interplay between surfactant concentration, nanoparticle addition, and foamability and stability, providing valuable insights for applications where foam characteristics are crucial.




3.4.2. Dependence of Foam Stability of DoTAB/SiO2 Mixed Solutions on Nanoparticle Concentration


Figure 8 and Figure 9 provide a detailed analysis of the relationship between the concentration of nanoparticles and the stability of foam in DoTAB/SiO2 mixed solutions. This study focuses on DoTAB/SiO2 foamability and foam stability, at two selected surfactant concentrations of 8 mM and 12 mM, and SiO2 concentrations ranging from 0 to 0.5%.



The observed trends in the foamability and foam stability of the solutions of DoTAB/SiO2 mixtures offer valuable insights into the underlying interactions between the nanoparticle and surfactant, especially in the context of varying SiO2 concentrations. The dependence of foamability on the added amount of SiO2 nanoparticles implies that it does not significantly alter the foam-forming ability of the DoTAB solution. The impact of silica nanoparticles on the foamability of DoTAB solutions is a main point of our discussion, particularly in light of the fact that the added particles do not markedly change the foam-forming capacity at both tested surfactant concentrations. It appears that the nanoparticles’ primary role may be more pronounced in the stabilization phase rather than during the foam formation. This is an important distinction, as it indicates that the surfactant concentration—especially the observed increased foamability in the 12 mM DoTAB solution relative to the 8 mM solution—plays a more significant role in forming the foam. The presence of nanoparticles, while not substantially influencing the quantity of foam produced, may impact the quality and stability of the foam, which is a critical aspect for applications where the longevity of foam is of paramount importance.



The observation regarding foam stability reveals that independent of the SiO2 concentration, the presence of even a low concentration (0.1 wt%) of SiO2 enhances the foam stability compared to the corresponding pure surfactant solution. This phenomenon can be attributed to the interaction between SiO2 nanoparticles and DoTAB, forming stable associates that reinforce the foam structure, probably decelerating drainage. The stable foam achieved at low SiO2 concentrations implies the potential for economical use of nanoparticles to improve foam stability in practical applications.



The consistent stability of foam in the 12 mM DoTAB solution, regardless of the SiO2 concentration, underscores the importance of the CAC region. The interaction between nanoparticles and surfactants within this region likely results in the formation of associates with optimal surface activity, leading to stable foams. These findings provide a rationale for defining an optimal concentration range for further exploration and utilization of DoTAB/SiO2 mixtures in various industrial processes, particularly those requiring stable foam formulations.






4. Conclusions


This systematic study included the analysis of equilibrium and dynamic surface tension and dilational surface visco-elasticity, as well as foamability and foam stability measurements. The following key findings and implications can be summarized:




	(i)

	
The equilibrium surface tension isotherms illustrate a notable decrease in surface tension with the addition of SiO2 nanoparticles, particularly at DoTAB concentrations above 6 mM. This suggests that the presence of SiO2 has a surfactant-enhancing effect on reducing surface tension, with the most significant impact observed at DoTAB 12 mM. Dynamic surface tension measurements further revealed the intricate behavior of DoTAB/SiO2 mixtures, emphasizing the importance of surfactant concentration in influencing the adsorption and desorption dynamics. The plateau of elasticity values around DoTAB 12 mM indicated optimal conditions for the adsorption of DoTAB/SiO2 associates.




	(ii)

	
The surface visco-elasticity measured during drop oscillations corroborated the trends observed in dynamic surface tension, emphasizing the dynamics of large associates in DoTAB/SiO2 mixtures compared to individual DoTAB. The frequency-dependent behavior highlighted the unique interfacial characteristics of these mixtures.




	(iii)

	
Foamability was found to be dependent on the DoTAB concentration, with higher concentrations yielding superior foamability. Importantly, the addition of SiO2 did not significantly influence foamability but markedly improved foam stability, even at low nanoparticle concentrations (0.1 wt% SiO2). The stable foams observed at low SiO2 concentrations suggest a cost-effective strategy for enhancing foam stability. The stability of foam in DoTAB 12 mM solutions remained consistently high across varying SiO2 concentrations, emphasizing the significance of the CAC region. This points to an optimal concentration range for nanoparticle/surfactant mixtures, where the interaction within the CAC region leads to the formation of stable associates with superior surface activity.









These results reinforce the complex balance of DoTAB/SiO2 mixtures with regard to their foamability and stability, which is influenced by complicated interfacial interactions. This insight has provided a roadmap to optimize foam formulations and improve their stability, contributing to the foundation of further exploration and use of DoTAB/SiO2 mixtures in various production processes.
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Figure 1. A laboratory setup to determine foamability and foam stability. 1—micro-compressor; 2—humidifier; 3—a tube with a filter. 
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Figure 2. Surface tension isotherm of DoTAB and DoTAB/SiO2 mixtures with 0.1 wt% SiO2. 
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Figure 3. Comparison of dynamic surface tensions for pure DoTAB and DoTAB/SiO2 (0.1 wt%) mixed solutions. 
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Figure 4. Surface dilational visco-elasticity measurements (at F = 0.1 Hz) for pure DoTAB and mixed DoTAB/SiO2 solutions with 0.1 wt% SiO2. 
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Figure 5. Surface dilational visco-elasticity measurements at different frequencies for DoTAB and DoTAB/SiO2 mixed solutions with 0.1 wt% SiO2. 
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Figure 6. Foamability variation in DoTAB and DoTAB/SiO2 mixtures. 
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Figure 7. Foam stability variation in DoTAB and DoTAB/SiO2 mixtures. 
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Figure 8. Foam ability of DoTAB/SiO2 mixed solutions with different concentrations of SiO2. 






Figure 8. Foam ability of DoTAB/SiO2 mixed solutions with different concentrations of SiO2.



[image: Colloids 08 00019 g008]







[image: Colloids 08 00019 g009] 





Figure 9. Foam stability of DoTAB/SiO2 mixed solutions with different concentrations of SiO2. 
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Table 1. Calculated surface characteristics of DoTAB and DoTAB + SiO2 mixture at the liquid/air interface.
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System

	
CMC,

mmol

	
     σ   C M C     ,

mN·m−1

	
     G   C M C      × 10−4,

mN·m2·

kmole−1

	
  Γ   × 109,

kmole·m−2

	
     S   C M C      × 1020, m2

	
    − Δ  G M 0  ,    

	
    − Δ  G a 0  ,    




	
kJ·mole−1






	
DoTAB

	
10.85·10−3

	
54.2

	
16.4

	
6.9

	
24

	
11.3

	
13.7




	
DoTAB + SiO2

	
11.28·10−3

	
50.8

	
18.8

	
6.1

	
27

	
11.1

	
14.5
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