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 33 
ABSTRACT 34 

 35 

Presence of TiO2 nanoparticles in aqueous surfactant solutions affects air-liquid interfacial 36 

characteristics of the system in which they have been dispersed. Foam formation, as a 37 

comprehensively applied process for new materials and techniques development, is one of the 38 

phenomena affected by changes of interfacial properties of solutions containing surfactants. 39 

Therefore, finding the relationship between interfacial properties and foamability is of a great 40 

importance for predicting and controlling the behaviours of foaming systems. Herein, using 41 

interfacial tension and zeta potential measurements, we studied air-liquid interfacial behaviours 42 

of negatively charged anatase TiO2 nanoparticles in two types of ionic surfactant solutions, i.e., 43 

cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulphate (SDS), with their 44 

concentrations varied from 1e-6 M to 1e-1 M. Foamability studies of these surfactant solutions 45 

containing nanoparticles showed that the foam formation was dependent on the type and 46 

concentration of the surfactant, and the presence of TiO2 nanoparticles affected the minimum 47 

concentration of surfactants required for the foam formation. These nanoparticles were also 48 

found to affect the size distribution of bubbles formed in the foam. In case of the CTAB 49 

solutions containing TiO2 nanoparticles, adsorption of TiO2 nanoparticles at the air-liquid 50 

interfaces prevented bubbles’ coalescence and thus resulted in the formation of foams with 51 

smaller bubble sizes in comparison to those of SDS solutions. These findings are important for 52 

the formulations of foam-forming materials in which the particles are often used for stabilising 53 

foams, providing insight into industrial processes where foaming characteristics need to be 54 

controlled. 55 

 56 
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1. Introduction 67 
 68 

Foams consist of gas bubbles surrounded by a thin liquid film [1]. Understanding and 69 

utilising the interfacial behaviours of foams are crucial for various industries and technologies 70 

[2]. For example, enhanced oil recovery (EOR) [3], [4], [5], [6], wastewater treatment [7], [8], 71 

[9], food processing [10], [11], [12], cosmetic [13], [14] and pharmaceutical [15], [16], [17] 72 

industries are all benefited from using foams for various purposes. In various applications, 73 

nanoparticles are commonly combined with surfactants to enhance foam strength and stability 74 

[18], [19], [20], [21]. Nanoparticles of silica (SiO2) [19], [22], [23], [24], [25], [26], [27], [28], 75 

[29], [30], [31], iron oxide (Fe2O3) [19], gliadin [20], aluminium oxide (Al2O3) [22], [32], 76 

multi-walled carbon nanotubes (MWCNTs) [33] and nano-clay [18] have been used in foam-77 

related applications.  78 

When surfactants alone are used to create foams, their types and concentrations significantly 79 

influence foam stability and interfacial properties [34]. Adjusting surfactant concentrations 80 

significantly influences its adsorption at the air-liquid interface, altering interfacial tension. 81 

When solid nanoparticles are introduced into the foaming systems, they change the system’s 82 

interfacial properties. These alterations, attributed to the interactions of 83 

surfactant/nanoparticles at the gas-liquid interfaces, affect the foaming properties such as 84 

stability and rheological properties [31], [35], [36], [37], [38], [39]. Concentration and type of 85 

the surfactants [40], and also concentration [41], [42], size [43], surface charge [44], and 86 

hydrophilicity/hydrophobicity [45] of nanoparticles affect the interfacial interactions between 87 

particles and surfactant molecules [46], [47], [48]. 88 

Titanium dioxide (TiO2) nanoparticles, have broad applications in fields such as paint, 89 

pigment, plastics, coating, cosmetics, food, paper, and pharmaceutical industries [49], [50], 90 

[51], [52]. These nanoparticles enhance the foam stability in the EOR techniques [53], [54], 91 

[55], [56]. Moreover, they are cost-effective photocatalyst materials for decomposing 92 

pollutants in liquid and/or gas phases. Wet foams stabilised by adding TiO2 nanomaterials are 93 

regarded as a good template for fabricating photoactive macroporous/mesoporous structured 94 

TiO2 foams to overcome environmental challenges such as air filtration [57], [58], [59], [60]. 95 

Despite of extensive applications of TiO2 nanoparticles in dispersed systems, understanding of 96 

the relevance of interfacial properties and foamability of such systems is so far rather limited 97 

[61]. Such information is crucial for decreasing the number of trial-and-error in practical 98 

applications in industries which often use amphiphilic systems of TiO2 nanoparticles-99 

surfactants for the foam formation. 100 
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To tackle these challenges, in this paper, adsorption behaviour of TiO2 nanoparticles at the 101 

air-liquid interfaces of aqueous solutions with surfactants was studied. Two commonly used 102 

industrial surfactants, i.e., cetyltrimethylammonium bromide (CTAB) and sodium dodecyl 103 

sulphate (SDS), which are classified as cationic and anionic surfactants, respectively, were 104 

applied as key examples in this study. The anatase TiO2 nanoparticles were used because they 105 

have shown a better photocatalytic activity compared with the other forms of TiO2, e.g., rutile 106 

[62]. Effects of TiO2 nanoparticles on the foamability of the nanoparticle-surfactant dispersions 107 

with varied concentrations of surfactants were investigated using interfacial measurement. 108 

Such correlation between foamability and interfacial properties of nanoparticle-surfactant 109 

dispersions is crucial to select the suitable surfactant among the large number of surfactants for 110 

foaming applications and also find the suitable range of foaming concentrations of surfactant 111 

in the presence of nanoparticles. As a result of this approach, the number of trial-and-error 112 

experiments, time, and cost for the formulation of nanoparticle-surfactant foam systems could 113 

be significantly decreased.  114 

 115 

2. Materials and Methods 116 
 117 
2.1. Materials 118 

 119 
CTAB with its chemical formula of [CH3(CH2)15] (CH3)3NBr, a molecular weight of 364.46 120 

g/mol, and a purity of 99%, under the brand name of AnalaR, was supplied by BDH Chemical 121 

Ltd., UK. SDS, with its chemical formula of CH3(CH2)11SO4Na, a molecular weight of 288.38 122 

g/mol, and the minimum purity of 99%, was purchased from Sigma-Aldrich Chemie GmbH, 123 

China. Titanium (IV) oxide nanoparticles with their anatase crystal forms were purchased from 124 

Ionic Liquids Technologies GmbH (IoLiTec), Germany. The purity and size of this white 125 

powder were 99.5% and 20 nm, respectively. The specific surface area of these spherical 126 

nanoparticles was >120 m2/g. Isopropyl alcohol (IPA) was purchased from Fisher Scientific, 127 

UK. Deionised (DI) water was obtained from a PURELAB® Option-Q7 (ELGA LabWater, 128 

UK) purification system. The bulk resistivity of the produced water was larger than 18 MΩ.cm, 129 

and its surface tension at 25±0.2 °C was 71.99 mN.m-1 without any apparent kinetics changes 130 

over several hours [63]. All experiments were conducted using bare solution of surfactant with 131 

no added salts. 132 

 133 

2.2. Methods 134 
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 135 

2.2.1. Characterisation of TiO2 Nanoparticles 136 
 137 

To create a dispersion of the TiO2 nanoparticles (0.1 wt %) in IPA, we used a drop-by-drop 138 

method while stirring at room temperature. After 12 hours of stirring, a droplet from each 139 

sample was transferred onto an individual stub of a scanning electron microscope (SEM, 140 

TESCAN MIRA3). The samples were left under a fume hood for 30 minutes to allow the IPA 141 

to be evaporated, and the particles were observed under the SEM without depositing additional 142 

conductive coating [63]. 143 

 144 

 145 
2.2.2. Preparation of Solutions and Dispersions 146 
 147 

CTAB was dissolved in DI water to achieve the main stock solution (with a concentration 148 

of 1e-1 M) using a magnetic stirrer operated at room temperature. Further aqueous CTAB 149 

solutions (ranging from 1e-6M to 1e-2M) were prepared using the dilution process. Due to 150 

CTAB’s surfactant properties, bubbles were formed during its mixing with water. To ensure 151 

full degasification, sealed containers of high-concentration solutions were ultrasonicated using 152 

an ultrasonic bath (FB15053, Fisher Scientific, UK) which was used for mixing, homogenising, 153 

and degassing [64] of the bubble-contained solutions. The same procedure was applied for the 154 

SDS solutions. The stock solution was diluted immediately after preparation to avoid long-term 155 

storage. This method prevented potential hydrolysis of SDS, ensuring accurate surface tension 156 

measurements. 157 

Dispersions of TiO2 nanoparticles with a fixed concentration of 0.1 wt % in both the CTAB 158 

and SDS solutions were prepared by drop-by-drop addition of aqueous matrix (surfactant 159 

solution) to the dry nanoparticle powders while continuously stirring at room temperature. This 160 

concentration of nanoparticles was chosen based on commonly used concentration range, i.e., 161 

<0.1% to 0.5%, of TiO2 nanoparticles in typical personal care products, such as that reported 162 

in Ref. [65]. TiO2-surfactant dispersions covered surfactant concentrations ranging from 1e-6 163 

M to 1e-1M. The samples were stirred for 12 hours at room temperature to avoid any 164 

nanoparticles’ agglomeration [63]. 165 

 166 

2.2.3. Interfacial Tension Measurements 167 
 168 
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The interfacial tension of each solution and dispersion was measured using a profile analysis 169 

tensiometer (PAT1M, SINTERFACE Technologies, Germany) with a pendant drop method. 170 

A steel capillary with a radius of 1 mm was applied to form a drop of the defined solution 171 

and/or dispersion on its tip. The surface area of the drop was maintained constant at 25 mm2. 172 

The temperature of the measuring cell was maintained at 25±0.2 °C with an external 173 

thermostatic water bath. To ensure the homogeneity of the dispersion during the interfacial 174 

tension measurement experiments, each of the investigated samples was ultrasonicated at room 175 

temperature for 30 minutes prior to the measurements. Interfacial tension measurements were 176 

repeated three times (n=3) for each sample. The IsoFit programme was applied to fit the best 177 

adsorption model to the obtained experimental data [66]. Based on the type of surfactants in 178 

this study, the Frumkin model was used to study the adsorption isotherm [63].  179 

 180 

2.2.4. Zeta Potential Measurement 181 
 182 

The surface charge of nanoparticles with a concentration of 0.1 wt % in DI water as well as 183 

the dispersions of nanoparticles in surfactant solutions at different concentrations were 184 

measured using the SZ-100 Nano Partica Analyser (Horiba, Japan). The surface charge was 185 

calculated from measured results of electrophoretic mobility (μe) obtained using the laser 186 

Doppler electrophoresis technique. All the measurements, 5-11 tests performed separately per 187 

each sample, were performed in the disposable capillary cells at a fixed controlled temperature 188 

of 25°C [63]. 189 

 190 

2.2.5. Preparation and Characterisation of Foams 191 
 192 

Wet foams from aqueous solutions of CTAB and SDS and TiO2-surfactant dispersions were 193 

manually prepared. The TiO2 nanoparticles’ concentration in each surfactant solution was fixed 194 

at 0.1 wt%. Before foaming, all samples, including bare surfactant solutions with various 195 

concentrations and TiO2-surfactant dispersions, were placed in separate glass containers and 196 

ultrasonicated for 10 minutes, to maintain homogeneity and secure well degasification. Then, 197 

the containers were vigorously shaken for one minute at a rate of 180±4 shake.min-1 at room 198 

temperature [63]. Immediately after shaking, the obtained wet foams were transferred onto 199 

microscope glass slides and the shapes and sizes of the created bubbles were observed using 200 

an optical microscope ECLIPS LV 100, Nikon, Japan. ImageJ Software [67] was used as an 201 

image processing programme to analyse the images obtained from the optical microscopy [63]. 202 

 203 
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3. Results and Discussion 204 
 205 

3.1. Characteristics of TiO2 Nanoparticles 206 

 207 
The SEM images of the porous shapes of the agglomerates of TiO2 nanoparticles are shown 208 

in Fig. 1. The spherical shape of individual nanoparticles is shown in Fig. 1a. However, the 209 

agglomeration of nanoparticles prevents the exact size measurement of these nanoparticles. 210 

SEM observation indicates that a mixture of individual and agglomerated of nanoparticles 211 

exists in the dispersions prepared in this study. Our main goal with the SEM images was to 212 

observe the particles’ shapes and determine their state of agglomeration at their fixed 213 

concentration, i.e., 0.1 wt %. For accurate nanoparticle size measurement using SEM, a low 214 

nanoparticle concentration and a short deposition time on the surface are recommended for 215 

further detailed characterisation. The nanoparticles were estimated to have the average size of 216 

20 nm and a specific surface area of > 120 m2/g according to the supplier. The average zeta 217 

potential values for these TiO2 particles were -31.46±7.11 mV. 218 

 219 

 220 
Fig. 1 SEM images of TiO2 after the evaporation of IPA at different resolutions. The dashed square in image (a) 221 
has been magnified in image (b) [63]. 222 
 223 
 224 
3.2. Interfacial Tension for Surfactant Solutions 225 

 226 
The plots in Figs. 2a and 2b show the obtained interfacial tension values versus 227 

concentrations of pure CTAB and SDS obtained using the interfacial tension measurement 228 

tests. Results clearly show that there are two regions, i.e., a concave-shaped curve zone (with 229 
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the solid line) and a plateau-shaped zone (with the dashed line). The steep area of the first 230 

region where the interfacial tension is decreasing with an increase of the concentration can be 231 

described by an adsorption isotherm model [68]. As shown in Fig. 2a, for the CTAB, there is 232 

an outlier data point at the concentration of 5.00e-4 M, and the tests were repeated three times 233 

as mentioned in Section 2.2.3. Additional investigations would help to understand why this 234 

data point is an outlier. For future studies, it is recommended to use more data points at 235 

concentrations which are related to the steep area of the isotherm, in order to increase the 236 

accuracy of the fitted model. In this study, one key aim was to maintain consistency between 237 

the CTAB and SDS by using the same number of data points. The plots indicate that in some 238 

instances such as the CTAB, using additional data points can improve accuracy. Although there 239 

is no standard number of data points to derive the isotherm model, and different studies 240 

employed varied numbers of data points [69], [70], it is evident that more data points can 241 

enhance the precision of the model. 242 

The plateau-shaped region is related to the concentration at which the Critical Micelle 243 

Concentration (CMC), i.e., the minimum concentration of surfactant micelle formation, has 244 

been reached [71]. 245 

 246 

 247 
Fig. 2 Equilibrium interfacial tension against concentration of (a) CTAB and (b) SDS in aqueous solutions at 248 
25°C. The standard deviation for each point was shown on the graph but are not visible as the low value resides 249 
within the data point. The solid line is the best fitted curve of the Frumkin model for the experimental data. The 250 
dashed line is representative of reaching the CMC point. The arrows show the CMC values equal to 1.30e-3 M 251 
and 4.23e-3 M for CTAB and SDS, respectively [63]. 252 
 253 

 254 

Adsorption isotherms and their models have been widely applied to characterise the 255 

adsorption behaviours of the surfactant molecules at the air-liquid interfaces and also their 256 

related foaming properties. Adsorption isotherm models can vary in the number of parameters 257 

and their shapes [72]. Even when the same adsorption isotherm model is chosen for a given 258 
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system, many factors such as differences in salinity or ionic strength [73], temperature, and pH 259 

can affect the acquired values for the parameters, leading to slight variations of the data points 260 

[74]. Additionally, the method used for analysis can influence the values of interfacial tension, 261 

resulting in different adsorption isotherm parameters for the same surfactant [75]. Therefore, 262 

we chose to model our specific isotherm process and determine these parameters for our system 263 

rather than using data and parameters reported in previous studies. 264 

In this study, the Frumkin model [76] was applied for the adsorption isotherm. This model 265 

applies to systems that deviate slightly from the ideal behaviour, as described by the Langmuir 266 

adsorption isotherm [77]. The Frumkin model [76] applicable to individual ionic surfactant 267 

solutions such as CTAB and SDS, considers interactions between adsorbed surfactant 268 

molecules at the interface. When used for ionic surfactants without adding inorganic salt, the 269 

equation of state and adsorption isotherm can be described using [76]: 270 

 𝛾𝛾 = 𝛾𝛾0 +
2𝑅𝑅𝑅𝑅
𝜔𝜔

 [𝑙𝑙𝑙𝑙(1 − 𝜃𝜃) + 𝑎𝑎𝜃𝜃2]              Eq. 1 

 𝑏𝑏𝑏𝑏𝑏𝑏 =
𝜃𝜃

1 − 𝜃𝜃
𝑒𝑒𝑒𝑒𝑒𝑒 (−2𝑎𝑎𝑎𝑎)              Eq. 2 

where 𝛾𝛾0, R, T, and c are the surface tension of pure solvent, gas law constant, absolute 271 

temperature, and bulk concentration of the ionic surfactant, respectively [63]. The parameters 272 

of 𝑎𝑎 and 𝑏𝑏 are the Frumkin interaction parameter and the adsorption equilibrium constant, 273 

respectively. 𝜔𝜔 is the partial molar area of the surfactant. The surface coverage, 𝜃𝜃, can be 274 

expressed as: 275 

 𝜃𝜃 = 𝛤𝛤𝛤𝛤              Eq. 3 

where 𝛤𝛤 is the actual adsorption of the surfactant molecules at the interface [63], [78]. The 276 

average activity coefficient, 𝑓𝑓, calculated by the Debye-Hückel equation [79], has been 277 

corrected for short-range interactions: 278 

 
𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓 = −

0.5115√𝐼𝐼
1 + 1.316√𝐼𝐼

+ 0.055𝐼𝐼              Eq. 4 

where 𝐼𝐼 is the ionic strength expressed in M [63]. When there is no salt in the system, 𝐼𝐼 = 𝑐𝑐  279 

[79].  280 

Using the Frumkin model [76] for the ionic surfactants, the related parameters of the model, 281 

i.e., ω, a, and b, were derived, and the obtained results are summarised in Table 1. This table 282 

also lists the measured CMC value for each surfactant at 25°C. 283 

 284 
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Table 1 Adsorption isotherm parameters calculated as best fit values from the Frumkin model. The CMC values 285 
were obtained by interfacial tension measurement at 25°C [63]. 286 

Surfactant 𝝎𝝎 (m2.mol-1) 𝒂𝒂 𝒃𝒃 (m3.mol-1) CMC (M)  

CTAB 1.00e+5 3.00e-1 7.35e-1 1.30e-3 

SDS 5.00e+5 1.00e-1 1.26e+1 4.23e-3 

 287 

 288 

The obtained positive 𝑎𝑎 values for both the CTAB and SDS suggest that there are 289 

intermolecular attractions among surfactant molecules at the surface monolayer. These non-290 

negligible values of 𝑎𝑎 indicates that the attraction forces at the interface are primarily related 291 

to the hydrophobic tails of the surfactant molecules, leading to dense packing of the molecules. 292 

The long-chain alkyl groups of the hydrophobic tails of CTAB and SDS molecules contribute 293 

to this behaviour (Fig. 3) [63], [80], [81]. 294 

 295 

 296 
Fig. 3 Molecular structure of (a) CTAB and (b) SDS [63]. 297 

 298 

 299 

Based on the obtained results shown in Fig. 2, the CMC for CTAB is 1.30e-3 M at 25°C 300 

and the interfacial tension at this concentration is 35.55 mN.m-1. Whereas the CMC for SDS is 301 

4.23e-3 M and the interfacial tension is 32.09 mN.m-1 at 25°C [63]. This means that a lower 302 

amount of CTAB is required for the applications where self-assembly of surfactants is required 303 

[71]. 304 

Apart from the Frumkin model, there are various adsorption isotherm models for different 305 

systems, each with its own assumptions [72]. Understanding the characteristics of the system 306 

is crucial in selecting the most appropriate adsorption model. Some models, such as those 307 

considering the effects of counterions, can provide an in-depth understanding of the adsorption 308 
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mechanisms of ionic surfactants at the fluid-fluid interfaces, thus it is important for future 309 

studies to consider such models [82], [83].  For example, there are models which consider the 310 

adsorption of both surfactant headgroups and counterions in the Stern layer [83]. This model, 311 

which involves the measurement of both surface tension and surface potential using the 312 

vibrating plate method, can be an alternative to the Frumkin model to consider the effects of 313 

added salts [83]. 314 

 315 

3.3. Effects of TiO2 Nanoparticles on Surfactant Solutions: Interfacial Tension 316 

and Zeta Potential 317 

 318 
Fig. 4 shows the graphs of the interfacial tensions and zeta potentials as a function of the 319 

concentration of surfactant where the concentration of TiO2 nanoparticles is fixed at 0.1 wt %. 320 

To understand the effect of TiO2 nanoparticles on the interfacial tension of surfactant solutions, 321 

the Frumkin isotherm data related to bare surfactant solutions have been combined into a single 322 

graph in Figs. 4a and 4c for CTAB and SDS, respectively. The difference between these two 323 

graphs shows that the effects of nanoparticles on the interfacial behaviour are dependent on the 324 

type of the surfactant, i.e., CTAB and SDS. In general, the TiO2 nanoparticles reduce the 325 

interfacial tension of the solutions of CTAB (Fig. 4a) whereas this effect was reversed, i.e., an 326 

increased interfacial tension was observed in case of SDS (Fig. 4c). 327 

 328 
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 329 
Fig. 4 Equilibrium interfacial tension and zeta potential of the dispersions of TiO2 nanoparticles against 330 
concentration of the CTAB (a-b) and SDS (c-d) in aqueous solutions at 25°C. The concentration of TiO2 331 
nanoparticles is constant and 0.1 wt % in all experiments. The solid line in (a) and (c) is the best fitted curve of 332 
the Frumkin model for the interfacial tension results for bare surfactant solutions. Dashed line is the representative 333 
of reaching CMC point. The green line with the grey triangle indicator is the representative of the surface charge 334 
of TiO2 nanoparticles in water which is equal to -31.46±7.11 mV. The grey line indicates the zero surface charge 335 
[63]. 336 
 337 

 338 

In the presence of CTAB, the surface charge values of TiO2 nanoparticles are changed (Fig. 339 

4b) due to their interactions with CTAB molecules. These interactions also impact the 340 

interfacial tension at the air-liquid interface. Increasing the CTAB concentration from 1.00e-6 341 

M to 5.00e-5 M did not significantly change the interfacial tension in TiO2-surfactant 342 

dispersions, if compared to those using the surfactant-only solutions. The zeta potential was 343 

shifted from -26.78 mV to -20.08 mV within this concentration range, likely due to electrostatic 344 

interactions between TiO2 nanoparticles and surfactant molecules. However, considering the 345 

small changes in the zeta potential and their insignificant influences on the interfacial tension 346 

(similar to TiO2 in water), the surfactant-nanoparticles interactions should not be considered as 347 

significant. 348 
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With a CTAB concentration of 1.00e-4 M, the zeta potential of TiO2 nanoparticles 349 

approaches zero surface charge, which possibly results in the aggregation of nanoparticles and 350 

instability of dispersions. Approaching zero surface charges suggests that the surface of the 351 

negatively charged TiO2 nanoparticles may have been covered by the surfactant molecules to 352 

some extent. This type of interaction may result in the migration of surfactant-decorated 353 

nanoparticles to the air-liquid interface and then act as the surface-active agents [84], [85]. Due 354 

to their larger sizes compared to those of surfactant molecules, TiO2 nanoparticles could reduce 355 

the interfacial tension down to 53.05 mN.m-1 which is below the Frumkin isotherm for the 356 

surfactant solution alone at a concentration of 1.00e-4 M (Fig. 4a).  357 

As the concentration increased to 5.00e-4 M and beyond, the nanoparticles adsorbed more 358 

surfactant molecules, resulting in charge inversion, where the surface charges of nanoparticles 359 

became positive and further increased with increasing the concentration of surfactant. 360 

Additionally, the interfacial tension of the nanoparticle dispersions remained lower than that 361 

of the bare surfactant solution (Fig. 4a). This indicates that the TiO2 nanoparticles have 362 

adsorbed more surfactant molecules through electrostatic attractions and then are adsorbed at 363 

the air-liquid interfaces [86]. 364 

At the highest concentrations within this study, i.e., 1.00e-1 M, the zeta potential was highly 365 

positive (48.08 mV), which can be attributed to the formation of CTAB micelles with high 366 

positive charges in the bulk of the solutions [87]. At such a high concentration of CTAB, there 367 

may be several types of structures in the solution [84]. These structures have the following 368 

possible varieties, i.e., (i) TiO2 nanoparticles decorated with surfactant molecules which tend 369 

to move to the interfaces; (ii) TiO2 nanoparticles with a bilayer of surfactant molecules on their 370 

surface which tend to stay in the solution; and (ii) the micelles of surfactant molecules with 371 

positive charges which tend to stay in the bulk of the solution. Further studies on the sizes of 372 

these various structures are needed to provide more clarity on these phenomena.  373 

Figs. 4c and 4d show the interfacial tension and zeta potential for the system containing 374 

TiO2 nanoparticles at the fixed concentration of 0.1 wt % but with different SDS 375 

concentrations. At the lower concentrations of SDS, i.e., 1.00e-6 M and 5.00e-6 M, the 376 

interfacial tension was nearly equal to that of the bare surfactant solutions, which indicates that 377 

there was no significant depletion of surfactant molecules from the air-liquid interface. At these 378 

two concentrations, the zeta potential of TiO2 nanoparticles was increased from -13.28 mV to 379 

-3.88 mV which were still larger than the surface charge of TiO2 nanoparticles in water (i.e., -380 

31.46±7.11 mV). As the interfacial tension data suggested that there were no significant 381 

interactions between SDS surfactant molecules and the TiO2 nanoparticles at these two 382 
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concentrations, these surface charge data could be due to interactions of sodium ions (Na+) 383 

with the negatively charged TiO2 nanoparticles. When the SDS is dissolved in water, Na+ ions 384 

in the structures of SDS are released in the solution [88], [89]. These ions interact with TiO2 385 

nanoparticles, leading to a reduction in negative surface charges. Consequently, the 386 

electrostatic forces between surfactant molecules and TiO2 nanoparticles are reduced. Further 387 

studies are required to elaborate the mechanisms of increased surface charges (more than TiO2 388 

nanoparticles in water) in such systems containing the SDS surfactant. 389 

By increasing the concentration of SDS from 5.00e-5 M to the concentrations up to the CMC 390 

value of SDS, i.e., 4.23e-3 M, the interfacial tension values were higher than those of bare 391 

surfactant solutions within the same concentration range. This indicates that the surfactant 392 

molecules were interacted with the TiO2 nanoparticles. In this case, as the SDS was an anionic 393 

surfactant and TiO2 particles were negatively charged, the interactions were not electrostatic. 394 

Therefore, the hydrophobic tails of SDS molecules could be adsorbed onto the surfaces of the 395 

TiO2 nanoparticles. However, the hydrophilic heads of the SDS were still within the aqueous 396 

solution. Consequently, these nanoparticles within the solution were not effectively adsorbed 397 

onto the air-liquid interfaces of nanoparticle-surfactant solutions.  398 

 399 

3.4.   Foaming Properties 400 

 401 
Fig. 5 shows the foam formation or foamability of bare surfactant solutions and TiO2 402 

dispersions in the surfactant solutions of CTAB and SDS. For the CTAB solutions with a 403 

concentration of 1e-6 M, no foam or bubbles were formed by simply manual shaking. At a 404 

concentration of 1.00e-5 M of the CTAB, unstable bubbles were formed (Fig. 5a). However, 405 

due to their instability and quick disappearance, it was impossible to observe them using the 406 

optical microscope. 407 

 408 
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 409 
Fig. 5 Foam formation in CTAB solutions (a), dispersions with a fixed concentration of TiO2 nanoparticles equal 410 
to 0.1 wt % in CTAB (b), SDS solutions (c), and dispersions with a fixed concentration of TiO2 nanoparticles 411 
equal to 0.1 wt % in SDS (d) [63]. 412 
 413 

 414 

Some small amount of foam was formed at a CTAB concentration of 5.00e-5 M, whereas 415 

stable foams were observed at concentrations of 1.00e-4 M and higher (Figs. 5a and 5b). The 416 

larger amount of compressed and stable foams occurred at 1.00e-3 M which was close to the 417 

CMC point of CTAB solutions (1.30e-3 M). 418 

Compared to the pure CTAB solutions, the dispersion of 0.1 wt % of TiO2 nanoparticles 419 

with the CTAB was unable to form any foam when the CTAB concentrations were less than 420 
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or equal to 1.00e-4 M (Fig. 5b). It should be noted that there is not a direct relationship between 421 

the surface tension and foamability because the other factors such as counterions [83], 422 

surfactant packing [90], and the nanoparticles characteristics [91] also affect the foam stability. 423 

For examples, although the Fig. 4a shows that the interfacial tension of TiO2-surfactant 424 

dispersions was significantly less than that of CTAB bare solutions at the concentrations of 425 

1.00e-4 M and higher, stable foams of nanoparticles-CTAB have been produced at a CTAB 426 

concentration of 5.00e-4 M. This discrepancy may be due to the insufficient stability of the 427 

liquid film in which TiO2 nanoparticles were adsorbed at the air-liquid interface. However, it 428 

is evident that the foaming concentration was in the same order of magnitude. This correlation 429 

between the interfacial tension measurements and foamability can be served as a useful 430 

predictive guide for identifying the foaming concentration of surfactants in the presence of 431 

nanoparticles. If the foamability concentrations of a particular surfactant are known, the 432 

interfacial tension measurements of solutions with and without particles can indicate the most 433 

probable foaming concentration range for the guidance.  434 

The foam formation or foamability of the SDS solutions without nanoparticles are quite 435 

similar to those of the bare CTAB solutions. The SDS solutions did not form any foam at the 436 

SDS concentrations of 1.00e-5 M or lower. At the SDS concentration of 5.00e-5 M, an unstable 437 

foam was formed. Beyond this concentration, foam formation increased as the SDS 438 

concentration rose (Fig. 5c). 439 

The dispersions of 0.1 wt % of TiO2 nanoparticles in the SDS did not form any bubble at 440 

the SDS concentrations below 1.00e-3 M. At the SDS concentration of 1.00e-3 M, foam began 441 

to form. The most stable foams were formed at SDS concentrations of 5.00e-3 M or above (Fig. 442 

5d), which is very close to the CMC point of SDS (i.e., 4.23e-3 M). When the TiO2 443 

nanoparticles were present in the system, there were quite notable distinction between CTAB 444 

and SDS solutions, which were also reflected in the interfacial tension properties of dispersions 445 

(Figs. 4a and 4c). When visually inspecting TiO2 dispersions, those in SDS solutions appeared 446 

more homogeneous than those in CTAB solutions. The lack of homogeneity in the CTAB-447 

contained dispersions was particularly noticeable at the concentrations of 5.00e-5 M and 1.00e-448 

4 M. The partial adsorption of TiO2 nanoparticles at the air-liquid interface of CTAB solutions 449 

should be one of the key reasons causing this visible non-homogeneity. 450 

Another significant difference between the foamability of the TiO2 dispersions in the CTAB 451 

and SDS solutions is their starting foaming concentrations. The first foam appeared at a CTAB 452 

concentration of 5.00e-4 M, whereas TiO2 dispersion in the SDS solutions formed its first foam 453 
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at SDS concentration of 1.00e-3 M. This shows a better foamability for dispersions of TiO2 in 454 

the CTAB solutions if comparing to those of the SDS ones. 455 

From the results presented in Fig. 4a which shows the possibility of the adsorption of TiO2 456 

nanoparticles at the air-liquid interface, we can conclude that the foam formation for CTAB 457 

solutions with TiO2 nanoparticles the CTAB concentration of 5.00e-4 M is due to the 458 

adsorption of both surfactant molecules and TiO2 nanoparticles as surface active agents at the 459 

interfaces. 460 

Given that the interfacial tension of TiO2 nanoparticles dispersed in the SDS solutions 461 

exceeded that of the bare surfactant solution (Fig. 4c), it was expected that the foams would 462 

form at higher concentrations of SDS in the TiO2 dispersions. Therefore, comparing the 463 

interfacial tension behaviours of two surfactants in the presence of nanoparticles can be a useful 464 

tool for choosing the most suitable surfactant for foaming purposes. As the TiO2 nanoparticles 465 

interacted with SDS surfactant molecules did not act as the surface active agents, higher 466 

concentrations of the SDS were required to reduce the interfacial tension for the foam 467 

formation in comparison to dispersions of TiO2 in the CTAB solutions. 468 

 469 

 470 
Fig. 6 The bubbles observed at the initial time after formation at different concentrations of surfactants for (a) 471 
CTAB, (b) TiO2-CTAB, (c) SDS, and (d) TiO2-SDS. All the scale bars are representing a length of 100 µm. Blank 472 
spaces are related to the conditions where no foam was formed [63]. 473 
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 474 

 475 

Immediately after creating foams through manual shaking, the foam bubbles were observed 476 

using the optical microscope. Fig. 6 shows these bubbles obtained for both the CTAB and SDS 477 

solutions with and without TiO2 nanoparticles. Analysing these images allowed us to obtain 478 

the bubble size distribution in terms of bubble diameters for each concentration of every 479 

solution and dispersion, as depicted in Fig. 7. The average number of bubbles measured for the 480 

bubble size distribution was 153. 481 

 482 

 483 
Fig. 7 Normal distribution of bubble size (using image analysis of bubbles) based on the diameter of the bubbles 484 
for (a) CTAB solutions, (b) TiO2-CTAB dispersions, (c) SDS solutions, and (d) TiO2-SDS dispersions. The 485 
surfactant concentrations are varying and the concentration of TiO2 nanoparticles is fixed at 0.1 wt % [63]. 486 
 487 

 488 

As shown in Figs. 7a and 7b, the bubble diameters for both the CTAB solutions and TiO2-489 

CTAB dispersions are generally below 200 µm. However, the presence of nanoparticles leads 490 

to a broader size distribution, occasionally exceeding 200 µm, particularly at concentrations of 491 

5.00e-4 M and 1.00e-3 M (Fig. 7b). In the cases of the SDS solutions and TiO2-SDS 492 
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dispersions, the bubble sizes exceeded those observed in CTAB-based solutions. Specifically, 493 

the approximate diameter ranges were 0 – 600 µm for SDS solutions and 0 – 500 µm for the 494 

TiO2-SDS dispersions, as depicted in Figs. 7c and 7d. The addition of TiO2 nanoparticles led 495 

to a narrow size distribution in the SDS solutions. Fig. 7d shows that, with the SDS 496 

concentrations of 1.00e-3 M and 2.50e-3 M, the TiO2 nanoparticles produced a more 497 

homogeneous size distribution of bubbles in the system. 498 

TiO2 nanoparticles, when adsorbed onto the air-liquid interface of bubbles, prevent 499 

coalescence. These solid nanoparticles at the air-liquid interfaces of CTAB solutions decreased 500 

the interfacial tension, resulting in smaller foam bubble sizes compared to those of SDS 501 

solutions where these nanoparticles do not participate in the adsorption process at the air-liquid 502 

interfaces [1]. Therefore, it can be concluded that the TiO2 nanoparticles influenced the size 503 

distribution of the bubbles, and this is related to the behaviour of these particles both in the 504 

bulk solution and at air-liquid interface. These observations about the foaming properties of 505 

nanoparticles-containing surfactant solutions are crucial for the formulations of a wide variety 506 

of products and for the industrial processes where the foaming characteristics are needed to be 507 

precisely controlled. 508 

 509 

4. Conclusions 510 
 511 

In this study, the interfacial behaviours of an anionic surfactant solution, i.e. SDS, and a 512 

cationic surfactant solution, i.e. CTAB, in the presence of widely used anatase TiO2 513 

nanoparticles were studied to understand the behaviours of foams created with these 514 

formulations. To better understand the surfactant systems, their interfacial behaviour without 515 

nanoparticles was also investigated. As the obtained behaviour is specific to each experimental 516 

setup, including temperature, pH, salinity, and even the measurement method, there are 517 

differences between the values related to the parameters of the adsorption isotherm model in 518 

this study and those in other studies. Since there are no unique values for these parameters, it 519 

is important and recommended to derive these values for each individual study rather than 520 

relying solely on those reported in the literature. 521 

The foaming properties were affected by the interactions between TiO2 nanoparticles and 522 

surfactant molecules which were reflected in the interfacial tension and zeta potential results. 523 

To achieve TiO2-contained foams with less concentrations of surfactant, the CTAB was found 524 

to be the better choice than the SDS because the foams were formed at CTAB concentrations 525 
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as low as 5e-4 M. In general, the foam formation was dependent on the type and concentration 526 

of the surfactant. However, the presence of the TiO2 nanoparticles significantly influenced the 527 

foamability and the surfactant concentration at which the foams were formed. At the 528 

concentrations less than the CMC of surfactants, the interfacial tension measurements of 529 

dispersions could be an indicator of foamability properties. It should be noted that this does not 530 

imply a direct relationship between surface tension and foamability, as other factors also 531 

influence foam stability. At a fixed concentration of surfactant where a bare surfactant solution 532 

formed a foam and the interfacial tension of TiO2-surfactant dispersions was less than that of 533 

bare surfactant solution, foamability was observed in the vicinity of that concentration with the 534 

same order of magnitude. These results are useful for different applications including the 535 

development of foaming formulations containing nanoparticles and surfactant. Using such 536 

results obtained, the optimised range of concentrations for foaming formulations can be 537 

obtained using interfacial tension studies, which leads to a cost-effective and timely design of 538 

experiment. Moreover, such experiments on interfacial behaviour alongside with the 539 

foamability are useful for foam stabilisation/destabilisation processes in which the adsorption 540 

of nanoparticles at the air-liquid interfaces of foams must be controlled.  541 

  542 
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