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ABSTRACT

Presence of TiO; nanoparticles in aqueous surfactant solutions affects air-liquid interfacial
characteristics of the system in which they have been dispersed. Foam formation, as a
comprehensively applied process for new materials and techniques development, is one of the
phenomena affected by changes of interfacial properties of solutions containing surfactants.
Therefore, finding the relationship between interfacial properties and foamability is of a great
importance for predicting and controlling the behaviours of foaming systems. Herein, using
interfacial tension and zeta potential measurements, we studied air-liquid interfacial behaviours
of negatively charged anatase TiO nanoparticles in two types of ionic surfactant solutions, i.e.,
cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulphate (SDS), with their
concentrations varied from 1e-6 M to le-1 M. Foamability studies of these surfactant solutions
containing nanoparticles showed that the foam formation was dependent on the type and
concentration of the surfactant, and the presence of TiO2 nanoparticles affected the minimum
concentration of surfactants required for the foam formation. These nanoparticles were also
found to affect the size distribution of bubbles formed in the foam. In case of the CTAB
solutions containing TiO> nanoparticles, adsorption of TiO, nanoparticles at the air-liquid
interfaces prevented bubbles’ coalescence and thus resulted in the formation of foams with
smaller bubble sizes in comparison to those of SDS solutions. These findings are important for
the formulations of foam-forming materials in which the particles are often used for stabilising
foams, providing insight into industrial processes where foaming characteristics need to be

controlled.

Keywords: Interfacial tension, surfactants, foamability, TiO, nanoparticles, adsorption



62
63

64
65

66

Graphical Abstract

CTAB-+TiO2 Foams

Interfacial Tension Measurements

Liquid (CTAB+TiO2 )

® CTAB in Waler
i OTO2 0.1 wt % in CTAB
A
g é E @ SDS in Water
Zn 0 Uy o L OTiO20.1wt%inSDS
~— ® ]
z 60 5
= [m] ]
§50 ne
E S
= o
230 a ! L J o
—
st
L2 . T . . . \
Z 1.00E-06 1LOOE-05 1.00E-04 LOOE-03 1.00E-0Z LOOE-01 LOOE+00

Concentration (M)

SDS+TiO2 Foams

«* CTAB 5° SDS

.Negatively Charged TiO2 Nanoparticles




67

68
69

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

1. Introduction

Foams consist of gas bubbles surrounded by a thin liquid film [1]. Understanding and
utilising the interfacial behaviours of foams are crucial for various industries and technologies
[2]. For example, enhanced oil recovery (EOR) [3], [4], [5], [6], wastewater treatment [7], [8],
[9], food processing [10], [11], [12], cosmetic [13], [14] and pharmaceutical [15], [16], [17]
industries are all benefited from using foams for various purposes. In various applications,
nanoparticles are commonly combined with surfactants to enhance foam strength and stability
[18], [19], [20], [21]. Nanoparticles of silica (SiO2) [19], [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], iron oxide (FexO3) [19], gliadin [20], aluminium oxide (Al.O3) [22], [32],
multi-walled carbon nanotubes (MWCNTs) [33] and nano-clay [18] have been used in foam-
related applications.

When surfactants alone are used to create foams, their types and concentrations significantly
influence foam stability and interfacial properties [34]. Adjusting surfactant concentrations
significantly influences its adsorption at the air-liquid interface, altering interfacial tension.
When solid nanoparticles are introduced into the foaming systems, they change the system’s
interfacial ~ properties. These alterations, attributed to the interactions of
surfactant/nanoparticles at the gas-liquid interfaces, affect the foaming properties such as
stability and rheological properties [31], [35], [36], [37], [38], [39]. Concentration and type of
the surfactants [40], and also concentration [41], [42], size [43], surface charge [44], and
hydrophilicity/hydrophobicity [45] of nanoparticles affect the interfacial interactions between
particles and surfactant molecules [46], [47], [48].

Titanium dioxide (TiO2) nanoparticles, have broad applications in fields such as paint,
pigment, plastics, coating, cosmetics, food, paper, and pharmaceutical industries [49], [50],
[51], [52]. These nanoparticles enhance the foam stability in the EOR techniques [53], [54],
[55], [56]. Moreover, they are cost-effective photocatalyst materials for decomposing
pollutants in liquid and/or gas phases. Wet foams stabilised by adding TiO> nanomaterials are
regarded as a good template for fabricating photoactive macroporous/mesoporous structured
TiO, foams to overcome environmental challenges such as air filtration [57], [58], [59], [60].
Despite of extensive applications of TiO2 nanoparticles in dispersed systems, understanding of
the relevance of interfacial properties and foamability of such systems is so far rather limited
[61]. Such information is crucial for decreasing the number of trial-and-error in practical
applications in industries which often use amphiphilic systems of TiO: nanoparticles-

surfactants for the foam formation.
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To tackle these challenges, in this paper, adsorption behaviour of TiO, nanoparticles at the
air-liquid interfaces of aqueous solutions with surfactants was studied. Two commonly used
industrial surfactants, i.e., cetyltrimethylammonium bromide (CTAB) and sodium dodecyl
sulphate (SDS), which are classified as cationic and anionic surfactants, respectively, were
applied as key examples in this study. The anatase TiO; nanoparticles were used because they
have shown a better photocatalytic activity compared with the other forms of TiO», e.g., rutile
[62]. Effects of TiO2 nanoparticles on the foamability of the nanoparticle-surfactant dispersions
with varied concentrations of surfactants were investigated using interfacial measurement.
Such correlation between foamability and interfacial properties of nanoparticle-surfactant
dispersions is crucial to select the suitable surfactant among the large number of surfactants for
foaming applications and also find the suitable range of foaming concentrations of surfactant
in the presence of nanoparticles. As a result of this approach, the number of trial-and-error
experiments, time, and cost for the formulation of nanoparticle-surfactant foam systems could

be significantly decreased.

2. Materials and Methods

2.1. Materials

CTAB with its chemical formula of [CH3(CH2)15] (CH3)3NBr, a molecular weight of 364.46
g/mol, and a purity of 99%, under the brand name of AnalaR, was supplied by BDH Chemical
Ltd., UK. SDS, with its chemical formula of CH3(CH2)1:1SO4Na, a molecular weight of 288.38
g/mol, and the minimum purity of 99%, was purchased from Sigma-Aldrich Chemie GmbH,
China. Titanium (IV) oxide nanoparticles with their anatase crystal forms were purchased from
Ionic Liquids Technologies GmbH (IoLiTec), Germany. The purity and size of this white
powder were 99.5% and 20 nm, respectively. The specific surface area of these spherical
nanoparticles was >120 m?/g. Isopropyl alcohol (IPA) was purchased from Fisher Scientific,
UK. Deionised (DI) water was obtained from a PURELAB® Option-Q7 (ELGA LabWater,
UK) purification system. The bulk resistivity of the produced water was larger than 18 MQ.cm,
and its surface tension at 25+0.2 °C was 71.99 mN.m"! without any apparent kinetics changes
over several hours [63]. All experiments were conducted using bare solution of surfactant with

no added salts.

2.2. Methods
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2.2.1. Characterisation of TiO: Nanoparticles

To create a dispersion of the TiO; nanoparticles (0.1 wt %) in IPA, we used a drop-by-drop
method while stirring at room temperature. After 12 hours of stirring, a droplet from each
sample was transferred onto an individual stub of a scanning electron microscope (SEM,
TESCAN MIRA3). The samples were left under a fume hood for 30 minutes to allow the IPA
to be evaporated, and the particles were observed under the SEM without depositing additional

conductive coating [63].

2.2.2. Preparation of Solutions and Dispersions

CTAB was dissolved in DI water to achieve the main stock solution (with a concentration
of le-1 M) using a magnetic stirrer operated at room temperature. Further aqueous CTAB
solutions (ranging from le-6M to le-2M) were prepared using the dilution process. Due to
CTAB?’s surfactant properties, bubbles were formed during its mixing with water. To ensure
full degasification, sealed containers of high-concentration solutions were ultrasonicated using
an ultrasonic bath (FB15053, Fisher Scientific, UK) which was used for mixing, homogenising,
and degassing [64] of the bubble-contained solutions. The same procedure was applied for the
SDS solutions. The stock solution was diluted immediately after preparation to avoid long-term
storage. This method prevented potential hydrolysis of SDS, ensuring accurate surface tension
measurements.

Dispersions of TiO2 nanoparticles with a fixed concentration of 0.1 wt % in both the CTAB
and SDS solutions were prepared by drop-by-drop addition of aqueous matrix (surfactant
solution) to the dry nanoparticle powders while continuously stirring at room temperature. This
concentration of nanoparticles was chosen based on commonly used concentration range, i.e.,
<0.1% to 0.5%, of TiO> nanoparticles in typical personal care products, such as that reported
in Ref. [65]. TiO2-surfactant dispersions covered surfactant concentrations ranging from le-6
M to le-1M. The samples were stirred for 12 hours at room temperature to avoid any

nanoparticles’ agglomeration [63].

2.2.3. Interfacial Tension Measurements



169
170
171
172
173
174
175
176
177
178
179
180

181
182
183

184
185
186
187
188
189
190

191
192
193

194
195
196
197
198
199
200
201
202
203

The interfacial tension of each solution and dispersion was measured using a profile analysis
tensiometer (PAT1M, SINTERFACE Technologies, Germany) with a pendant drop method.
A steel capillary with a radius of 1 mm was applied to form a drop of the defined solution
and/or dispersion on its tip. The surface area of the drop was maintained constant at 25 mm?.
The temperature of the measuring cell was maintained at 254+0.2 °C with an external
thermostatic water bath. To ensure the homogeneity of the dispersion during the interfacial
tension measurement experiments, each of the investigated samples was ultrasonicated at room
temperature for 30 minutes prior to the measurements. Interfacial tension measurements were
repeated three times (n=3) for each sample. The IsoFit programme was applied to fit the best

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

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

2.2.4. Zeta Potential Measurement

The surface charge of nanoparticles with a concentration of 0.1 wt % in DI water as well as
the dispersions of nanoparticles in surfactant solutions at different concentrations were
measured using the SZ-100 Nano Partica Analyser (Horiba, Japan). The surface charge was
calculated from measured results of electrophoretic mobility (pe) obtained using the laser
Doppler electrophoresis technique. All the measurements, 5-11 tests performed separately per
each sample, were performed in the disposable capillary cells at a fixed controlled temperature

of 25°C [63].

2.2.5. Preparation and Characterisation of Foams

Wet foams from aqueous solutions of CTAB and SDS and TiO»-surfactant dispersions were
manually prepared. The TiO2 nanoparticles’ concentration in each surfactant solution was fixed
at 0.1 wt%. Before foaming, all samples, including bare surfactant solutions with various
concentrations and TiO»-surfactant dispersions, were placed in separate glass containers and
ultrasonicated for 10 minutes, to maintain homogeneity and secure well degasification. Then,
the containers were vigorously shaken for one minute at a rate of 180+4 shake.min™! at room
temperature [63]. Immediately after shaking, the obtained wet foams were transferred onto
microscope glass slides and the shapes and sizes of the created bubbles were observed using
an optical microscope ECLIPS LV 100, Nikon, Japan. ImageJ Software [67] was used as an

image processing programme to analyse the images obtained from the optical microscopy [63].
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3. Results and Discussion

3.1. Characteristics of TiO: Nanoparticles

The SEM images of the porous shapes of the agglomerates of TiO» nanoparticles are shown
in Fig. 1. The spherical shape of individual nanoparticles is shown in Fig. la. However, the
agglomeration of nanoparticles prevents the exact size measurement of these nanoparticles.
SEM observation indicates that a mixture of individual and agglomerated of nanoparticles
exists in the dispersions prepared in this study. Our main goal with the SEM images was to
observe the particles’ shapes and determine their state of agglomeration at their fixed
concentration, i.e., 0.1 wt %. For accurate nanoparticle size measurement using SEM, a low
nanoparticle concentration and a short deposition time on the surface are recommended for
further detailed characterisation. The nanoparticles were estimated to have the average size of
20 nm and a specific surface area of > 120 m?/g according to the supplier. The average zeta

potential values for these TiO: particles were -31.46+7.11 mV.

200 nm

500 nm

Fig. 1 SEM images of TiO, after the evaporation of IPA at different resolutions. The dashed square in image (a)
has been magnified in image (b) [63].

3.2. Interfacial Tension for Surfactant Solutions

The plots in Figs. 2a and 2b show the obtained interfacial tension values versus
concentrations of pure CTAB and SDS obtained using the interfacial tension measurement

tests. Results clearly show that there are two regions, i.e., a concave-shaped curve zone (with



230  the solid line) and a plateau-shaped zone (with the dashed line). The steep area of the first
231  region where the interfacial tension is decreasing with an increase of the concentration can be
232 described by an adsorption isotherm model [68]. As shown in Fig. 2a, for the CTAB, there is
233 an outlier data point at the concentration of 5.00e-4 M, and the tests were repeated three times
234  as mentioned in Section 2.2.3. Additional investigations would help to understand why this
235  data point is an outlier. For future studies, it is recommended to use more data points at
236  concentrations which are related to the steep area of the isotherm, in order to increase the
237  accuracy of the fitted model. In this study, one key aim was to maintain consistency between
238  the CTAB and SDS by using the same number of data points. The plots indicate that in some
239  instances such as the CTAB, using additional data points can improve accuracy. Although there
240 is no standard number of data points to derive the isotherm model, and different studies
241  employed varied numbers of data points [69], [70], it is evident that more data points can
242  enhance the precision of the model.

243 The plateau-shaped region is related to the concentration at which the Critical Micelle
244  Concentration (CMC), i.e., the minimum concentration of surfactant micelle formation, has

245  Dbeen reached [71].
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248  Fig. 2 Equilibrium interfacial tension against concentration of (a) CTAB and (b) SDS in aqueous solutions at
249  25°C. The standard deviation for each point was shown on the graph but are not visible as the low value resides
250 within the data point. The solid line is the best fitted curve of the Frumkin model for the experimental data. The
251 dashed line is representative of reaching the CMC point. The arrows show the CMC values equal to 1.30e-3 M
252 and 4.23¢-3 M for CTAB and SDS, respectively [63].

253
254
255 Adsorption isotherms and their models have been widely applied to characterise the
256  adsorption behaviours of the surfactant molecules at the air-liquid interfaces and also their
257  related foaming properties. Adsorption isotherm models can vary in the number of parameters

258  and their shapes [72]. Even when the same adsorption isotherm model is chosen for a given
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system, many factors such as differences in salinity or ionic strength [73], temperature, and pH
can affect the acquired values for the parameters, leading to slight variations of the data points
[74]. Additionally, the method used for analysis can influence the values of interfacial tension,
resulting in different adsorption isotherm parameters for the same surfactant [75]. Therefore,
we chose to model our specific isotherm process and determine these parameters for our system
rather than using data and parameters reported in previous studies.

In this study, the Frumkin model [76] was applied for the adsorption isotherm. This model
applies to systems that deviate slightly from the ideal behaviour, as described by the Langmuir
adsorption isotherm [77]. The Frumkin model [76] applicable to individual ionic surfactant
solutions such as CTAB and SDS, considers interactions between adsorbed surfactant
molecules at the interface. When used for ionic surfactants without adding inorganic salt, the

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

2RT
Y =7 +T [In(1—0) + ab?] Eq. 1

bcf =

- Eq. 2
1_‘9exp( 2a0) q

where y,, R, T, and c are the surface tension of pure solvent, gas law constant, absolute
temperature, and bulk concentration of the ionic surfactant, respectively [63]. The parameters
of a and b are the Frumkin interaction parameter and the adsorption equilibrium constant,
respectively. w is the partial molar area of the surfactant. The surface coverage, 6, can be
expressed as:

0=Tlw Eq. 3
where I is the actual adsorption of the surfactant molecules at the interface [63], [78]. The
average activity coefficient, f, calculated by the Debye-Hiickel equation [79], has been
corrected for short-range interactions:

0.5115v71

1+1316V1

where [ is the ionic strength expressed in M [63]. When there is no salt in the system, I = ¢
[79].

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

log f = + 0.0551 Eq. 4

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

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

10
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Table 1 Adsorption isotherm parameters calculated as best fit values from the Frumkin model. The CMC values

were obtained by interfacial tension measurement at 25°C [63].

Surfactant | @ (m2.mol") a b (m3.mol ") 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

The obtained positive a values for both the CTAB and SDS suggest that there are
intermolecular attractions among surfactant molecules at the surface monolayer. These non-
negligible values of a indicates that the attraction forces at the interface are primarily related
to the hydrophobic tails of the surfactant molecules, leading to dense packing of the molecules.
The long-chain alkyl groups of the hydrophobic tails of CTAB and SDS molecules contribute
to this behaviour (Fig. 3) [63], [80], [81].

(a) ‘

(b) 0

/\/\/\/\/\AO:SO— Na*

(0]

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

Based on the obtained results shown in Fig. 2, the CMC for CTAB is 1.30e-3 M at 25°C
and the interfacial tension at this concentration is 35.55 mN.m™'. Whereas the CMC for SDS is
4.23e-3 M and the interfacial tension is 32.09 mN.m™' at 25°C [63]. This means that a lower
amount of CTAB is required for the applications where self-assembly of surfactants is required
[71].

Apart from the Frumkin model, there are various adsorption isotherm models for different
systems, each with its own assumptions [72]. Understanding the characteristics of the system
is crucial in selecting the most appropriate adsorption model. Some models, such as those

considering the effects of counterions, can provide an in-depth understanding of the adsorption

11
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mechanisms of ionic surfactants at the fluid-fluid interfaces, thus it is important for future
studies to consider such models [82], [83]. For example, there are models which consider the
adsorption of both surfactant headgroups and counterions in the Stern layer [83]. This model,
which involves the measurement of both surface tension and surface potential using the
vibrating plate method, can be an alternative to the Frumkin model to consider the effects of

added salts [83].

3.3. Effects of TiO, Nanoparticles on Surfactant Solutions: Interfacial Tension

and Zeta Potential

Fig. 4 shows the graphs of the interfacial tensions and zeta potentials as a function of the
concentration of surfactant where the concentration of TiO> nanoparticles is fixed at 0.1 wt %.
To understand the effect of TiO2 nanoparticles on the interfacial tension of surfactant solutions,
the Frumkin isotherm data related to bare surfactant solutions have been combined into a single
graph in Figs. 4a and 4c for CTAB and SDS, respectively. The difference between these two
graphs shows that the effects of nanoparticles on the interfacial behaviour are dependent on the
type of the surfactant, i.e., CTAB and SDS. In general, the TiO; nanoparticles reduce the
interfacial tension of the solutions of CTAB (Fig. 4a) whereas this effect was reversed, i.e., an

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

12
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Fig. 4 Equilibrium interfacial tension and zeta potential of the dispersions of TiO, nanoparticles against
concentration of the CTAB (a-b) and SDS (c-d) in aqueous solutions at 25°C. The concentration of TiO;
nanoparticles is constant and 0.1 wt % in all experiments. The solid line in (a) and (c) is the best fitted curve of
the Frumkin model for the interfacial tension results for bare surfactant solutions. Dashed line is the representative
of reaching CMC point. The green line with the grey triangle indicator is the representative of the surface charge
of TiO> nanoparticles in water which is equal to -31.46+7.11 mV. The grey line indicates the zero surface charge
[63].

In the presence of CTAB, the surface charge values of TiO2 nanoparticles are changed (Fig.
4b) due to their interactions with CTAB molecules. These interactions also impact the
interfacial tension at the air-liquid interface. Increasing the CTAB concentration from 1.00e-6
M to 5.00e-5 M did not significantly change the interfacial tension in TiO:-surfactant
dispersions, if compared to those using the surfactant-only solutions. The zeta potential was
shifted from -26.78 mV to -20.08 mV within this concentration range, likely due to electrostatic
interactions between TiO» nanoparticles and surfactant molecules. However, considering the
small changes in the zeta potential and their insignificant influences on the interfacial tension
(similar to TiO; in water), the surfactant-nanoparticles interactions should not be considered as

significant.
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With a CTAB concentration of 1.00e-4 M, the zeta potential of TiO, nanoparticles
approaches zero surface charge, which possibly results in the aggregation of nanoparticles and
instability of dispersions. Approaching zero surface charges suggests that the surface of the
negatively charged TiO> nanoparticles may have been covered by the surfactant molecules to
some extent. This type of interaction may result in the migration of surfactant-decorated
nanoparticles to the air-liquid interface and then act as the surface-active agents [84], [85]. Due
to their larger sizes compared to those of surfactant molecules, TiO2 nanoparticles could reduce
the interfacial tension down to 53.05 mN.m™' which is below the Frumkin isotherm for the
surfactant solution alone at a concentration of 1.00e-4 M (Fig. 4a).

As the concentration increased to 5.00e-4 M and beyond, the nanoparticles adsorbed more
surfactant molecules, resulting in charge inversion, where the surface charges of nanoparticles
became positive and further increased with increasing the concentration of surfactant.
Additionally, the interfacial tension of the nanoparticle dispersions remained lower than that
of the bare surfactant solution (Fig. 4a). This indicates that the TiO» nanoparticles have
adsorbed more surfactant molecules through electrostatic attractions and then are adsorbed at
the air-liquid interfaces [86].

At the highest concentrations within this study, i.e., 1.00e-1 M, the zeta potential was highly
positive (48.08 mV), which can be attributed to the formation of CTAB micelles with high
positive charges in the bulk of the solutions [87]. At such a high concentration of CTAB, there
may be several types of structures in the solution [84]. These structures have the following
possible varieties, i.e., (1) TiO2 nanoparticles decorated with surfactant molecules which tend
to move to the interfaces; (i1) TiO2 nanoparticles with a bilayer of surfactant molecules on their
surface which tend to stay in the solution; and (ii) the micelles of surfactant molecules with
positive charges which tend to stay in the bulk of the solution. Further studies on the sizes of
these various structures are needed to provide more clarity on these phenomena.

Figs. 4c and 4d show the interfacial tension and zeta potential for the system containing
TiO2 nanoparticles at the fixed concentration of 0.1 wt % but with different SDS
concentrations. At the lower concentrations of SDS, i.e., 1.00e-6 M and 5.00e-6 M, the
interfacial tension was nearly equal to that of the bare surfactant solutions, which indicates that
there was no significant depletion of surfactant molecules from the air-liquid interface. At these
two concentrations, the zeta potential of TiO2 nanoparticles was increased from -13.28 mV to
-3.88 mV which were still larger than the surface charge of TiO2 nanoparticles in water (i.e., -
31.46+7.11 mV). As the interfacial tension data suggested that there were no significant

interactions between SDS surfactant molecules and the TiO» nanoparticles at these two
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concentrations, these surface charge data could be due to interactions of sodium ions (Na*)
with the negatively charged TiO, nanoparticles. When the SDS is dissolved in water, Na" ions
in the structures of SDS are released in the solution [88], [89]. These ions interact with TiO»
nanoparticles, leading to a reduction in negative surface charges. Consequently, the
electrostatic forces between surfactant molecules and TiO» nanoparticles are reduced. Further
studies are required to elaborate the mechanisms of increased surface charges (more than TiO»
nanoparticles in water) in such systems containing the SDS surfactant.

By increasing the concentration of SDS from 5.00e-5 M to the concentrations up to the CMC
value of SDS, i.e., 4.23e-3 M, the interfacial tension values were higher than those of bare
surfactant solutions within the same concentration range. This indicates that the surfactant
molecules were interacted with the TiO2 nanoparticles. In this case, as the SDS was an anionic
surfactant and TiO> particles were negatively charged, the interactions were not electrostatic.
Therefore, the hydrophobic tails of SDS molecules could be adsorbed onto the surfaces of the
Ti0; nanoparticles. However, the hydrophilic heads of the SDS were still within the aqueous
solution. Consequently, these nanoparticles within the solution were not effectively adsorbed

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

3.4. Foaming Properties

Fig. 5 shows the foam formation or foamability of bare surfactant solutions and TiO:
dispersions in the surfactant solutions of CTAB and SDS. For the CTAB solutions with a
concentration of le-6 M, no foam or bubbles were formed by simply manual shaking. At a
concentration of 1.00e-5 M of the CTAB, unstable bubbles were formed (Fig. 5a). However,
due to their instability and quick disappearance, it was impossible to observe them using the

optical microscope.
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Fig. S Foam formation in CTAB solutions (a), dispersions with a fixed concentration of TiO» nanoparticles equal
to 0.1 wt % in CTAB (b), SDS solutions (c), and dispersions with a fixed concentration of TiO, nanoparticles
equal to 0.1 wt % in SDS (d) [63].

Some small amount of foam was formed at a CTAB concentration of 5.00e-5 M, whereas
stable foams were observed at concentrations of 1.00e-4 M and higher (Figs. 5a and 5b). The
larger amount of compressed and stable foams occurred at 1.00e-3 M which was close to the
CMC point of CTAB solutions (1.30e-3 M).

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

with the CTAB was unable to form any foam when the CTAB concentrations were less than
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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
the surface tension and foamability because the other factors such as counterions [83],
surfactant packing [90], and the nanoparticles characteristics [91] also affect the foam stability.
For examples, although the Fig. 4a shows that the interfacial tension of TiO:-surfactant
dispersions was significantly less than that of CTAB bare solutions at the concentrations of
1.00e-4 M and higher, stable foams of nanoparticles-CTAB have been produced at a CTAB
concentration of 5.00e-4 M. This discrepancy may be due to the insufficient stability of the
liquid film in which TiO2 nanoparticles were adsorbed at the air-liquid interface. However, it
is evident that the foaming concentration was in the same order of magnitude. This correlation
between the interfacial tension measurements and foamability can be served as a useful
predictive guide for identifying the foaming concentration of surfactants in the presence of
nanoparticles. If the foamability concentrations of a particular surfactant are known, the
interfacial tension measurements of solutions with and without particles can indicate the most
probable foaming concentration range for the guidance.

The foam formation or foamability of the SDS solutions without nanoparticles are quite
similar to those of the bare CTAB solutions. The SDS solutions did not form any foam at the
SDS concentrations of 1.00e-5 M or lower. At the SDS concentration of 5.00e-5 M, an unstable
foam was formed. Beyond this concentration, foam formation increased as the SDS
concentration rose (Fig. 5c).

The dispersions of 0.1 wt % of TiO; nanoparticles in the SDS did not form any bubble at
the SDS concentrations below 1.00e-3 M. At the SDS concentration of 1.00e-3 M, foam began
to form. The most stable foams were formed at SDS concentrations of 5.00e-3 M or above (Fig.
5d), which is very close to the CMC point of SDS (i.e., 4.23e-3 M). When the TiO;
nanoparticles were present in the system, there were quite notable distinction between CTAB
and SDS solutions, which were also reflected in the interfacial tension properties of dispersions
(Figs. 4a and 4c). When visually inspecting TiO dispersions, those in SDS solutions appeared
more homogeneous than those in CTAB solutions. The lack of homogeneity in the CTAB-
contained dispersions was particularly noticeable at the concentrations of 5.00e-5 M and 1.00e-
4 M. The partial adsorption of TiO> nanoparticles at the air-liquid interface of CTAB solutions
should be one of the key reasons causing this visible non-homogeneity.

Another significant difference between the foamability of the TiO» dispersions in the CTAB
and SDS solutions is their starting foaming concentrations. The first foam appeared at a CTAB

concentration of 5.00e-4 M, whereas TiO dispersion in the SDS solutions formed its first foam
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at SDS concentration of 1.00e-3 M. This shows a better foamability for dispersions of TiO; in
the CTAB solutions if comparing to those of the SDS ones.

From the results presented in Fig. 4a which shows the possibility of the adsorption of TiO>
nanoparticles at the air-liquid interface, we can conclude that the foam formation for CTAB
solutions with TiO, nanoparticles the CTAB concentration of 5.00e-4 M is due to the
adsorption of both surfactant molecules and TiO» nanoparticles as surface active agents at the
interfaces.

Given that the interfacial tension of TiO2 nanoparticles dispersed in the SDS solutions
exceeded that of the bare surfactant solution (Fig. 4c¢), it was expected that the foams would
form at higher concentrations of SDS in the TiO» dispersions. Therefore, comparing the
interfacial tension behaviours of two surfactants in the presence of nanoparticles can be a useful
tool for choosing the most suitable surfactant for foaming purposes. As the TiO; nanoparticles
interacted with SDS surfactant molecules did not act as the surface active agents, higher
concentrations of the SDS were required to reduce the interfacial tension for the foam

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

le-4M  5e-4M  1e-3M 25e-3M 5e-3M 1e-2M le-1M

L-)'Q}.‘&;fi\ﬁ

Fig. 6 The bubbles observed at the initial time after formation at different concentrations of surfactants for (a)
CTAB, (b) TiO»-CTAB, (c¢) SDS, and (d) TiO,-SDS. All the scale bars are representing a length of 100 um. Blank
spaces are related to the conditions where no foam was formed [63].
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Immediately after creating foams through manual shaking, the foam bubbles were observed
using the optical microscope. Fig. 6 shows these bubbles obtained for both the CTAB and SDS
solutions with and without TiO> nanoparticles. Analysing these images allowed us to obtain
the bubble size distribution in terms of bubble diameters for each concentration of every
solution and dispersion, as depicted in Fig. 7. The average number of bubbles measured for the

bubble size distribution was 153.
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Fig. 7 Normal distribution of bubble size (using image analysis of bubbles) based on the diameter of the bubbles
for (a) CTAB solutions, (b) TiO>-CTAB dispersions, (c) SDS solutions, and (d) TiO,-SDS dispersions. The
surfactant concentrations are varying and the concentration of TiO, nanoparticles is fixed at 0.1 wt % [63].

As shown in Figs. 7a and 7b, the bubble diameters for both the CTAB solutions and TiO»-
CTAB dispersions are generally below 200 um. However, the presence of nanoparticles leads

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

5.00e-4 M and 1.00e-3 M (Fig. 7b). In the cases of the SDS solutions and TiO>-SDS
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dispersions, the bubble sizes exceeded those observed in CTAB-based solutions. Specifically,
the approximate diameter ranges were 0 — 600 um for SDS solutions and 0 — 500 pm for the
TiO2-SDS dispersions, as depicted in Figs. 7c and 7d. The addition of TiO2 nanoparticles led
to a narrow size distribution in the SDS solutions. Fig. 7d shows that, with the SDS
concentrations of 1.00e-3 M and 2.50e-3 M, the TiO: nanoparticles produced a more
homogeneous size distribution of bubbles in the system.

TiO2 nanoparticles, when adsorbed onto the air-liquid interface of bubbles, prevent
coalescence. These solid nanoparticles at the air-liquid interfaces of CTAB solutions decreased
the interfacial tension, resulting in smaller foam bubble sizes compared to those of SDS
solutions where these nanoparticles do not participate in the adsorption process at the air-liquid
interfaces [1]. Therefore, it can be concluded that the TiO, nanoparticles influenced the size
distribution of the bubbles, and this is related to the behaviour of these particles both in the
bulk solution and at air-liquid interface. These observations about the foaming properties of
nanoparticles-containing surfactant solutions are crucial for the formulations of a wide variety
of products and for the industrial processes where the foaming characteristics are needed to be

precisely controlled.

4. Conclusions

In this study, the interfacial behaviours of an anionic surfactant solution, i.e. SDS, and a
cationic surfactant solution, i.e. CTAB, in the presence of widely used anatase TiO:
nanoparticles were studied to understand the behaviours of foams created with these
formulations. To better understand the surfactant systems, their interfacial behaviour without
nanoparticles was also investigated. As the obtained behaviour is specific to each experimental
setup, including temperature, pH, salinity, and even the measurement method, there are
differences between the values related to the parameters of the adsorption isotherm model in
this study and those in other studies. Since there are no unique values for these parameters, it
is important and recommended to derive these values for each individual study rather than
relying solely on those reported in the literature.

The foaming properties were affected by the interactions between TiO2 nanoparticles and
surfactant molecules which were reflected in the interfacial tension and zeta potential results.
To achieve TiO2-contained foams with less concentrations of surfactant, the CTAB was found

to be the better choice than the SDS because the foams were formed at CTAB concentrations
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as low as 5e-4 M. In general, the foam formation was dependent on the type and concentration
of the surfactant. However, the presence of the TiO; nanoparticles significantly influenced the
foamability and the surfactant concentration at which the foams were formed. At the
concentrations less than the CMC of surfactants, the interfacial tension measurements of
dispersions could be an indicator of foamability properties. It should be noted that this does not
imply a direct relationship between surface tension and foamability, as other factors also
influence foam stability. At a fixed concentration of surfactant where a bare surfactant solution
formed a foam and the interfacial tension of TiO2-surfactant dispersions was less than that of
bare surfactant solution, foamability was observed in the vicinity of that concentration with the
same order of magnitude. These results are useful for different applications including the
development of foaming formulations containing nanoparticles and surfactant. Using such
results obtained, the optimised range of concentrations for foaming formulations can be
obtained using interfacial tension studies, which leads to a cost-effective and timely design of
experiment. Moreover, such experiments on interfacial behaviour alongside with the
foamability are useful for foam stabilisation/destabilisation processes in which the adsorption

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