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Abstract: An increase in temperature typically leads to a decrease in the interfacial tension of a
water/oil interface. The addition of surfactants to the system can complicate the situation significantly,
i.e., the interfacial tension can increase or decrease with an increasing temperature. For most
concentrations of the two studied surfactants, the cationic tetradecyl trimethyl ammonium bromide
(TTAB) and the nonionic tridecyl dimethyl phosphine oxide (C13DMPO), the measured interfacial
tension of the aqueous mixed surfactant solutions against hexane increases when the temperature
decreases between 30 ◦C and 20 ◦C. However, with a further temperature decrease between 20 ◦C and
15 ◦C, the reverse effect has also been observed at some concentrations, i.e., a decrease of interfacial
tension. Additionally, the corresponding dilational interfacial visco-elasticity shows some discrepant
temperature effects, depending on the bulk concentration and oscillation frequency. The experiments
have been performed with a capillary pressure tensiometer under the conditions of micro-gravity.
The reason for the positive and negative interfacial tension and visco-elasticity gradients, respectively,
within certain ranges of the temperature, concentration and mixing ratios, are discussed on the basis
of all available parameters, such as the solubility and partitioning of the surfactants in the two liquid
phases and the oscillation frequency.

Keywords: interfacial dilational viscoelasticity; mixed surfactant adsorption layer; water/hexane
interface; drop oscillations; capillary pressure tensiometry; effect of temperature; microgravity

1. Introduction

Fundamental knowledge on the adsorption of surfactants at water/oil interfaces is of eminent
importance for many technological processes, such as oil recovery [1], food processing [2] and the
production of pharmaceutics and cosmetics [3]. In many cases, surfactant mixtures, rather than single
surfactants, are required in order to set up efficient production technologies. The key system parameters
for a given water/oil system are the surface activity and bulk concentrations of the used surfactants,
their mixing ratio and the temperature [4]. While the impact of surfactant bulk concentrations and the
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mixing ratio on the adsorbed amounts is rather easy to explain via the Gibbs fundamental equation [5],
the effect of temperature can be quite complicated.

In the literature, there are quite a number of studies on the temperature dependence of surfactant
adsorption layers at the water/air interface; however, only very few investigations deal with water/oil
interfaces. Typically, the increase in T should result in an increased molar area and consequently in less
adsorbed molecules at the interface. This should lead to a decrease in interfacial tension, according
to the Gibbs equation. For example, Girifalco and Good discussed this effect in [6] for liquid–solid
interfaces. For typical surfactants adsorbed at solution–air interfaces, the impacts of the temperature
are quite regular, i.e., with an increasing temperature, the surface tension decreases systematically,
as was demonstrated by Chen et al. for n-dodecyl polyoxyethylene glycol monoether with three
different oxyethlyene chain lengths of 4, 6 and 8 [7]. In contrast, the critical micelle concentration
CMC of the studied non-ionic surfactants passes through a minimum in temperature dependence,
explained by contributions of enthalpy and entropy to the micellization process, which is balanced
at about 50 ◦C. Das and Das studied the adsorption layers of alkyl trimethyl ammonium bromides
(hexadeyl, tetradecyl and dodecyl) at the solution–air interface at temperatures between 25 ◦C and
50 ◦C, and they also explained their results on the micellization process in terms of enthalpy–entropy
compensation effects without peculiarities [8]. For ionic liquids, the thermodynamics of micelle
formation was investigated at temperatures between 5 ◦C and 55 ◦C in [9]. The corresponding surface
tension isotherms did not show any unexpected temperature effects. For some water–oil systems,
however, an opposite trend for interfacial tension changes was observed, i.e., with an increasing
temperature, the interfacial tension increased instead of decreasing [10,11]. For mixed surfactant
solutions, the temperature dependence of the interfacial tension is much more complex, as discussed by
El-Batanoney et al. in [12]. Although investigations on this topic have been published recently [13,14],
including Molecular Dynamics simulations [15], many questions could not be answered so far.

Therefore, more measurements on model surfactant solutions at water/oil interfaces are required
in order to get some important basic insights into the interfacial behavior. To this end, microgravity
conditions are of great importance as they allow for the simplification not only of the experimental
measurement conditions but also of the development of new theories for a quantitative description of
the interfacial layer behavior [16,17]. More details on the surface/interfacial tension measurements in
space can be found, in particular, in ref. [18].

The specific aim of this study is to present an experimental contribution and illustrate the
temperature dependence of the interfacial tension and linear dilational viscoelasticity as measured under
microgravity conditions with oil drops in aqueous surfactant solutions, subjected to small-amplitude
area oscillations. As an oil phase, pure n-hexane was chosen here. The aqueous matrix contained
successively injected amounts of the surfactants C13DMPO at a fixed TTAB concentration and of TTAB
at a fixed C13DMPO concentration. In these surfactant mixed solutions, the ionic surfactant TTAB
is soluble only in the aqueous phase, whereas the non-ionic surfactant C13DMPO is present in both
adjacent liquids, according to the corresponding equilibrium partitioning.

2. Materials and Methods

All measurements were performed under microgravity conditions aboard the International Space
Station (ISS) by an especially designed instrument, denoted as FASTER (Facility for Adsorption and
Surface Tension Research, manufactured by Leonardo S.p.A (formerly Selex-Galileo), Campi Bisenzio,
Firenze, Italy). The advantages of microgravity experiments are the possibility of using perfectly
spherical shapes of the interface for sufficiently large droplets and the absence of natural convection
that usually influences the mass transfer processes in the studied solutions. The instrument is designed
as a capillary pressure tensiometer, where the Laplace pressure drop across a curved interface is
accurately measured as a function of time by using precise pressure transducers. In this study, a pure
n-hexane drop was formed inside an aqueous surfactant solution. The drop was formed at the capillary
tip connecting two closed cells filled with the respective liquids. A precise piezo-actuator allows
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automatic variation of the drop dimensions (radius of curvature and interfacial area) according to a
pre-established timeline. The variation of the interfacial area initiates the relaxation of the interfacial
tension, which can be monitored by measuring the Laplace pressure.

The aqueous matrix was a mixture of two surfactants, the non-ionic tridecyl dimethyl phosphine
oxide (C13DMPO), (CAS 186953-53-7, purchased from Gamma-Service, Berlin, Germany) and
the cationic tetradecyl trimethyl ammonium bromide (TTAB), (CAS 1119-97-7, purchased from
Sigma-Aldrich, St. Louis, MO, USA), dissolved in pure MilliQ water. The surfactants were injected
step-by-step by using two syringes, working according to a pre-established sequence. The sequence
included measurements with increasing C13DMPO concentrations c1 = 4.0× 10−7, 8.0× 10−7, 4.0× 10−6,
8.0 × 10−6 and 2.2 × 10−5 mol/dm3 at a fixed TTAB concentration of c2 = 4.5 × 10−5 mol/dm3, continued
by measurements with increasing TTAB concentrations c2 = 4.5 × 10−5, 2.2 × 10−4, 4.5 × 10−4, 2.2 × 10−3

and 4.5 × 10−3 mol/dm3 at a fixed C13DMPO concentration of c1 = 2.2 × 10−5 mol/dm3.
The selection of the above-mentioned surfactants was motivated by the acquisition of new

experimental observations for a typical non-ionic surfactant, soluble in both adjacent liquid phases,
in mixture with a typical cationic surfactant. Specifically, C13DMPO was selected due to knowledge
gained on it as a single component in previous experimental and theoretical studies [19,20]. TTAB was
chosen because of the large knowledge on it as an individual component [21] and because of its
favorable Kraft temperature, which is below the available temperature range of the experimental tools.
Information about the purity of the two used surfactants is given elsewhere [16].

To obtain information about the interfacial dilational viscoelasticity behavior, harmonic oscillations
of the drop interfacial area were generated with eight different frequencies (0.01, 0.02, 0.04, 0.08, 0.16,
0.32, 0.5 and 1.0 Hz, with 12 cycles for each frequency) and three different relative area amplitudes (5%,
10% and 20%). All oscillation experiments were started after 2500 s equilibration time. Additionally,
continuously-growing drop experiments were performed for the in-flight pressure sensor calibration
adjustment and in-flight CCD-camera calibration, which granted an overall reliability of the obtained
results [22]. The measurements were done for three different temperatures (T = 15 ◦C, 20 ◦C and 30 ◦C).
The work of the pressure sensors (model PDCR-4000, manufactured by GE Druck, Billerica, MA, USA),
piezo-actuator (model P-843.40, manufactured by Physik Instrumente GmbH & Co. KG, Karlsruhe,
Germany), CCD-camera (model KP-F120F, manufactured by Hitachi Denshi America Ltd., Woodbury,
NY, USA) and the other equipment was carefully synchronized.

The data collected from all devices were telemetered according to a pre-established protocol.
The obtained equilibrium interfacial tension values were affected by a variable accuracy (i.e., up to
±0.6 mN m−1), due to occasional push–pull disturbances for the drop caused by the instrumental set
parameters. In contrast, the accuracy of the interfacial-viscoelasticity values was much better (i.e., up to
±0.4 mN m−1) because of the simultaneous appearance of the disturbances of interfacial tension and
the corresponding interfacial area. Additional information about the instrument and measurement
procedures can be found in [16,22].

3. Theoretical Backgrounds

3.1. Interfacial Tension Measurements

The surfactants dissolved in the aqueous matrix (C13DMPO and TTAB) adsorb at the
n-hexane/water interface and form a mixed interfacial layer. The resulting interfacial tension is
a function of partial surfactant adsorptions (surface concentrations). When the limiting adsorptions
(i.e., surface excesses) of two surfactants are not very different, Γ1∞ ≈ Γ2∞, the interfacial tension can
be approximately described by Equation (1) [16,23]:

γ = γ0 +
RT
Ω

ln(1−Ω1Γ1 −Ω2Γ2) (1)
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where γ0 is the interfacial tension of the pure hexane/water interface (about 51.1 mN/m [19,21]),
Γ1 and Γ2 are the surfactant adsorptions, Ω1 = 1/Γ1∞ and Ω2 = 1/Γ2∞ are their molar areas in a

densely packed state, and Ω =
Ω2

1Γ1+Ω2
2Γ2

Ω1Γ1+Ω2Γ2
is the average molar area. Under equilibrium conditions,

the surfactant adsorptions are functions of their bulk concentrations:

Γj = Γj∞

bαj cαj
1 + bα1 cα1 + bα2 cα2

, (j = 1, 2) (2)

where Cαj are the surfactant concentrations in the aqueous matrix (phaseα), and bαj are their equilibrium
adsorption constants. Here and below, the lower indices j = 1, 2 are related to the two surfactants,
whereas the upper indices α and β are related to the two contacting liquids (water and hexane,
respectively). The model, represented by Equations (1) and (2), is one of the simplest models, as it
neglects the interactions between the adsorbed molecules, the possible aggregation or reorientation of
the adsorbed molecules, and other effects [24].

When two immiscible liquids are in contact, the surfactant molecules can redistribute between
them. Under equilibrium conditions, the surfactants’ partitioning can be described by the distribution
(partition) coefficients, which are the ratios of the surfactant concentrations in the two bulk phases:

Kj =
cβj
cαj

, (j = 1, 2) (3)

In the considered case here, the ionic surfactant TTAB is practically not soluble in the oil (n-hexane)
phase, i.e., its distribution coefficient can be assumed to be zero. However, the non-ionic surfactant
C13DMPO is soluble in both liquid phases. In particular, it is more soluble in n-hexane, and the
respective distribution coefficient is about 30 [20,25].

The latter fact can lead to a small uncertainty in the C13DMPO concentration due to this high
solubility in hexane. However, the hexane drop is very small compared to the volume of water in the
matrix cell (about 68.2 cm3), and therefore the amount of C13DMPO transferred into the hexane drop is
negligibly small. However, the surfactant can diffuse through the capillary (the valve is open during
the experiment) to the hexane reservoir (5.6 cm3). The change in the C13DMPO concentration due to
this effect should also be relatively small, because the surfactants are injected in continuously increasing
amounts and the oscillations are performed shortly after the injections. Therefore, the uncertainty in
the C13DMPO concentration should be insignificant [16].

3.2. Interfacial Dilational Viscoelasticity Modulus

The interface response to an imposed dilational area perturbation, ∆A(t), is the variation of the
measured interfacial tension, ∆γ(t). For small-amplitude area perturbations, ∆A(t) << A0, the response
of the interface can be characterized by the interfacial dilational viscoelastic modulus:

ε∗(iω) =
F
{
∆γ (t)

}
F
{
∆A(t)/A0

} (4)

where F represents the Fourier transform operator of the respective time functions,ω is the variable
in the frequency domain (i.e., the angular frequency), and A0 is the initial interfacial area. From the
definition Equation (4), one can see that the interfacial viscoelastic modulus is a complex function of
frequency, which can be represented as:

ε∗(iω) = εr(ω) + iεi(ω) =
∣∣∣ε∗(iω)

∣∣∣exp[iϕ(ω)] (5)

where εr and εi are the real and imaginary parts, respectively, and
∣∣∣ε∗(iω)

∣∣∣ and ϕ are the modulus and
phase of the complex viscoelasticity ε*(iω). In the simplest case of harmonic oscillations, the modulus
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∣∣∣ε∗(iω)
∣∣∣ is the ratio of the amplitudes of interfacial tension and relative interfacial area oscillations,

whereas the phase ϕ is the phase shift of interfacial tension with respect to area oscillations.
In the linear approximation, the interfacial dilational viscoelastic modulus, defined by Equation (4),

does not depend on the amplitude and the particular shape of the imposed area perturbations as a
function of time. Thus, it can be considered as a constitutive property of the interfacial layer [26,27].
Note that the interfacial layer is not an autonomous phase, and that, therefore, the interfacial
dilational viscoelastic modulus can depend on the properties of the two contiguous bulk phases [28].
It characterizes the magnitude and the time-scale of the interface response to the external perturbations.
This response depends on the time-scale of the relaxation processes within the interfacial system,
such as the diffusional exchange of the molecules between the interface and the adjacent liquid bulk
phases, the change of structure and morphology of the interfacial layer, the change of orientation
and/or conformation of the molecules within the interfacial layer, and/or chemical reactions between
the components.

The interpretation of the measured modulus
∣∣∣ε∗(iω)

∣∣∣ and phase shift ϕ(ω) versus frequency
dependencies can give access to information about molecular processes occurring in the interfacial
system. Accordingly, a number of theoretical models have been developed for the interfacial dilational
viscoelasticity modulus in various practical systems [27,29–31]. Particularly worth mentioning are the
models for surfactant, polymer, surfactant/polymer or surfactant/protein mixed adsorption layers at
the air/water surface [23,32–36]. In previous work [16,17], these models were generalized to the case
of a mixture of two surfactants at flat oil/water interfaces and the case of one surfactant at curved
oil/water interfaces (i.e., oil-in-water or water-in-oil drops). In the system considered here, both effects
(the presence of two surfactants and the curved interface) occur simultaneously, and the respective
combined model was presented recently in [37]. According to this model, the interfacial dilational
viscoelasticity of a drop interface with a macroscopic (or mesoscopic) radius r0 can be described by
Equation (6):

E =
E01

Z

[
1−

a12a21

a11a22
+ W2 +

Γ02

Γ01

a12

a22
W1

]
+

E02

Z

[
1−

a12a21

a11a22
+ W1 +

Γ01

Γ02

a21

a11
W2

]
(6)

where Z = (1 + W1)(1 + W2) −
a12a21
a11a22

, W j =
nαj r0+1

(nαj )
2r0a j j

+ K j
nβj r0coth(nβj r0)−1

(nβj )
2
r0a j j

(j = 1, 2), E01 = −( ∂γ∂lnΓ1
)

Γ2

and E02 = −( ∂γ∂lnΓ2
)

Γ1
are the partial elasticities [23], a ji = (∂Γ j/∂cαi )cαk,i

are the partial derivatives of

the adsorptions Γ1 = Γ1(cα1 , cα2 ) and Γ2 = Γ2(cα1 , cα2 ) by the surfactants’ concentrations cα1 and cα2 ,

Γ01 and Γ02 are the equilibrium adsorptions, nαj =

√
iω
Dαj

, nβj =
√

iω
Dβj

, and Dαj and Dβj are the diffusion

coefficients of the surfactants in the outer phase α and inner phase β, respectively. In particular cases,
i.e., when either one surfactant is present or a flat interface exists, Equation (6) is reduced to the models
discussed in [16,17].

Equation (6) is derived with the assumption of a diffusion limited adsorption mechanism for
the two surfactants dissolved in two adjacent liquids. This, particularly, is relevant to microgravity
conditions, where surfactant diffusion to/from the interface is not complicated by convection in the
bulk. The microgravity conditions also provide a constant value of the curvature radius over the
interface for sufficiently large drops and for large density differences between the two liquids.

In our recent work [38], the fractional Maxwell model (FMM), mathematically based on
fractional-derivative tools [39–41], was adopted to quantify the observed behavior of the linear
interfacial dilational viscoelasticity. It has been shown that the single-element fractional Maxwell
model allows the description of the modulus and phase angle of the complex viscoelasticity for a single
surfactant system but is not adequate for the case of binary surfactant mixtures. The generalization of
this model for systems containing two surfactants is underway.
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4. Results and Discussion

4.1. Temperature Dependence of Interfacial Tension

The interfacial tensions measured at three temperatures, T = 15 ◦C, 20 ◦C and 30 ◦C, and different
surfactant concentrations are shown in Figures 1 and 2. The values presented in these figures are the
mean-level values of interfacial tension oscillations measured at each particular frequency. As those,
under ideal experimental conditions, they should not depend on frequency as soon as the surfactants’
concentrations and the temperatures are fixed. However, because of random disturbances inherent in
the intermittent piezo push–pull action (or other disturbances), they slightly vary with the frequency.
Nevertheless, in most cases the measured interfacial tensions remain almost constant (within about
±0.5 mN/m).

The results presented in Figures 1 and 2 are obtained for drop oscillations with a relative drop
area amplitude of about 10%. The results for the amplitudes of 5% and 20% are very similar (more
results can be found in the Supplementary Materials, Figures S1 and S2). This indicates an acceptable
linearity condition of the interfacial tension responses. Perfect harmonic oscillations of the drop area
and an interfacial tension in a wide range of amplitudes of the relative area variations (up to 20%) are
advantages of the microgravity environment.

The interfacial tensions generally decrease with increasing surfactant concentrations, except for
the two smallest concentrations of C13DMPO in Figure 1. This can be the consequence of incomplete
mixing of the solution in the matrix cell after surfactant injections, or of small nitrogen bubbles trapped
in the main valve, which might be present at the initial stage of the experiment [16].

The analysis of the temperature dependences shows that the interfacial tensions for the largest
temperature, 30 ◦C, are systematically below those for 15 ◦C and 20 ◦C (Figures 1 and 2, see also 3D
presentation in the Supplementary Materials, Figures S3–S5), in agreement with the usual behavior,
i.e., the interfacial tension decreases with an increasing temperature. However, the interfacial tensions
for 15 ◦C and 20 ◦C do not always show this regularity. In particular, the interfacial tensions for
15 ◦C are below those for 20 ◦C for a C13DMPO concentration of 0.4 µm in Figure 1 and for TTAB
concentrations of 0.22 mM and 0.45 mM in Figure 2. In the last two cases, the difference between
the results for 15 ◦C and 20 ◦C is rather small, of about 0.5 mN/m or less. Such a difference is of the
same magnitude as the apparent variation of the interfacial tensions with the frequency for fixed
surfactant concentrations and temperatures (as discussed above) or with the oscillation amplitude (see
the Supporting Information). Thus, the inverse temperature dependences in these two cases can be a
consequence of some disturbances of the measurements. For the C13DMPO concentration of 0.4 µm in
Figure 1, the difference is larger; however, the results can be affected in this case, probably by incomplete
mixing or the effect of small nitrogen bubbles, as discussed above. Therefore, this case cannot be
considered as experimental evidence of the inverse temperature dependences either. Unfortunately,
the conditions of space experiments do not give the possibility for repeat measurements. Separate
accurate experiments should be performed to check the obtained results.

It should be noted that, in the literature, an interfacial tension increase with the temperature is
sometimes reported for liquid/liquid systems containing species (surfactants, nano-particles, impurities)
capable of adsorbing at the interface [10,42–48]. A non-monotonic variation of the equilibrium surface
tension at the air/liquid interface with an increasing temperature was also observed for aqueous
solutions of fatty alcohols [49–51]. This effect was later confirmed by specially designed experiments
under microgravity conditions [52–54]. A particular consequence of such a non-monotonic variation
of the surface tension with the temperature is the specific behavior of “self-rewetting fluids” [55–58].
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Figure 1. Temperature dependence (blue up triangles T = 15 °C, magenta down triangles T = 20 °C, 
red circles T = 30 °C) for the mean-level values of interfacial tension oscillations as a function of 
frequency (f = 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.5 and 1.0 Hz) at C13DMPO concentrations of c1 = 4.0 × 
10−7, 8.0 × 10−7, 4.0 × 10−6, 8.0 × 10−6 and 2.2 × 10−5 mol/dm3, and at a fixed TTAB concentration c2 = 4.5 × 
10−5 mol/dm3. 

Figure 1. Temperature dependence (blue up triangles T = 15 ◦C, magenta down triangles T = 20 ◦C,
red circles T = 30 ◦C) for the mean-level values of interfacial tension oscillations as a function
of frequency (f = 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.5 and 1.0 Hz) at C13DMPO concentrations of
c1 = 4.0 × 10−7, 8.0 × 10−7, 4.0 × 10−6, 8.0 × 10−6 and 2.2 × 10−5 mol/dm3, and at a fixed TTAB
concentration c2 = 4.5 × 10−5 mol/dm3.

A thermodynamic analysis shows that in multicomponent systems the derivative of interfacial
tension with respect to the temperature may be of any sign [59]. However, the molecular mechanisms
leading to the increase of interfacial tension with temperature can be different for each particular case
and are not always obvious. This can be, in particular, surface or bulk rearrangements [46,49], surfactant
aggregation in either of the contacting liquids [10,44], a temperature effect on the surfactants’ solubility
(and, therefore, on their partition coefficients) [45] or the modification of molecular interactions between
the components at the interface [43,47,48]. These factors can influence the form of the equation of
state of the adsorption layer and the adsorption isotherms, Equations (1) and (2), or the parameters in
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these equations. Furthermore, variations of the partition coefficients can result in changes of surfactant
bulk concentrations and adsorptions. All these mechanisms have not been sufficiently studied so far.
For the case considered here, the situation appears to be more complicated because the system includes
two surfactants, which can behave differently. Moreover, one of them is ionic, and therefore charge
effects can also come into play.
Colloids Interfaces 2020, x, x; doi: 8 of 16 
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frequency (f = 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.5 and 1.0 Hz) at TTAB concentrations of c2 = 4.5 × 10−5, 
2.2 × 10−4, 4.5 × 10−4, 2.2 × 10−3 and 4.5 × 10−3 mol/dm3, at a fixed C13DMPO concentration of c1 = 2.2 × 
10−5 mol/dm3. 
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Figure 2. Temperature dependence (blue up triangles T = 15 ◦C, magenta down triangles T = 20 ◦C,
red circles T = 30 ◦C) for the mean-level values of interfacial tension oscillations as a function of
frequency (f = 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.5 and 1.0 Hz) at TTAB concentrations of c2 = 4.5 × 10−5,
2.2 × 10−4, 4.5 × 10−4, 2.2 × 10−3 and 4.5 × 10−3 mol/dm3, at a fixed C13DMPO concentration of
c1 = 2.2 × 10−5 mol/dm3.
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4.2. Temperature Dependence of Viscoelastic Modulus

The viscoelastic modulus versus frequency dependencies for three temperatures are shown in
Figures 3 and 4 (see also 3D presentation in the Supplementary Materials, Figures S3–S5). One can see
that the effect of the temperature depends on the surfactants’ concentration. For small concentrations,
the modulus shows a clear tendency of decreasing with an increasing temperature (for the two smallest
C13DMPO concentrations of 4.0× 10−7 and 8.0× 10−7 mol/dm3, and for the smallest TTAB concentration
of 4.5 × 10−5 mol/dm3 in Figure 3). However, at higher C13DMPO concentrations (Figure 3) and higher
TTAB concentrations (Figure 4), the tendency changes to the opposite—the modulus increases with
temperature. The exception to this is the highest TTAB concentration of 4.5 × 10−3 mol/dm3 in Figure 4,
where the modulus for 15 ◦C is again larger than for 30 ◦C. However, the concentration of 4.5 × 10−3

mol/dm3 is above the CMC for aqueous TTAB solutions (about 3.5 × 10−3 mol/dm3 [60]), so that the
mechanisms of the interfacial layer relaxation can be different in this case compared to the lower
concentrations. It should also be noted that the magnitude of the modulus is very small in this case
(less than 2 mN/m).

Thus, similar to the interfacial tension, the viscoelastic modulus does not exhibit a clear general
trend with respect to temperature changes. The variation of the viscoelastic modulus with the
temperature can be different depending on the surfactant concentrations and, sometimes, frequencies.
Moreover, the viscoelastic modulus behaves differently compared to the interfacial tension, although it
definitely depends on it.

Regarding Equation (6), we can see that it includes a number of parameters, which can be divided
into two groups. The first group are the parameters that depend only on the equilibrium properties of
the adsorption layer and solutions. These are the two partial elasticities, E01 and E02, the four partial
derivatives of the adsorptions with respect to the concentrations, a ji = (∂Γ j/∂cαi )cαk,i

, the two partition

coefficients K1 and K2, and the two equilibrium adsorptions Γ01 and Γ02. The partial elasticities and
the derivatives of the adsorptions with respect to the concentrations can be obtained from the equation
of state of the adsorption layer and the adsorption isotherms, such as Equations (1) and (2) or other
similar equations. It is clear that, for fixed surfactant concentrations, all these parameters should
depend on the temperature, as the respective equations do. However, it is difficult to predict the
exact form of this dependence. The partition coefficients and equilibrium adsorptions also vary with
the temperature. The second group of parameters are the kinetic coefficients, such as the diffusion
coefficients of the surfactants in the two liquid phases, Dαj and Dβj , or other kinetic coefficients (if the
relaxation of the adsorption layer is not purely diffusion controlled). These kinetic coefficients also
strongly depend on the temperature itself and on the liquid’s viscosity (the diffusion coefficients,
according to the Stokes–Einstein equation). They can also be influenced by the height of the activation
barriers (according to the Arrhenius equation), which is affected by the temperature.

Generally, the effect of the diffusion coefficients is that the dependences of the viscoelastic modulus
versus frequency should be shifted along the frequency axis. However, in the present case the effect of
the diffusion coefficients overlaps with the effect of the partition coefficients and the parameters aji,
which can also lead to complicated shape deformations of these dependences.

This consideration shows that the analysis of temperature dependencies of the viscoelastic
modulus is not trivial, as there are so many parameters that can influence the results in a way that is not
always predictable. It is clear, however, that the starting point should be the analysis of the temperature
dependencies of the equilibrium interfacial tensions for the individual and mixed surfactants solutions.
Then, the analysis of the dynamic properties of the interfacial layers will also be much simpler.
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red circles T = 30 ◦C) for the ε*(iω) modulus as a function of frequency (f = 0.01, 0.02, 0.04, 0.08, 0.16,
0.32, 0.5 and 1.0 Hz) at TTAB concentrations of c2 = 4.5 × 10−5, 2.2 × 10−4, 4.5 × 10−4, 2.2 × 10−3 and
4.5 × 10−3 mol/dm3, at a fixed C13DMPO concentration of c1 = 2.2 × 10−5 mol/dm3.

5. Conclusions

In this study, the interfacial characteristics (interfacial tension and dilational viscoelastic modulus)
of the n-hexane/water interface were measured for mixed solutions of the non-ionic surfactant C13DMPO
and cationic surfactant TTAB. The aim was to determine the temperature effect on the interfacial
properties in multi-component liquid systems. This study was part of a wider study performed aboard
the International Space Station (ISS) [16,22]. The measurements were done with a special designed
instrument. It allows the generation of oscillations of a pure n-hexane drop in aqueous matrix solutions.
The interfacial tension relaxation served as a response to the drop area oscillations. The microgravity
environment allowed for perfect harmonic oscillations of all the system characteristics with sufficiently
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high amplitudes (up to 20% of the relative area variations), avoiding natural convection in the solution
and drop deformations due to gravity.

The experimental data show that the interfacial tensions at all the concentrations appear in a
substantially equilibrium steady (when the mean-level values of the interfacial tension do not change
during the oscillations) or quasi-steady (when the mean-level values only change very slowly due to a
possible slow redistribution of the surfactants) state. Occasional disturbances are sometimes observed
(produced, most probably, by other equipment working in the neighbourhood on the space station).
This means that the transient surfactant transfer to or through the interface is, due to its possible
slow redistribution in the system, negligibly small compared to the surfactant transfer induced by the
drop oscillations. The repetition of the oscillation sequences at different amplitudes can serve as a
confirmation of reproducibility of the experimental results and of an acceptable linearity condition of
the interfacial tension responses. The measurement method is the well-established capillary pressure
method, validated by inflight optical and pressure calibration.

In the temperature interval between 20 ◦C and 30 ◦C, the interfacial tension exhibits the usually
observed behavior, i.e., it decreases with an increasing temperature. Between 15 ◦C and 20 ◦C, at some
specific concentrations, the temperature effect on the interfacial tension causes an inverted gradient
behavior, instead of the decreasing interfacial tension with an increasing temperature that is typical for
pure-liquids. However, these particular results are not sufficient to conclude whether the inverted
gradient behavior is really observed in the system that is considered here, as this effect is not sufficiently
large and is observed only for few concentrations. Thus, additional accurate experiments should
confirm or disprove these results.

Unfortunately, the temperature dependencies of the isotherm parameters and partition coefficients
of surfactants in liquid–liquid systems are not yet systematically studied, and even respective data
for individual TTAB and C13DMPO in the water/hexane system are not available for comparison.
Therefore, the modelling of the temperature dependencies is not possible. However, in this case,
experimental data on the temperature dependencies becomes especially valuable, because they can be
useful for many practical applications and can be the starting point for further studies in this area.

The temperature effect on the viscoelastic modulus manifests distinguished gradient effects
as a function of concentration and frequency, different from the corresponding interfacial tension.
The viscoelastic modulus decreases with an increasing temperature for small surfactant concentrations
and increases for higher concentrations. The origin of such a behavior of the modulus is not clear.
The viscoelastic modulus depends on too many temperature-dependent parameters related to the
equilibrium and kinetic properties of the two considered surfactants, capable of dissolving in the two
contacting liquids and of adsorbing at the interface. This fact complicates the analysis of temperature
effects in the system. The observed phenomenology suggests that one perform new experimental
studies on the temperature dependence of the interactions between the components of the mixed
adsorption layers and the adjacent liquid phases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2504-5377/4/3/27/s1,
Figure S1: Temperature (blue T = 15 ◦C, magenta T = 20 ◦C, red T = 30 ◦C) and amplitude (squares—Ampl. 5%
up triangles—Ampl. 10%, down triangles—Ampl. 20%) dependences for the mean-level values of interfacial
tension oscillations as a function of frequency (f = 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.5 and 1.0 Hz) at C13DMPO
concentrations of c1 = 4.0 × 10−7, 8.0 × 10−7, 4.0 × 10−6, 8.0 × 10−6 and 2.2 × 10−5 mol/dm3, and at a fixed TTAB
concentration c2 = 4.5 × 10−5 mol/dm3. Figure S2: Temperature (blue T = 15 ◦C, magenta T = 20 ◦C, red T = 30 ◦C)
and amplitude (squares—Ampl. 5%, up triangles—Ampl. 10%, down triangles—Ampl. 20%) dependences for the
mean-level values of interfacial tension oscillations as a function of frequency (f = 0.01, 0.02, 0.04, 0.08, 0.16, 0.32,
0.5 and 1.0 Hz) at TTAB concentrations of c2 = 4.5 × 10−5, 2.2 × 10−4, 4.5 × 10−4, 2.2 × 10−3 and 4.5 × 10−3 mol/dm3,
at a fixed C13DMPO concentration of c1 = 2.2 × 10−5 mol/dm3. Figure S3: Temperature dependence (cyan surface
T = 20 ◦C, red surface T = 30 ◦C) for the mean-level values of interfacial tension oscillations upper panel) and for
the ε*(iω) modulus (lower panel) as a function of frequency (f = 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.5 and 1.0 Hz)
and as a function of concentration, in the concentration sequence for C13DMPO (at concentrations of 4.0 × 10−7,
8.0 × 10−7, 4.0 × 10−6, 8.0 × 10−6 and 2.2 × 10−5 mol/dm3 at a fixed TTAB concentration of 4.5 × 10−5 mol/dm3),
and of TTAB (at concentrations of 4.5 × 10−5, 2.2 × 10−4, 4.5 × 10−4 and 2.2 × 10−3 mol/dm3 at a fixed C13DMPO
concentration of 2.2 × 10−5 mol/dm3). Graph rotation: Horizontal view = 45◦; Vertical view = 15◦. Figure S4:

http://www.mdpi.com/2504-5377/4/3/27/s1
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Same as Figure S3. Graph rotation: Horizontal view = 120◦; Vertical view = 15◦. Figure S5: Same as Figure S3.
Graph rotation: Horizontal view = 240◦; Vertical view = 15◦.
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