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Abstract The dynamic interfacial properties and dilational
rheology of gemini sulfonate surfactant (SGS) and its
mixtures with quaternary ammonium bromides (DTAB,
CTAB) at the air—water interface were investigated using
drop shape analysis. Results suggest that the adsorption
process of these surfactants is diffusion-controlled at dilute
concentrations, whereas the adsorption mechanism gradu-
ally shifts to a mixed kinetic-diffusion control with
increasing surfactant concentration. The mixed surfactant
system possesses the best surface activity when the molar
ratios of SGS/DTAB and SGS/CTAB mixtures are 9:10.
The formation of catanionic complexes shields the elec-
trostatic repulsion between surfactant molecules and low-
ers the electrostatic adsorption barrier. Therefore, SGS/
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DTAB and SGS/CTAB mixtures exhibit higher adsorption
rates than either component alone. The effects of oscillat-
ing frequency and surfactant concentration on the surface
dilational properties of SGS, DTAB, CTAB, SGS/DTAB,
and SGS/CTAB mixtures were also determined. As the
oscillating frequency increases, the dilational elasticity of
these surfactants gradually increases. The dilational elas-
ticity peaks at a certain concentration, which is less than
the critical micelle concentration (CMC). Results show that
the dilational elasticity of SGS/DTAB and SGS/CTAB
mixtures is higher than that of either component, resulting
from the formation of a denser monomolecular adsorption
layer at the air—water interface. Our study provides a basis
for understanding the interaction mechanism of catanionic
surfactant mixtures containing Gemini surfactant at the air—
water interface.
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Introduction

When interfacial processes proceed at a rapid rate [1], the
dynamic interface properties of surfactant and biomolecule
solution are more important than the equilibrium properties
in many industries, such as printing and dyeing, tertiary oil
recovery, and pharmaceuticals [2, 3]. Therefore, many
studies have been done on the dynamic interface properties
of surfactants and biomolecules during the past few dec-
ades. Dilational interfacial rheology is described as the
resistance of the interface to deformation, which has been
shown to be important for the stability of foam and
emulsion [4]. When the interface is perturbed, different
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relaxation processes occur, including the diffusion process
from the bulk solution to the interface region, re-orienta-
tion, and aggregation and re-arrangement of surfactant
molecules inside the adsorbed layer [5]. Dilational inter-
facial rheology measurements can provide more informa-
tion about the microcosmic processes of the adsorbed layer
[6]. Moreover, this information is beneficial to elaborate
the interaction mechanism of adsorbed molecules at the
interface [7].

The dilational interfacial rheology of surfactants and
macromolecule solutions has been extensively investigated
in recent years [8, 9]. Langevin indicated the stability of
foam and emulsion is strongly dependent on the value of
dilational elasticity and viscosity [10]. Maldonado-
Valderrama et al. investigated the relation between the
stability of foams and emulsions stabilized by B-casein and
the dilational properties of the interface [11]. They proved
that the interfacial viscosity of the protein adsorbed layer is
crucial in the formation of the foam; however, the inter-
facial elasticity has a marked impact on the stability of
emulsions and foams.

Gemini surfactants have two hydrophilic head groups
and two hydrophobic alkyl chains. Due to this special
molecule structure, gemini surfactants possess better
interface properties than conventional single-chain surfac-
tants. Therefore, gemini surfactants have attracted great
interest and been extensively investigated for the past
20 years. Zhang et al. examined the dilational properties of
anionic gemini surfactants (CgEgCg) at the air—water
interface [12]. The dilational modulus of CgEgCg passes
through two peaks with surface aging, which is different
from that of conventional surfactants. Xu et al. studied the
dilational rheological properties of bisquaternary ammo-
nium dibromides at the air—water interface [13]. The results
show that the dilational modulus of C;,C,Ci,-2Br™ is
higher than that of the single-chain cationic surfactant. In
addition, the dilational rheological properties of gemini
surfactant/protein [14, 15], and gemini surfactant/polymer
mixtures [16—18] were studied.

In general, catanionic surfactant mixtures are regarded
as a taboo, because these mixtures are prone to precipita-
tion [19]. However, some studies have proved catanionic
surfactant mixtures may exhibit outstanding properties
when these surfactants are mixed in a proper proportion
[20]. Molecular interactions between catanionic surfactant
mixtures are mainly governed by the electrostatic forces
between their hydrophilic head groups; therefore, gemini
surfactants are expected to have stronger synergistic
interactions with surfactants of different charge types than
single-chain surfactants. Studies have illustrated the
stronger synergistic effects of catanionic gemini surfactants
[20-22]. Parekh et al. examined the surface properties of
the mixed surfactant systems of anionic conventional
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surfactant (sodium dodecyl trioxyethylene sulfate)
and cationic gemini surfactant (N, N'-bis-(dimethyldode-
cyl)-o,-dialkane diammonium dibromide) [23]. Results
confirm that the mixed surfactant systems exhibit a very
low critical micelle concentration (CMC) value, which
results from the weakening of the electrostatic head group
repulsion which favors mixed micelle formation. Cationic
gemini surfactants bind tightly with anionic surfactants by
electrostatic, hydrophobic and ion—dipole interactions. The
synergistic effects between catanionic surfactant mixtures
have been extensively examined; however, only a few
reports are available on the interfacial dynamic properties
and dilational rheology of catanionic surfactant mixtures of
different charge types.

In the present study paper, we investigated the interfacial
dynamic properties and dilational rheology of sulfonate
gemini surfactant (SGS) and its mixtures with quaternary
ammonium bromides [hexadecyltrimethylammonium bro-
mide (CTAB) and dodecyltrimethylammonium bromide
(DTAB)] at the air—water interface using the drop shape
analysis. Our study provides a basis for understanding the
interaction mechanism of catanionic surfactant mixtures at
the air—water interface. The results also give helpful infor-
mation about the design and application of catanionic sur-
factant mixtures containing gemini surfactants.

Experimental
Materials

The sulfonate gemini surfactant was synthesized in our
laboratory. The chemical structure is presented in Fig. 1.
The synthetic method of the surfactant has been reported
elsewhere [24], and its purity was identified by 'H NMR
and elemental analysis. CTAB, DTAB were purchased
from Aladdin Reagent (Shanghai, China). Ultrapure water
with 18.2 MQ cm (Millipore) was used as solvent in all
experiments.

Determination of Equilibrium Surface Tension

The equilibrium surface tensions of different surfactant
solutions were measured with a JK99B tensiometer

C12H25NCH2CH2NC12H25

SO;Na  SO;Na

Fig. 1 Structure of the studied anionic gemini surfactant
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(Shanghai Zhongchen Digital Technic Apparatus Co., Ltd.,
China) using the du Nouy ring. The surface tension was
determined at 25 °C until a constant value was attained.

Determination of Dynamic Surface Tension

For dynamic surface tension (DST) measurements, the
surface tension was monitored as a function of time. DST
of surfactant solution was measured using a commercial
bubble profile tensiometer (Tracker, Teclis-IT Concept,
France). In this instrument, the air—water interface was
created by injecting 5 pL of air into an inverse stainless
steel needle attached to a gas-tight syringe. The tip of the
bent needle was immersed in a quartz cuvette containing
the surfactant solution. The image of the bubble was cap-
tured by a charge coupled device (CCD) camera and ana-
lyzed by software employing the Laplace equation.

Rosen et al. demonstrated that the DST of surfactant
solutions can be described well by the empirical Eq. 1 [1],

(Yo = 2)/ (e — vm) = (t/17)", (1)

where 7, is the surface tension of the solvent, 7, is the
surface tension of surfactant solutions at surface age ¢, y,, is
the mesoequilibrium surface tension, and n and ¢* are
constants. Based on the experimental data, n and #* can be
obtained from the slope and intercept of the plot of Ig[(y, —
3/ (G = 7)) versus lg.

In addition, values for an effective diffusion coefficient
(D) for surfactants at short surface ages can be obtained
using Eq. 2 based on the Ward and Tordai equation [25],

/Dt
Yo = Yo — 2nRTcy o’ (2)

where ¢y is the bulk surfactant concentration, = = 3.142,
n = 1 for non-ionic surfactants, and n = 2 for ionics [25].
A linear plot of 7, versus ¢'/? indicates that adsorption of
surfactant from the bulk to surface is diffusion-controlled
and permits evaluation of D from the slope of the plot.

For a prolonged adsorption process, the Ward and
Tordai equation can be stated as Eq. 3 [26],

nRTI?, 1
R _ q
Vimoo = Teq T \/ 4Dt (3)

where Iy is the surface excess concentration and can be
obtained from the equilibrium surface tension-concentra-
tion plot using the Gibbs adsorption equation.

Determination of Interfacial Dilational
Viscoelasticity

The interfacial dilational viscoelasticity of surfactant
solution was also measured using an automated bubble

profile tensiometer (Tracker, Teclis-IT Concept, France).
The initial volume of the bubble was 3 pL. Each sample
was assumed to be equilibrated when the surface tension
did not change with time. Interfacial rheological mea-
surements were performed by oscillating the bubble vol-
ume to a periodic, small sinusoidal deformation of 10% of
the original drop volume with different frequencies. The
influences of surfactant concentration and dilatational fre-
quency (0.005-0.5 Hz) on the interfacial dilational prop-
erties were studied.

When the interfacial area is imposed to a periodic
compression and expansion at a given frequency (w), the
interfacial tension changes in response [27]. As shown in
Eq. 4, the Gibbs interfacial dilational modulus (¢) is gen-
erally defined as the ratio of a small change in interfacial
tension (7) to a specific change in interfacial area (A) [14],

dy (4)

‘T dmA’

According to Eq. 5, the ¢ can also be expressed as a
complex number, with real (¢g) and imaginary components
(eq = wngq) [28]. &4 is the dilational elasticity or storage
modulus, representing the elastic energy storage in the
surface, and ¢, is the dilational viscosity or loss modulus,
accounting for the energy loss in the relaxation process
[29].

e=2¢ +imn, (5)

The phase angle (0) is calculated according to Eq. 6.

tan 0 = 214 (6)

éd
When there is no relaxation processes affecting the
expansion modulus, 6 is equal to 0, and the surface layer
behaves as a purely elastic membrane. When the phase of
interfacial tension oscillation is ahead of that of interface
area oscillation, the value of the phase angle is positive;
otherwise, the value of the phase angle is negative [7].

Results and Discussion

Dynamic Surface Tension of Quaternary
Ammonium Bromide Solutions (DTAB and CTAB)

When a fresh interface is created, surfactant molecules will
diffuse from the bulk solution to the interface region. The
diffusion of surfactant molecules will result in surface
tension to decrease from the initial value (yy) to the equi-
librium value (y.q) [12]. At low concentration, the surface
tension gradually decreases because of the few surfactant
molecules adsorbed onto the surface in a short period of
time. When the surfactant concentration increases, the
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surface tension sharply decreases, and the equilibrium time
is reduced [30].

The DST of quaternary ammonium bromides with dif-
ferent alkyl chain lengths (DTAB and CTAB) at the air—
water interface was monitored. The DST curves for dif-
ferent concentrations of DTAB in aqueous solution are
shown in Figure S1(a). The DTAB exhibits a pronounced
induction region when the concentration is lower than
1 mM. Moreover, a decrease in the induction region is
observed with increasing surfactant concentration. The
critical micellar concentration (CMC) of DTAB is 10 mM.
When the DTAB concentration is higher than the CMC
value, the surface tension of DTAB solution attains the
mesoequilibrium value within 200 s.

Two main models are available for the transport and
adsorption of surfactant molecules, namely, the diffusion-
controlled and mixed kinetic-diffusion models [31]. In the
diffusion-controlled model, the diffusion of surfactant
molecules from the bulk solution to the subsurface region
is the rate-controlling step. When the surfactant molecules
diffuse to the subsurface, the adsorption barrier prevents
the molecules from being adsorbed into the surface. This
barrier will cause diffusion of the surfactant molecules
back into the bulk solution. The mixed kinetic-diffusion
model assumes that the transfer of surfactant monomers to
the interface is the rate-controlling process.

The Ward and Tordai equation accounts for the diffu-
sion of surfactant molecules from the bulk solution to the
subsurface, and also the diffusion back from subsurface to
the bulk solution [12]. However, at the start of adsorption,
the back diffusion can be neglected. Therefore, Eq. 2 can
be applied. Figure S2 shows the variation of DST with ¢!
for different concentrations of DTAB. The short-time
experimental kinetics have been fitted according to Eq. 2.
When the concentration of DTAB solution is lower than
1 mM, the DST curves for DTAB solutions are in good
agreement with Eq. 2. The initial stages of transport and
adsorption for surfactant molecules are diffusion-
controlled.

A strong deviation from Eq.2 is observed with
increasing surfactant concentration. The adsorption process
becomes kinetically controlled and governed by a surface
barrier. Figure S3 shows the variation of DST with t~/* for
different concentrations of DTAB. Following Eq. 3, the
effective diffusion coefficients for different concentrations
of DTAB are calculated and listed in Table S1. The
effective diffusion coefficient of the surfactant molecules
decreases with increasing concentration. The adsorption
mechanism of surfactants is diffusion-controlled at dilute
concentrations, whereas the adsorption process gradually
shifts to a mixed kinetic-diffusion control as the surfactant
concentration increases. The monomer self-diffusion
coefficient (D) of di-(C6-Glu) was obtained by PFGSE-
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NMR measurements as described by Eastoe et al. [32].
According to the dependence of D on molecular weight, we
estimate the value of D to be 4.07 x 107" m? s™" at
25 °C. The ratio of D.g/D decreases with increasing sur-
factant concentration, thereby indicating a significant
adsorption barrier at high concentration [33].

Moreover, in Figure S4, DST curves can be fitted by the
Rosen empirical Eq. (1). As shown in Table S2, values of
n and ¢ for DTAB decrease with increasing surfactant
concentration. The values of n represent the rates of dif-
fusion from the bulk to the subsurface at the initial stage of
adsorption (f — 0). As the concentrations of the bulk
increase, the values of n decrease. More surfactant mole-
cules diffuse from the bulk to the subsurface with
increasing concentration, and then the diffusion coefficient
increases as well. Therefore, the mesoequilibrium region is
easier to achieve. The values of ¢  represent the rates of
diffusion from the subsurface to the surface towards the
end of the adsorption (¢ — o0). Table S2 shows that the
values of ¢~ decrease as the concentration of bulk solution
increases. This behavior is consistent with the presence of a
weak adsorption barrier during prolonged adsorption.

Compared with DTAB, the surface tension of CTAB
reaches equilibrium within less time (Figure S1 (b)). The
adsorption rate of cationic surfactants increases as alkyl
chain length increases. When CTAB concentration is lower
than 0.2 mM, a pronounced induction time is observed.
Figure S5 shows the variations of surface tension with 7'/
for different concentrations of CTAB. When the concen-
tration of CTAB solution is lower than 0.2 mM, the DST
curves for CTAB solutions are in good agreement with
Eq. 2. In addition, the variations of DST with 2 for
different concentrations of CTAB are shown in Figure S6.
According to the dependence of D on molecular weight, we
estimate the value of D for CTAB to be
3.46 x 107" m? s™'. The effective diffusion coefficients
for different concentrations of CTAB are presented in
Table S3. The ratio of D.g/D decreases with increasing
surfactant concentration, thereby indicating a significant
adsorption barrier above the CMC. In Figure S7, the DST
curves can be fitted by the Rosen empirical Eq. 1. The
values of y,, n, and {* for CTAB are obtained and listed in
Table S4. At the same concentration, the surface tension of
CTAB solution is lower than that of DTAB solution.
Therefore, quaternary ammonium bromides are more
effective in reducing surface tension as alkyl chain length
increases.

Dynamic Surface Tension of Sulfonate Gemini
Surfactant Solutions

The DST curves were measured at different concentrations
of SGS in aqueous solutions (Figure S1 (c¢)). SGS exhibits a
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pronounced induction region when the surfactant concen-
tration is lower than 10 uM, whereas the induction region
is not observed with a concentration above 10 uM. More-
over, a decrease in the induction region is observed with
increasing surfactant concentration. When the SGS con-
centration is higher than 10 puM, the surface tension of SGS
solution attains the mesoequilibrium value within 200 s.
Compared with the monomeric surfactants, SGS exhibits a
faster adsorption rate and superior surface activity.

Figure S8 shows the variation of DST with ¢"/* for dif-
ferent concentrations of SGS. The short-time experimental
kinetics have been fitted according to Eq. 2. When the
concentration of SGS solution is lower than its CMC
(2.0 x 1075 mol L), the DST curves for SGS solutions
are in good agreement with Eq. 2, thereby suggesting that
the initial stages of transport and adsorption for surfactant
molecules are diffusion-controlled. A strong deviation
from Eq. 2 is observed with increasing surfactant concen-
tration. Once the concentration of SGS solution becomes
higher than its CMC, the equilibrium surface coverage
increases, and the process then becomes kinetically con-
trolled and governed by a surface barrier. Figure S9 shows
the variation of DST with '/ for different concentrations
of SGS. Following Eq. 3, the effective diffusion coeffi-
cients for different concentrations of SGS are calculated
and listed in Table S5. The effective diffusion coefficient
of the surfactant molecules decreases with increasing sur-
factant concentration. The adsorption mechanism of sur-
factants is diffusion-controlled at dilute concentrations,
whereas the adsorption process gradually shifts to a mixed
kinetic-diffusion control as the surfactant concentration
increases. According to the dependence of D on molecular
weight, we estimate the value of D to be 2.53 x 10710
m? s~! at 25 °C. The ratio D.g/D decreases with increasing
surfactant concentration, thereby indicating a significant
adsorption barrier above the CMC [33].

Moreover, DST curves could be modeled by the Rosen
empirical Eq. 1 (Figure S10). The two parameters n and ¢
can be obtained by fitting the DST data to an appropriate
linear plot (Eq. 1). As shown in Table S6, values of n and 1"
for SGS decrease with increasing surfactant concentration.

Dynamic Surface Tension of Catanionic Surfactant
Mixtures

SGS/DTAB Mixtures

The DST of catanionic surfactant mixtures were monitored
by drop shape analysis. For the SGS/DTAB mixtures, the
DTAB concentration is fixed at 2 mM. A series of SGS/
DTAB mixtures with different molar ratios are obtained by
changing the SGS concentrations. The molar ratios of SGS
to DTAB are 1:10, 1:5, 3:10, 2:5, 1:2, 7:10, 9:10, 11:10,

13:10 and 3:2, respectively. The DST curves of SGS/
DTAB mixtures with different molar ratios are shown in
Figure S11(a). For the SGS/DTAB mixtures, at all mixing
ratio, a reduced surface tension and an enhanced surface
adsorption are observed. When the molar ratio is 9:10, the
mixture shows the best surface activity. The surface tension
of the mixture is lower than that of either component.
Moreover, the induction region is not observed for the
mixture with a molar ratio of 9:10, whereas parent indi-
vidual ionic surfactants exhibit a pronounced induction
region. However, the difference in the dynamic surface
tensions of SGS/DTAB mixtures with different molar
ratios (from 2:5 to 3:2) is not significant. According to
Eq. 1, the values of 7y, n, and {* for the SGS/DTAB
mixtures are listed in Table S7. The values of y,, and n for
the SGS/DTAB mixture at a molar ratio of 9:10 are less
than those of other mixtures. The values of n represent the
rates of diffusion from the bulk to the subsurface at the
initial stage of adsorption (¢ — 0). The smaller the values
of n are, the faster the diffusion process becomes. This
condition indicates the formation of catanionic surfactant
complexes, which are generated through the electrostatic
interaction between the cationic and anionic surfactants.
The formation of catanionic complexes shields the elec-
trostatic repulsion between the surfactant headgroups and
lowers the electrostatic adsorption barrier. Therefore, the
catanionic surfactant complexes exhibit faster diffusion
than either component. Moreover, the values of £ represent
the rates of diffusion from the subsurface to the surface
towards the end of the adsorption ( — o0). The larger the
values of 7 are, the faster the adsorption process becomes.
The reduced electrostatic repulsion between these catan-
ionic complexes helps the formation of a denser
monomolecular adsorption layer at the air—water interface.
When the adsorption layer becomes denser, the adsorption
barrier increases. Therefore, the values of {* for the SGS/
DTAB mixture at a molar ratio of 9:10 are less than those
of other mixtures.

SGS/CTAB Mixtures

We examined the surface tension curves of the SGS/CTAB
mixtures with different molar ratios. For the SGS/CTAB
mixtures, the CTAB concentration is fixed at 1 mM. The
molar ratios of SGS to CTAB are 1:10, 1:5, 3:10, 2:5, 1:2,
7:10, 4:5, 9:10, 1:1, 6:5, 7:5, 85 and 2:1. Fig-
ure S11(b) shows the DST of SGS/CTAB mixtures with
different molar ratios. Unlike the SGS/DTAB mixtures, the
surface tension of SGS/CTAB mixtures increases with
increasing molar ratio from 1:10 to 1:2. Moreover, the
surface tension of SGS/CTAB mixtures increases with
increasing SGS concentration. This condition results in the
formation of precipitate. Thus, the surface activity of
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catanionic surfactant mixtures is reduced. However, a
reduced surface tension is observed when the molar ratio
ranges from 7:10 to 2:1. The surface tension of the mix-
tures at a molar ratio of 9:10 reaches the minimum value
(23.28 mN/m), which is lower than those of the parent
individual surfactants. This result indicates the optimum
ratio of SGS/CTAB mixture, which is equal to that of SGS/
DTAB mixtures. By fitting the DST data to Eq. 1, the
values of vy, n, and " for the SGS/CTAB mixtures are
listed in Table S8. The values of y,,, n, and ¢ for the SGS/
CTAB mixtures at optimum ratio are less than those of
other mixtures, which is similar to the SGS/DTAB mix-
tures. However, the value of y,, for the SGS/CTAB mix-
tures at a molar ratio of 9:10 is lower than that of SGS/
DTAB mixtures at the same molar ratio. With increasing
alkyl chain length, the hydrophobic interaction between the
cationic and anionic surfactants will increase. Therefore,
the catanionic surfactant mixtures are more effective in
reducing surface tension with increasing alkyl chain length.

Equilibrium Surface Tension of Catanionic
Surfactant Mixtures

The equilibrium surface tensions of pure surfactant solu-
tions and catanionic surfactant mixtures were detected using
the du Nouy ring method. As shown in Figure S12, the
CMC values of DTAB, CTAB, and SGS solutions are
1.6 x 1072, 1 x 107, and 2 x 107> mol L™", respec-
tively. However, the SGS/DTAB and SGS/CTAB mixtures
possess higher surface activity. The CMC values of SGS/
DTAB and SGS/CTAB mixtures are 1 x 10~> and
9 x 107° mol L, respectively. Meanwhile, the surface
tension of SGS/DTAB and SGS/CTAB mixtures can be
reduce to ~26 and ~23 mN m~' with increasing surfactant
concentration. Klitzing et al. examined the surface tension
isotherms of the SDS/C;,TAB (5:5) mixture [34]. They
indicated the enhanced surface activity resulting from the
formation of catanionic surfactant complexes. In general, the
formation of catanionic surfactant complexes will reduce the
electrostatic repulsion between the surfactant molecules,
thereby leading to a denser monomolecular adsorption layer
at the air—water interface (Fig. 2). The SGS/DTAB and
SGS/CTAB mixtures have lower CMC values than the SDS/
C;,TAB mixture (3 x 107> mol L™1).

Frequency Dependence of the Surface Dilational
Properties

Measuring dilational interfacial rheology of surfactant
solutions is an efficient means of evaluating the properties
of interfacial films. When the interface is perturbed, dif-
ferent relaxation processes occur, including the diffusion
from the bulk to the interface, re-orientation, aggregation,

&\ Springer ANOCS &

A denser monomolecular adsorption layer

bbb bbbt

water &4 i
The electrostatic adsorption SGS
barrier is reduced.

L —

AP
electrostatic interaction catanionic complex DTAB or CTAB

Fig. 2 Schematic diagrams of interaction between SGS and DTAB
(or CTAB)

and re-arrangement of surfactant molecules inside the
adsorbed layer. Figures 3, 4, and 5 show the effects of
dilational frequency ranging from 0.005 to 0.5 Hz on the
dilational viscoelasticity of DTAB, CTAB, and SGS,
respectively. As the frequency increases, the dilational
elasticity at the air—water interface gradually increases,
whereas the phase angle decreases. At a low dilational
frequency, the low vibration of the interface shape gives
the surfactant molecules enough time to diminish the gra-
dient of interfacial tension induced by the compressed
interface. As the interfacial tension gradient decreases, the
dilational modulus of surfactant molecules decreases. At
high dilational frequency, the surfactant molecules will
have insufficient time to diminish the interfacial tension
gradient, resulting from interface deformation. Therefore,
the interfacial film embodies the character of the insoluble
film, and the dilational elasticity is higher. At moderate
frequency, the dilational modulus at the air—water interfa-
cial increases as the dilational frequency increases.

In Fig. 3a, the curves of Igle-lgw are quasi-linear, and
the slope of lglel-lgw is lower than 0.5 at surfactant con-
centrations below 1 x 1072 mol L™! [35]. The slope of the
lglel-lgw curve is different when there are different relax-
ation processes [35]. The slope for the diffusion-controlled
relaxation process was less than 0.5. When the surface has
a special structure, the limiting slope is 1 [29]. For small
surfactant molecules, the characteristic frequency of the
diffusion process and rearrangement of interface molecules
exceeds the highest frequency used in this experiment
(0.5 Hz). Therefore, DTAB has a low frequency depen-
dence of the dilational modulus (Fig. 3a). At 1 x 1072 -
mol L™! (near the CMC), the dilational modulus of DTAB
exhibits a high frequency dependence. When the surfactant
concentration is near the CMC, there are other slow
relaxation processes. In Fig. 3b, the phase angle is positive
over the studied concentration range and gradually
decreases with increasing dilational frequency. According
to Ref. [7], the lower the slope, the more elastic the film
appears. The proportion of elasticity is reduced, and the
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Fig. 3 The dilational modulus
(|¢]), phase angle (0), dilational
elasticity (&4) and dilational
viscosity (wny) of DTAB as a
function of dilational frequency

Fig. 4 The dilational modulus
(|¢]), phase angle (0), dilational
elasticity (&) and dilational
viscosity (wny) of CTAB as a
function of dilational frequency
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of interfacial tension oscillation is ahead of interfacial area
oscillation while the phase angle is negative when the
phase of interfacial area oscillation is ahead of interfacial
tension oscillation. A high phase angle reflects increased
contribution of the viscosity component to the dilational
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modulus. Moreover, the exchange between the interface
and the bulk is responsible for the viscosity of the film [28].
An increase in the dilational frequency adversely affects
the diffusion of surfactant molecules [13]. Therefore, the
phase angle gradually decreases as the dilational frequency
increases.

Figure 4 shows the effects of dilational frequency
ranging from 0.005 Hz to 0.5 Hz on the dilational vis-
coelasticity of CTAB. The effects of dilational frequency
and surfactant concentration on the dilational viscoelas-
ticity of CTAB are similar to those of DTAB. When the
concentration is lower than 1 x 107> mol Lfl, the dila-
tional modulus of CTAB has low frequency dependence
(Fig. 4). At 1 x 107> mol L™" (above the CMC), the
dilational modulus of CTAB exhibits a high frequency
dependence.

Figure 5 shows the effects of dilational frequency,
which ranged from 0.005 to 0.5 Hz on the dilational vis-
coelasticity of SGS. As the dilational frequency increases,
the dilational modulus of SGS at the air—water interface
gradually increases; however, the phase angle decreases
[8]. Moreover, the dilational elasticity of SGS is higher
than that of DTAB and CTAB. Compared with the con-
ventional single-chain surfactants, gemini surfactants pack
more tightly at the air—water interface, resulting from their
special molecular structures. Therefore, gemini surfactants
have far higher surface activities than single-chain surfac-
tants. The value of the slope of Iglel-lgw in Fig. 5a is larger
than that of DTAB and CTAB, thereby indicating that
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other relaxation processes exist. In Fig. 5b, the phase angle
is positive in the studied concentration range and gradually
decreases with increasing dilational frequency.

Concentration Dependence of the Interfacial
Dilational Properties

The effects of bulk concentration on the dilational vis-
coelasticity of DTAB at 0.1 Hz are shown in Fig. 6. The
dilational elasticity peaks at 2 x 107> mol L™, which is
less than the CMC values for DTAB (1.6 x 1072 -
mol Lfl). In general, an increase in bulk concentration has
two effects on the dilational elasticity [7]. First, increasing
surface concentration will induce a higher interfacial ten-
sion gradient of interface deformation, thereby increasing
the dilational elasticity. Second, the surfactant molecular
exchange between the bulk and the surface increases as the
surfactant concentration increases [36]. The diffusion of
surfactant molecules from the bulk to the interface may
decrease the interfacial tension gradient, thereby resulting
in a decrease in the dilational elasticity [8]. Therefore, at a
low concentration, the dilational elasticity of DTAB
increases, as the concentration increases. When the con-
centration of DTAB increases to 2 x 107> mol L™!, the
dilational modulus peaks. A further increase in the bulk
concentration mainly results in the increase of the diffusion
of DTAB molecules from the bulk to the interface.
Therefore, the dilational elasticity gradually decreases with
decreasing interfacial tension gradient.
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Fig. 6 The dilational elasticity (¢4) and dilational viscosity (w#ny) of
DTAB, CTAB, SGS, SGS/DTAB and SGS/CTAB as a function of
concentration

In addition, the dependence of the dilational viscous
component of the bulk concentration has similar tendency
with dilational elasticity. At concentrations below the CMC,
the dilational surface viscosity is approximately zero;
therefore, the interfacial films possess only elasticity. In
Fig. 6, the dilational viscous component passes through a
maximum near the CMC (8 x 107> mol L™!). Concur-
rently, the phase angles significantly increase. Theoretically,
the dilational viscous component describes the summation
of the various microscopic relaxation processes [16].
Therefore, the influence of the bulk concentration on the
dilational viscous component is complex. Generally, the
effect of bulk concentration on the dilational viscous com-
ponent has two aspects. First, an increase of the surface
concentration may increase the number of relaxation pro-
cesses. Second, an increase in the bulk concentration indu-
ces a decrease in the surface tension gradient, which can
decrease the total dilational modulus [13]. Moreover, the
dilational viscous component is reduced. In Fig. 6, the phase
angle increases steadily with increasing concentration. The
phase angle increases significantly when the concentration
rises above the CMC, resulting from the contribution of the
fast exchange process between the interfacial surfactant
molecules and the micelles near the interface. Simultane-
ously, this relaxation reduces the dilational modulus sharply.

In addition, the effects of bulk concentration on the
dilational viscoelasticity of CTAB at 0.1 Hz are shown in

Fig. 6. The dilational elasticity peaks at 4 x 107° -
mol Lfl, which is far less than the CMC values for CTAB
(1.0 x 1073 mol L™"). The effects of surfactant concen-
tration on the dilational viscoelasticity of CTAB were
similar to those of DTAB. The dilational modulus of
CTAB at the air—water interface is higher than that of
DTAB, thereby suggesting that the strength against per-
turbation of an adsorption layer of CTAB is higher than
that of DTAB [13]. Figure 6 shows the effect of bulk
concentration on the dilational viscoelasticity of SGS. The
dilational elasticity peaks at 2 x 107® mol L™, which is
less than the CMC value for SGS (2.0 x 107> mol L™1).
In general, increasing bulk concentration has two effects on
the dilational elasticity [7].

The surface elasticity of the SGS/DTAB mixtures at the
molar ratio of 9:10 is higher than that of either component,
thereby indicating the formation of a denser adsorption layer
at the air—water interface. This result is consistent with the
findings obtained from the surface tension determination.
The formation of catanionic surfactant complexes reduces
the electrostatic repulsion between the surfactant molecules,
thereby leading to a denser monomolecular adsorption layer
at the air—water interface. The strong attraction between the
cationic and anionic surfactants causes the increase of dila-
tional elasticity. Moreover, the formation of catanionic sur-
factant complexes reduces the exchange between the bulk
solution and the surface phase [37]. Consequently, the sur-
face elasticity of the SGS/DTAB mixtures increases with
increasing surfactant concentration. However, when the
concentration of SGS/DTAB is close to or higher than CMC,
the dilation elasticity of SGS/DTAB mixtures decreases with
increasing surfactant concentration, which is similar to
dilation elasticity of pure surfactants. Similar to SGS/DTAB,
the dilation elasticity of SGS/CTAB mixtures first increases,
and then decreases with increasing surfactant concentration.

Effect of Ratio on the Adsorption Behavior
of Catanionic Surfactant Mixture

Interfacial dilational elasticity of SGS/DTAB and SGS/
CTAB mixtures at different molar ratios is shown in Fig. 7.
The oscillation frequency is 0.1 Hz, and the total surfactant
concentration is 5 x 10> mol L™". In Fig. 7, the dila-
tional elasticity of SGS/DTAB mixtures at the molar ratio
from 2:5 to 3:2 is higher than that of SGS. As shown in
Figure S11(a), the surface tension of SGS/DTAB mixtures
at the molar ratio from 2:5 to 3:2 decreases faster than pure
SGS. As mentioned above, the formation of catanionic
surfactant complexes shields the electrostatic repulsion
between the surfactant molecules. Therefore, the catanionic
surfactant complexes exhibit a higher adsorption rate than
either component. At the air—water interface, the formation
of a denser monomolecular adsorption layer results from
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the reduced electrostatic repulsion between these catan-
ionic complexes [37]. Consequently, the dilational elas-
ticity of catanionic surfactant complexes is higher than that
of SGS.

When the molar ratio is 9:10, the maximum dilational
elasticity of SGS/DTAB mixtures is approximately
85 mN m~!, whereas the dilational elasticity of SGS is
approximately 70 mN m~'. However, the difference in the
dilational elasticity of SGS/DTAB mixtures with different
molar ratios (from 2:5 to 3:2) is very small. As shown in
Figure S11(a), the SGS/DTAB mixtures with the molar
ratio of 9:10 possess the highest surface activity compared
with other molar ratios. Meanwhile, the difference in the
dynamic surface tensions of SGS/DTAB mixtures with
different molar ratios (from 2:5 to 3:2) is not significant.
The results of dynamic surface tension are consistent with
the findings of interfacial dilational properties. Fauser et al.
observed a symmetric distribution of the dilational elas-
ticity for the SDS/DTAB mixtures. When the molar ratio is
close to 1:1, the surface elasticity of SDS/DTAB mixtures
reaches the maximum [34]. In addition, Zhang et al. also
proved that the surface adsorption was controlled by the
stoichiometric formation of catanionic surfactant com-
plexes and independent of the mixing ratio in the bulk
solution [37]. Therefore, when the molar ratio of SGS to
DTAB is 9:10, the concentration of catanionic surfactant
complexes formed reaches the maximum. For the mixtures
of bisquaternary ammonium dibromide (BQAS) and SDS,
we also found the dynamic surface activity and dilation
elasticity of the mixtures peak at a molar ratio of approx-
imately 1:1 (data not shown). Unlike conventional single-
chain surfactant (e.g., DTAB and SDS), gemini surfactants
(e.g., SGS and BQAS) have two hydrophilic headgroups.
Given the charge neutralization of catanionic surfactant
complexes, one gemini surfactant molecule will bind with
two single-chain surfactant molecules. The difference
between the experimental results and the structure analysis
may be attributed to the stronger surface adsorption of SGS
compared with DTAB.
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For SGS/CTAB mixtures, the effects of molar ratios on
the dilational elasticity are similar to that of SGS/DTAB
mixtures. Considering the strong hydrophobic interaction,
resulting from the longer alkyl chain of CTAB, the dila-
tional elasticity of SGS/CTAB mixtures is slightly higher
than that of SGS/DTAB mixtures. However, the dilational
elasticity of SGS/CTAB mixtures peaks at the same molar
ratio with SGS/DTAB mixtures (9:10), thereby suggesting
that the stoichiometric formation of catanionic surfactant
complexes may be independent of the length of alkyl chain.
Consequently, as shown in Fig. 2, the catanionic surfactant
complexes are generated through the electrostatic interac-
tion between the cationic and anionic surfactants.

Conclusions

The dynamic surface tension of sulfonate gemini surfactant
(SGS) and its mixtures with quaternary ammonium bro-
mides (DTAB, CTAB) at the air—water interface were
examined. Results suggest that the adsorption mechanism
gradually shifts to a mixed kinetic-diffusion control with
increasing surfactant concentration. The mixtures possess
the best surface activity when the molar ratios of SGS/
DTAB and SGS/CTAB mixtures are 9:10. The values of
ym> 1, and ¢ for these mixtures at optimum ratios are less
than those of other mixtures. The formation of catanionic
complexes shields the electrostatic repulsion and lowers
the electrostatic adsorption barrier. Consequently, these
catanionic surfactant mixtures exhibit a higher adsorption
rate than either component. The interfacial dilational rhe-
ology of SGS and its mixtures with quaternary ammonium
bromides (DTAB, CTAB) at the air—water interface were
investigated using drop shape analysis. As the oscillating
frequency increases, the dilational elasticity of these sur-
factants increases gradually. The dilational elasticity peaks
at a certain concentration, which is less than the critical
micelle concentration. The addition of SGS induces an
obvious increase in the dilational elasticity of DTAB or
CTAB, which results from the formation of a denser
monomolecular adsorption layer at the air—water interface.
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