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Surface Tension and Dilational Viscoelasticity of Water in the Presence of
Surfactants Tyloxapol and Triton X-100 with Cetyl Trimethylammonium Bromide

at 25 °C

Yanyan Zhu, Guiying Xu,* Xia Xin, Hongxing Zhang, and Xiaofeng Shi
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Surface tension and dilational viscoelasticity of water in the presence of surfactants Tyloxapol and Triton
X-100 with cetyl trimethylammonium Bromide (CTAB) at 25 °C are investigated. The results show that
there is synergistic behavior in both the mixtures at higher mole fraction of nonionic surfactant. According
to the Rubingh and Rosen theory, the results predict nonideal mixing and attractive interaction between the
constituent surfactants in the mixed micelle and layer. By using the Maeda theory, the results suggest the
chain—chain interaction among surfactants does not seem to be high. The surface dilational viscoelasticity
results show that the Tyloxapol adsorption layer has the highest dilational modulus lel value among three
single surfactants. Also, it indicates the lel maximum values of surfactant mixtures are usually between that
of the single surfactant. Moreover, it is worth noting that the lel maximum values of Tyloxapol/CTAB
mixtures are always higher than those of TX-100/CTAB ones.

Introduction

Mixtures of surfactants have received wide attention for
several decades because they are often used in mixed systems
to obtain some desired performance, and in particular, their
properties, such as surface activity, wetting, adsorption, solu-
bilization, emulsification, suspension, dispersion, and so forth,
are often better than that of single substances.' > Mixed systems
of conventional surfactants have been studied extensively to
develop better functions or to make clear the nature of
interaction between them.*'©

Oligomeric surfactants are a new class of amphiphiles
including dimeric (gemini), trimeric, and tetrameric, etc. Their
physicochemical behavior has been widely investigated in recent
years due to the fact they are characterized by much lower cmc
and stronger surface tension lowering ability than that of
corresponding conventional surfactants. These predominant
properties have been mostly demonstrated for dimeric cationic''~'#
and anionic'® 2! surfactants. However, a few studies on dimeric
nonionic surfactant are reported.”* >> It is noticeable that
trimeric and tetrameric cationic surfactants are characterized by
even lower cmc values than dimeric surfactants.”®*” Typically,
from monomeric to dimeric and the trimeric and finally the
tetrameric, the cmc decreases strongly and the foaming ability
increases. In view of their high cost, studies on a combination
of conventional/oligomeric surfactants are performed with the
hope of observing synergism that would make the use of
oligomeric surfactants in formulations more attractive.

Tyloxapol’s physicochemical properties have been report-
ed.?>*® 735 Recently, we have studied the interfacial tension
between the complex system TX-100/CTAB/HPAM and crude
oil, where the results indicate that the surfactant mixture in the
presence of HPAM is capable of satisfying requirements of high
viscosity and low interfacial tension under the condition of
higher temperature in mineralized water. From the results of
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the adsorption on the quartz sands and the core flooding tests,
it can be concluded that the HPAM/TX-100/CTAB complex
system is suitable to be used as a displacement system in the
oil field after polymer flooding.*® The results also show that
ultralow interfacial tension could be obtained by the Tyloxapol/
CTAB/HPAM mixed system.>” Moreover, it is reported that
interfacial rheology plays an important role in the oil displace-
ment process except interfacial tension and bulk viscosity.** ¢

In the present study, surface tension and dilational viscoelas-
ticity of water in the presence of surfactants Tyloxapol and TX-
100 with CTAB at 25 °C are investigated. The surfactant/
surfactant interactions in the micelles and monolayers have been
analyzed using the theories of Clint, Rubingh, Rosen, and Maeda
with the aim to reveal the comparative performance of these
mixtures. Surface dilational viscoelasticity of surfactant mixtures
with various mole fractions is investigated in detail. This work
will be helpful for further potential application in enhanced oil
recovery and the stability of emulsion and foam.

Experimental Section

Materials. Samples of Tyloxapol (Sigma Ultra grade), Trion
X-100 (polyoxyethylene tert-octylphenyl ether, TX-100) and
cetyl trimethylammonium bromide (CTAB) were all purchased
from Sigma Chemicals and were used without further purifica-
tion. Water used in the experiments was triply distilled by a
quartz water purification system.

Methods. Surface Tension Measurements. Surface tension
measurements of aqueous solutions of single and mixed
surfactants at various concentrations were carried out on the
PROCESSOR K12 processor tensiometer (Kriiss Co., Germany)
with a ring method. The value of surface tension was the average
of readings from three separate measurements.

Surface Dilational Viscoelasticity Measurements. Detailed
experimental methods of surface dilational viscoelasticity
measurements were introduced in our earlier paper.*!

All experiments were performed at (25.0 & 0.1) °C.
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Figure 1. Surface tension vs total surfactant concentration for different mole
fractions of TX-100/CTAB (A) and Tyloxapol/CTAB (B) mixtures.

Results and Discussion

Surface Activity. Surface Activity of TX-100 and Tyloxa-
pol. The surface tension isotherms of the nonionic surfactant
solutions are shown in Figure 1. Obviously, the curves differ
from each other. There are two distinct break points in the
surface tension isotherm of Tyloxapol, and only one is observed
in that of TX-100. For Tyloxapol, the concentration at the first
and the second break point is 1.0+107° mol-L~! and 3.0-107°
mol-L~!, respectively. According to the literature,*” the inter-
pretation of the two breaks arises from the broad distribution
of molecular weight. It has been shown that Tyloxapol is
polydisperse by chromatography in ref 35. Also it may be
attributed to the change of molecular conformation at the air/
water interface*® or the formation of unimolecular micelles or
oligomers44 before cmc. In other words, the concentration
corresponding to the first break point is not the “real” cmc. As
a result, the second break point corresponds to the cmc value
of Tyloxapol. The minimum area per molecule A,,;, at the air/
water surface is calculated according to the Gibbs adsorption
equation

__ 10

Do = nRT(E) In C)T M
o 1

Amin - rmaxNA (2)

where R = 8.314 J+mol™'+K™!; N, is Avogadro’s number; and
the value of n is taken as 1. For Tyloxapol, I\, is obtained
according to the linear parts of “ab” as in Figure 1B, and do/0
In ¢ was the slope of the linear part of “ab”.*>

It can be seen that the cmc of Tyloxapol is about 10 times
lower than that of TX-100. A similar result has been found for
other ionic surfactant oligomers and the corresponding monomer
systems.>>® However, the 0cne of Tyloxapol is higher than that
of TX-100. These results indicate that the surface tension
reduction efficiency of Tyloxapol is higher than that of TX-
100, and the surface tension reduction effectiveness of the
former is lower than that of the latter. It is strange that the
calculated minimum area per molecule A, at the air—water

surface is 0.66 nm? for TX-100 and 1.24 nm? for Tyloxapol,
respectively; i.e., the A, value for Tyloxapol is twice as large
as that for TX-100, although the molecule of the former is seven
times as large as that of the latter. This is consistent with the
result in ref 34, in which Schott has calculated that the area per
Tyloxapol molecule at the air—water surface is 1.05 nm?. Then
it is proposed that the comparatively small area per molecule
of the oligomer Tyloxapol indicates an unusual molecular
orientation at the air/water surface, such as U- or V-shaped
instead of extended horizontally. The isooctyl chains will fill
the inside of the U or V and attract one another due to a
hydrophobic effect, while the polyoxyethylene chains will be
on the outside of the U or V in a randomly coiled conformation,
surrounded by water and fully hydrated. The relatively high Ocpe
is attributed to the exposure of —CH, groups to the surface as
the molecules adsorbed at the surface bend to assume U or V
shapes.

Surface Activity of Binary Surfactant Mixtures. The surface
tension of mixed surfactant solutions versus total concentration
at different mole fractions in the TX-100/CTAB and Tyloxapol/
CTAB systems is shown in Figure 1. The values of cmc and
Ocme Of binary surfactant mixtures are presented in Tables 1 and
2. It will be seen that in all surfactant mixtures the cmc value
is lower than that of the single CTAB surfactant. The cmc values
of binary mixtures decrease gradually with increasing mole
fraction of the nonionic surfactant in solution, indicating the
formation of mixed micelle due to a hydrophobic effect between
ionic and nonionic surfactant hydrophobic chains. The nonionic
surfactant molecules insert into the micelle of CTAB, and the
electrostatic repulsion between ionic head groups of CTAB is
weakened. As a result, aggregation of CTAB molecules is
advantageous. It can be seen from Tables 1 and 2 that cmc
values in the mixed system are even lower than that of the single
nonionic surfactant when the mole fraction of TX-100 and
Tyloxapol is above 0.5 and 0.75, respectively, indicating
synergistic behavior in micelle formation. However, there are
still two break points in the surface tension isotherms of the
Tyloxapol/CTAB mixed system with different mole fractions.
The values of 0., decrease slightly with increasing nonionic
surfactant mole fraction for either mixture. The decreased O¢p
of the mixtures compared to that of single CTAB reflects the
enhanced surface activity of the mixed system upon increasing
the mole fraction of the nonionic surfactant. It is noticeable that
the o of the Tyloxapol/CTAB mixed system is even lower
than that of Tyloxapol when the mole fraction of Tyloxapol is
0.83, indicating synergism in surface tension reduction. How-
ever, it has been found that the cmc’s of TX-100 and C;,E,
with quaternary ammonium dimeric surfactants Cj,-s-C;,*2Br
(s = 2, 3, 4, 6) are always between that of the single
surfactants.*®47

Interaction Parameter in Surface Layer and Micelle. The
cme value for the mixed surfactant system (Cj) can be
calculated theoretically using Clint’s equation

1o 11—

C12 Cl C2

3)

where Ci,, C;, and C, are the cmc values of the mixture,
surfactant 1, and surfactant 2 respectively. @, is the mole fraction
of surfactant 1, and o, (i.e., 1 — @) is the mole fraction of
surfactant 2 in solution, respectively. The cmc values obtained
experimentally (cmc.y,) are plotted as a function of the mole
fraction of the nonionic surfactant in Figure 2. The exact values
of cmc.y, and C), are given in Table 3. It is clear that the cmcey,
values are lower than the Cj, values. This indicates that there
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Table 1. Various Physicochemical Parameters for the TX-100/CTAB Mixed Surfactant System

cmce Ocme AG,, PS model AG,, Maeda
OlTX-100 104 I'I'lOl'L_l l'IlN‘ITl_] X"IKLX-IOO ﬁm X"}X-IOO ﬁ.\' Bl kJ'l’IlOl_l kJ'mol_'
0.0 10.0 37.4 0.0 — 0.0 —
0.17 3.89 37.1 0.478 —2.16 0.655 —1.60 —0.733 —29.4 —30.1
0.25 3.72 36.7 0.545 —1.65 0.712 —1.76 —0.223 —29.5 —30.0
0.50 2.26 36.4 0.651 —2.66 0.830 —1.76 —1.23 —30.8 —30.9
0.75 2.00 34.6 0.749 —2.88 0.767 —3.38 —1.45 —31.1 —31.1
0.83 1.76 33.6 0.758 —3.68 0.820 —4.44 —2.25 —314 314
1.0 2.40 31.4 1.0 — 1.0 —
Table 2. Various Physicochemical Parameters for the Tyloxapol/CTAB Mixed Surfactant System
cmc Ocme AG,, PS model AG,, Maeda
aTyloxapol 105 mol 'Lil mN.m7] Xq"lyloxnpol ﬂm X"‘i"yloxapol ﬁ\' Bl kJ'm017I kJ'm0171
0.0 100 374 0.0 — 0.0 —
0.17 7.00 39.3 0.665 —3.96 0.744 —=5.73 —0.381 —33.6 —35.1
0.25 3.82 38.86 0.660 —5.67 0.705 —8.46 —2.09 —35.2 —36.0
0.50 3.14 37.1 0.754 —4.83 0.800 —6.04 —1.25 —35.7 —36.0
0.75 2.37 35.8 0.798 —5.53 0.759 —10.4 —1.95 —36.3 —36.3
0.83 2.28 34.6 0.819 —5.74 0.753 —11.7 —-2.16 —36.4 —36.4
1.0 2.79 36.0 1.0 — 1.0 —

Table 3. Variation of cmc,, and Cy; as a Function of Mole
Fraction of Nonionic Surfactant

CMCexp Cn CMCexp Ci
Qrx100 10* mol*L™! 10* mol*L™" Opyioxapor 10° molL™" 10 mol-L™!

0 10.0 1.00 0 100 100
0.17 3.89 6.50 0.17 7.00 14.4
0.25 3.72 5.58 0.25 3.89 10.3
0.50 2.26 3.87 0.50 3.14 5.43
0.75 2.00 2.96 0.75 2.37 3.69
0.83 1.76 2.76 0.83 2.28 3.34
1.00 2.40 2.40 1.00 2.79 2.79

are interactions between the constituent surfactants in the mixed
micelle that result in nonideal behavior. Hence, to investigate
the nature of interaction between the constituent surfactants in
the mixed micelle and monolayer, we calculated the interaction
parameters for mixed micelle formation in an aqueous solution
P, interaction parameters for mixed monolayers at the air/water
interface f3*, and the chain—chain interaction parameter B, using
the Rubingh,48 Rosen,* and Maeda theories,>® respectively.
The " values are computed at 0., of mixtures with different
mole fractions. The ° values are functions of overall surface
tension, and hence they are computed at a randomly fixed o of
45 mN-m~L. The 8 and A" values for the two mixed systems
are listed in Tables 1 and 2, respectively. Both 5* and " values
are negative, suggesting that the interaction between the two
surfactants is more attractive in the mixed monolayer and mixed
micelle than the self-interaction of two surfactants before
mixing. Moreover, the 5* or 8 values become more negative
as the nonionic surfactant content in the mixed surfactant system
increases. For cationic/nonionic mixed surfactant systems,
significant electrostatic self-repulsion of cations and weak steric
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Figure 2. Variation of cmc vs mole fraction of nonionic surfactant.

self-repulsion (depending on the headgroup size) of the non-
ionics before mixing are weakened by dilution effects after
mixing, and the electrostatic self-repulsion of the cationic
surfactants is replaced by the attractive ion—dipole interaction
between hydrophilic groups of cationic and nonionic surfac-
tants.” The nonionic surfactants of the PEO class (polyoxyeth-
ylene, hydrophilic part of the nonionic surfactant) have a large
number of oxygen atoms with unpaired electrons. These will
have a tendency to interact Coulombically with the cationic
surfactant.’' Both 5* and 8" values are more or less the same
for the TX-100/CTAB system. However, in the case of
Tyloxapol/CTAB, the " values are less negative than the 5* in
all cases, indicating the difficulty of incorporating tightly packed
chains into a micelle than in a monolayer. This may be due to
the greater difficulty of accommodating hydrophobic groups in
the interior of a convex micelle compared to a planar interface.*®
However, Rakshit et al.>' have observed that 5* values for the
alkanediyl-o,w type cationic gemini surfactant 16-10-16, 2Br~/
C/,E¢ system are less negative than the 5™ in all cases, while in
the case of 16-10-16, 2Br~/TX-100 both 5 and ™ are more or
less the same. Furthermore, the values of £* and ™ are more
negative for the Tyloxapol/CTAB system than that for the TX-
100/CTAB system. This is probably due to the greater PEO
density in Tyloxapol as it takes up a U or V shape. Moreover,
these mixed micelles and monolayer are predominated by
nonionic surfactants as indicated by Xrx.j00 and Xryioxapol in
Tables 1 and 2, in conformity with the results of other studies
on different cationic—nonionic mixed systems.*’*>?

However, Maeda® and Ruiz et al.>* have reported that both
chain/chain and headgroup/headgroup interactions may operate
in the mixed system. 3" values explain the headgroup/headgroup
interactions but do not encompass the chain/chain interactions
between the hydrocarbon segments of the constituent surfactant
molecules, particularly when the chains are of dissimilar length.
The lower cmc values of the mixed system can be due to the
decrease in ionic headgroup repulsions caused by the presence
of nonionic surfactant molecules between the CTAB head
groups. Maeda™® suggested another parameter B), the chain—chain
interaction parameter, which actually contributes to the stability
of the mixed micelle. The free energy of micellization (AG,,)
as a function of ionic component in the mixed micelle (X;) is
given by
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AG, =RT(B,+ B,X, + B,X}) )
where

By=Inc, (c,isthe cmc of the nonionic surfactant) (5)

B, +B,= ln(z—;) (c, is the cmc of the ionic surfactant)
(©6)
and
By=—p" (N

where B is associated with standard free energy change when
an ionic surfactant replaces a nonionic surfactant (cmc of which
is related with By). B, is the regular solution theory interaction
parameter but with opposite sign. All quantities in the above
equations are expressed on a unitary scale. The calculated values
of By for the TX-100/CTAB and Tyloxapol/CTAB mixed system
are —12.4 and —14.5, respectively. B, and the free energy of
micellization (AG,,) are presented in Tables 1 and 2.

It is evident that the AG,, values calculated from the phase
separation model*® (AG,, = RT In Xcmc, where Xcmc is cmc
in mole fraction scale) and by Maeda’s method™ agree
reasonably well (within 4+ 5 % for most of the mole fractions
of the mixed system). The cationic surfactant has 16 carbons
in its hydrocarbon chain, whereas the TX-100 equals to 11.5
carbons and Tyloxapol equals to seven chains of 11.5 carbons
(as the phenyl group of the hydrophobic tail is equivalent to
three and one-half methylene group).”' Hence, according to
Maeda theory, as the chain lengths are different, there should
be chain—chain interactions helping in the stability of the
micelle. The interactions may also be explained by the fact that
some water molecules may be shared by different head groups
as well as by the hydrophobic chains; i.e., water molecules may
behave as some type of bridge between the molecules just below
the water—micelle interface, and thereby attractive interaction
will ensue.” The B, values do not seem to be high, and it is
observed that the value is more or less the same for both of the
two mixed systems, which is probably ascribed to the same
elements of the hydrocarbon chain of Tyloxapol and its
corresponding monomeric surfactant. However, Rakshit et al.”’
have given highly negative B; values for both 16-10-16, 2Br~/
C,E¢ and 16-10-16, 2Br /TX-100 systems. In addition, the B,
values seem to be a function of composition of the system.

Surface Dilational Viscoelasticity. Surface Dilational
Viscoelasticity of Single Surfactant System. Surface dilational

viscoelasticity is important in understanding the formation and
stability of foam, emulsion, oil displacement as well as many
other phenomena in industrial and scientific processes. There-
fore, it has been studied extensively, and detailed experimental
theory on dilational viscoelasticity is depicted in the literature.>> >

Dilational modulus is the summation of elasticity and
viscosity contributions. Dilational elasticity is caused by the
energy change due to departure from the equilibrium state of
interfacial molecules after perturbation, which is related to
molecular interaction, and dilational viscous components reflect
the summation of the complex various microscopic relaxation
processes at and near the interface such as the transport of
molecules from the bulk to the interface and rearrangement of
molecules at the interface.>

Figure 3 shows the variations of the dilational module lel and
phase angle 6 as a function of oscillation frequency for
Tyloxapol (both TX-100 and CTAB have a similar trend,
therefore it is not shown here). The data of viscoelasticity
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Figure 3. Surface dilational viscoelasticity of Tyloxapol s as a function of
oscillation frequency: (A) dilational modulus lel, (B) phase angle 6.
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Figure 4. Viscoelastic parameter of surfactants as a function of oscillation
frequency: (A) TX-100; (B) Tyloxapol; (C) CTAB.

parameters are given in Table 4. It is observed that variations
of both lel and 8 depend on the change of oscillation frequency.
The dilational moduli lel increase with increasing oscillation
frequencies, which is consistent with the results in the
literature,*'°© whereas phase angles 6 decrease monotonically.
Two extreme cases are easy to understand: when the frequency
of the compression is low, the monolayer has time to reach
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Table 4. Variations of the Dilational Module lel and Phase Angle 6 as a Function of Oscillation Frequency for Tyloxapol

(jTyluxapol/l 0° mol-L™!

0.1 0.2 1 2 20 90
w/Mz  lel/mN-m™! 0/° lel/mN-m™! 0/° lel/mN+-m™! 0/° lel/mN-m™! 0/° lel/mN-m™! 0/°  lel/mN-m™! 0/°
0.005 9.79 70.7 19.8 66.0 375 56.9 22.0 68.5 18.6 54.6 154 47.5
0.010 17.7 58.6 33.1 50.4 66.8 47.2 40.3 67.2 27.8 494 21.9 42.0
0.017 24.6 452 434 39.5 92.2 35.2 60.4 58.5 36.1 444 27.2 36.4
0.030 33.2 24.9 53.8 19.6 119 18.5 96.4 38.9 50.1 36.5 35.9 30.2
0.050 355 124 56.5 3.19 132 2.90 120 234 59.7 31.2 41.7 22.3
0.100 37.3 0.09 58.9 0.07 139 0.05 138 1.55 79.2 17.3 55.2 15.0
Table 5. Viscoelastic Parameters of Three Single Surfactants with the Same Bulk Concentration 2:10~5 mol-L™! as a Function of Oscillation
Frequency
TX-100 Tyloxapol CTAB
w lel &4 Ny %] lel &4 ONa 7] lel &4 Ny %
Hz mN-m~' mN'm! mN-m' ° mN-m™'  mN'm' mN-m! ° mN'm™' mN'm!' mN-m' °
0.005 15.4 10.1 7.33 35.9 18.6 10.7 15.1 54.6 32.29 27.2 17.4 32.6
0.010 20.3 15.1 8.88 30.5 27.8 18.1 21.1 494 33.89 29.5 16.7 29.5
0.017 24.0 19.1 9.64 26.7 36.1 25.8 25.2 444 35.75 31.8 16.3 27.2
0.030 29.5 25.7 9.85 21.0 50.1 40.3 29.8 36.5 39.75 359 17.0 253
0.050 32.7 30.0 9.03 16.8 59.7 51.0 30.9 31.2 42.15 39.2 15.5 21.5
0.100 39.15 39.0 2.96 4.35 79.2 75.6 23.6 17.4 46.67 452 11.5 14.3

equilibrium and there is no resistance to the compression (lel =
0 for »—0). When the frequency is high, the monolayer has no
time to respond and behaves as if it were insoluble (lel = Il
for w—o0). Thus, lel increases with increasing w until a plateau
value is reached.®' Hence, the results may be interpreted as
follows: there is a long enough time for surfactant molecules
to modify the interfacial concentration gradient caused by the
area change through different relaxation processes at or near
the interface at low oscillation frequencies. Otherwise, the time
is not long enough to modify the interfacial concentration
gradient through different relaxation processes at high oscillation
frequencies. As a result, the dilational moduli increase with
increasing oscillation frequencies, and the phase angles 6 are
contrary. According to the literature,>® the rearrangement of
molecules at the interface plays the main role at low surfactant
concentration, while the transport of molecules from the bulk
to the interface is the dominant cause at high surfactant
concentration. In addition, a plateau value is not observed
because of the limit in oscillation frequency.

Viscoelastic parameters of three single surfactants with the
same bulk concentration 2+1075 mol-L™! as a function of
oscillation frequency are shown in Figure 4. The data of
viscoelasticity parameters of different solutions is given in Table
5. The viscoelastic parameters mainly include dilational modu-
lus, dilational elasticity, dilational viscous component, and phase
angle 6. It is seen that the adsorption layer of Tyloxapol has
the highest dilational modulus and elasticity values, indicating
that the strength of the Tyloxapol layer against perturbation is
greatest of all and the values of the CTAB adsorption layer are
higher than those of the TX-100 adsorption layer. Furthermore,
the dilational modulus and elasticity are most sensitive to
oscillation frequency in the Tyloxapol system, and these are
more sensitive in the TX-100 system than in CTAB, probably
because the time scale of molecular diffusion and that of barriers
expanded or compressed are closer in the Tyloxapol system.
Phase angle 6 values show a decreasing trend with increasing
oscillation frequency. The Tyloxapol adsorption layer always
has the highest phase angle 6, indicating the greatest dilational
viscous contribution to the dilational modulus. The phase angle
0 value is higher for the CTAB adsorption layer than that for
TX-100. However, dilational viscous components of the three
single surfactants are less frequency dependent.

The dilational modulus as a function of surfactant concentra-
tion at 0.03 Hz for a single surfactant is shown in Figure 5. It
is observed that the dilational moduli appear at a maximum
value for all surfactants. The surfactant concentration corre-
sponding to the lel maximum value is far below the cmc.
Furthermore, it is shown that lel emerges at a maximum value
at different concentrations. The results show that the corre-
sponding concentration increases in the order of Tyloxapol <
TX-100 < CTAB. The appearance of the maximum is explained
as in ref 40. Moreover, it is shown that in the studied
concentration range the lel value of Tyloxapol is much higher.
The lel maximum value of Tyloxapol is almost twice as high as
that of TX-100, suggesting a slower relaxation process at or
near the surface for the former. Besides, the lel maximum value
of TX-100 is lower in comparison with that of CTAB.
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Figure 5. Surface dilational viscoelasticity of surfactant mixtures as a
function of surfactant concentration: (A) TX-100/CTAB; (B) Tyloxapol/
CTAB.
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Table 6. Dilational Modulus Maximum Values at Different
Frequency for Both the TX-100/CTAB and Tyloxapol/CTAB
Surfactant Mixtures

3 CTAB/TX-100 CTAB/Tyloxapol
Hz CTAB 15 1:1 5:1 TX-100 1:5 1:1 5:1 Tyloxapol

0.005 40.8 26.7 303 34.6 20.8 57.1 432 409 419
0.010 49.8 34.1 415 436 305 82.6 71.8 627 72.8
0.017 545 383 481 523 37.0 108 954 90.6 98.2
0.030 59.8 423 546 574 442 125 120 107 119
0.050 61.0 443 57.0 605 469 131 124 109 126
0.100 64.6 451 59.1 648 502 137 128 115 130

Surface Dilational Viscoelasticity of Binary Surfactant
Mixtures. The dilational modulus maximum values at different
frequency for both the TX-100/CTAB and Tyloxapol/CTAB
surfactant mixtures are reported in Table 6. Figure 5 shows the
dilational modulus as a function of surfactant concentration at
0.03 Hz for both mixtures for the sake of brevity. It is observed
that the lel appear at a maximum value for all mixed surfactants.
The corresponding concentration equals that of the single
nonionic surfactant when its mole fraction is 0.50 and 0.83,
while the corresponding concentration is even higher when the
nonionic surfactant mole fraction is 0.17.

For the TX-100/CTAB mixtures, it is found that the lel
maximum value of the adsorption layer gradually decreases with
increasing TX-100 mole fraction, which is lower than that of
single CTAB. Especially, the lel maximum value is even lower
than that of TX-100 for surfactant mixtures when the TX-100
mole surfactant is 0.83, whereas for Tyloxapol/CTAB mixtures
the variation of the lel value has a contrary trend as the former
mixtures show. The lel maximum value of the adsorption layer
increases significantly with increasing Tyloxapol mole fraction,
which is almost twice as high as that of single CTAB. It is
worth noting that the lel maximum value is a little higher than
that of single Tyloxapol when the Tyloxapol mole fraction is
0.83. It is also worth noting that the lel maximum values of
Tyloxapol/CTAB mixtures are always higher than that of TX-
100/CTAB mixtures. This could be explained in terms of mole
fractions of nonionic surfactant in the mixed monolayer. The
results suggest that the mixed monolayer is dominated by the
nonionic surfactant as indicated by Xrx.100 and Xryjoxapol in Tables
1 and 2; namely, more nonionic surfactant adsorbs on the surface
layer. That is to say, the surfactant with high surface activity
has higher mole fraction in the mixed monolayer; therefore, the
lel values of the mixed surfactant get closer to that of the single
nonionic surfactant. Obviously, it will be calculated that
the experimental lel maximum values for surfactant mixtures
are much lower than simple addition rule results, indicating that
there are interactions between the constituent surfactants.

Conclusions

Surfactants attain their maximum effectiveness and efficiency
in stabilizing emulsions, suspensions, and foams at the cmc.
Therefore, a surfactant with a lower cmc and o, can be
formulated at lower use levels without compromising their
effectiveness and efficiency. From this viewpoint, the fact that
the cmc of the Tyloxapol/CTAB mixture only corresponds to
one fifth~one tenth that of the TX-100/CTAB is an advantage
for practical use. It is noticeable that o.,. of the Tyloxapol/
CTAB mixture is even lower than that of Tyloxapol when the
mole fraction of Tyloxapol is 0.83, indicating synergism in
surface tension reduction. Both % and [ are more negative
for the Tyloxapol/CTAB mixture than that for the TX-100/
CTAB one; furthermore, the " is less negative than f* in the
former mixed system.

A potential advantage of Tyloxapol and its mixture with
CTAB is that the lel value is always higher than that of its
monomer and TX-100/CTAB mixture. It is generally accepted
that the dilational viscoelasticity plays an important role in
stability of emulsion and foam. It is certain that the results
mentioned above could offer valuable information for the
correlative field.

Supporting Information Available:

List of nonionic surfactant formulas used in experiment and the
equation of the Rubingh and Rosen theory. This material is available
free of charge via the Internet at http://pubs.acs.org.
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