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Introduction

Synergistic effects between a non-ionic and an
anionic surfactant on the micellization process
and the adsorption at liquid/air surfacesy

2 Teng Dong,? Takeshi Kobayashi, ©2° lan Mc Robbie,©

©d and Panagiota Angeli (2 *®

Kristo Kotsi,
Alberto Striolo
Predicting the behaviour of solutions with surfactants of significantly different critical micelle
concentration (CMC) values remains a challenge. The study of the molecular interactions within micelles
and interfaces in surfactant combinations used in everyday products is essential to understand these
complex systems. In this work, the equilibrium and dynamic surface tension in the presence of mixed
non-ionic (tristyrylphenol ethoxylates) and anionic (sodium benzene sulfonate with alkyl chain lengths of
Cy0—Cy3) surfactants, commonly encountered as delivery systems in agrochemicals, were studied and
their CMC values were determined. For the surfactant mixtures, four molar ratios were examined: ngot/
nnapoes = 0.01, 0.1, 1, 4 and two different cases were analysed, the premixed and the add one by one
surfactant. The surface tension for single surfactants stabilised quickly, while the mixtures needed a long
time to reach equilibrium; up to 15 h for the premixed mixtures and 40 min when surfactants were
added one by one. The CMC values for the ngot/Nnappes = 0.01, 0.1 premixed surfactant mixtures were
found to be in between the CMC values of the single surfactants, but those for the ngot/Nnappss = 1
and 4 mixtures were lower than the CMCs of both single surfactants. Calculations based on the regular
solution theory suggested that there are attractive forces in the mixed micelles and at the interface
layers, while the supramolecular assemblies in the bulk (i.e., micelles) and at interfaces (surfactant films)
are preferentially enriched in EOT.

interfaces, surface tension, as well as the formation of micelles in
the bulk.’*!

Surfactants are widely used in products such as detergents,
paints, agrochemicals, cosmetics, personal care, pharmaceuticals,
and in processes including enhanced oil recovery," flocculation,
controlled drug delivery, corrosion inhibition, emulsification, and
nanolithography. Very often, surfactant mixtures are preferred to
single surfactants™ because of their synergistic properties.®®®
Cost is also a major factor in designing surfactant mixtures. The
synergism, at mixed monolayers or in mixed micelles, which arises
from interactions between differently charged surfactant head-
groups (non-ionic/ionic or cationic/anionic), affects adsorbance to
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Ideally mixed micelles, where the free energy of mixing
results only from the entropy change during the mixing of the
surfactants,'” are expected to form in solutions of surfactants of
homologous series, i.e., surfactant molecules with similar
chemical properties, or surfactants with similar headgroups.'>"?
However, non-ionic/ionic,"* anionic/cationic,"® and zwitterionic/
ionic*® surfactant mixtures, form mixed micelles that deviate from
ideality because of the attractive/repulsive forces among the dis-
similar surfactant headgroups.'’

In mixed systems, the composition of the solution affects the
micellization process,'® the counter-ion binding in micelles,'® and
likely other properties as well. When non-ionic surfactant mole-
cules are added to ionic micellar systems, they enter the pure
micelles of the ionic surfactants, where the non-ionic hydrophilic
headgroups separate the charged ionic hydrophilic ones (also
known as the charge separation effect).*° This reduces the electrical
repulsions among the ions in the Stern layer, next to the micellar
interface. This decrease in charge density facilitates the formation
of mixed micelles, as less work is needed for ionic monomers to
enter into them than in pure ionic micelles."”
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The critical micelle concentration (CMC) of surfactant mix-
tures depends on the CMC of each of the single surfactants,>
as well as on the interactions among the surfactants. For
surfactants with similar CMC values and no interactions
among the surfactant molecules, the CMC of their mixtures
is the same for all surfactant concentration ratios. When the
CMC values of the individual surfactants differ, the CMC of the
mixture may fall between them. In this case, the mixture CMC
is affected by the CMC of the most surface-active substance,"
which is also preferably adsorbed at the water/air interface and
reduces surface tension at low bulk concentrations.””

Kesarwani et al.,”* carried out experiments involving a non-
ionic and an anionic surfactant with CMC values differing by
two orders of magnitude. They determined the CMC of binary
surfactant mixtures by adding certain amounts of the non-ionic
surfactant to the prepared anionic surfactant solutions. They
concluded that the CMC of the mixtures fell in-between those
of the single surfactants. Moreover, Mahajan & Nandni** inves-
tigated the micellization process of a binary system of different
non-ionic and anionic surfactants with comparable CMCs by
measuring the surface tension of surfactant mixtures with
different mole ratios and used regular solution theory (RST)
to explain the data. They reported that the addition of a non-
ionic surfactant in anionic micellar solutions led to the
formation of mixed micelles by reducing the electrostatic
interactions among the charged anionic headgroups. They also
found that the micellar shape was affected by the ratio of the
non-ionic/anionic surfactants in the system. Other studies
focused on non-ionic/cationic surfactant mixtures and calculated
the surface parameters derived from RST in the premicellar
region,” or optimised the anionic/cationic mole ratios to achieve
low surface tension values while avoiding precipitation.

All the above studies on surfactant mixtures only focus on
the equilibrium surface tension values and not on the dynamic
ones, which can be of great importance for industrial
processes,”® and can help us better understand the interactions
between surfactant molecules. In this work, we study both the
equilibrium and dynamic surface tension of binary ionic/non-
ionic surfactant mixtures. The surfactants used are relevant to
the agrochemical sector. Their CMC values differ by two orders
of magnitude, meaning that the surfactant with lower CMC is
preferentially adsorbed at the interface. This makes the prediction
of the CMC values of their mixtures difficult and affects the time
needed for the surface tension to reach equilibrium when mixed
surfactant systems are present in solution. To elucidate dynamic
phenomena, the dynamic surface tension is studied here
implementing two complementary approaches, one in which the
surfactants are premixed and then added to the system to be
investigated, and the other in which one surfactant is added first,
and then the other is, sequentially. The regular solution theory is
implemented to explain the experimental results for the premixed
surfactants case, as in the add one by one process long-lived
metastable states might prevent reaching equilibrated systems.
The results are used to explore how mixing surfactants can affect
the dynamic surface tension, the equilibrium surface tension, as
well the CMCs of the newly formed surfactant systems.
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Experimental section

Materials

Tristyrylphenol ethoxylates (EOT) (Innospec UK, MW =
1122 g mol ™) and sodium benzene sulfonate with alkyl chain
lengths between C;,-C;3 (NaDDBS), (Innospec UK, MW =
348 g mol ') were used as non-ionic and anionic surfactants,
respectively. The non-ionic surfactant product is composed of
98% wt/wt tristyrylphenol ethoxylates, with their molecules
mostly incorporating sixteen ethoxylate groups. The anionic
surfactant product consists of 25% wt/wt sodium benzene
sulfonates with C;o-C;3 alkyl derivatives. In the majority, these
derivatives have twelve carbon atoms in their alkyl chains.
Water comprises the remaining components. The reported
molecular weight for each surfactant product corresponds to
the weight of the most abundant molecule in the sample. In
Fig. S1 and S2, in the ESIL,{ representative structures of these
molecules are shown. The surfactants are received as concen-
trated aqueous solutions and diluted in deionised water (of
conductivity: k¥ = 0.055 uS cm™ ') before use. No additional
purification steps were attempted. Surfactant aqueous solu-
tions were prepared on the same day of the measurements to
avoid any changes,?” such as surfactants aging.>®

Experimental setup

A Force Balance K100C tensiometer (Kriiss Scientific, Germany),
equipped with a plate made of roughened platinum, was used for
the surface tension measurements. Surface tension ¢ is extracted
from the experimental data by the relationship:

- F
"~ Lcosf

(1

where, F (N) is the force acting on the plate, which is measured,
L (m) is the wetted plate length, and 6 (°) is the contact angle
between the plate and the liquid, which is 0 = 0° in our systems
since aqueous systems containing both the surfactants used here
wet the plate.

For the measurements, a volume of 20 ml of the surfactant
laden solutions was placed in a sample vessel. Since surface
tension measurements are very sensitive to impurities, both the
plate and the vessel were first rinsed with deionised water,
then with methanol (>99%), and finally exposed to a flame.
To ensure accurate measurements and confirm the cleanliness
of the sample vessel, the surface tension of deionised water was
measured at room temperature before and at the end of each
set of experiments. The results are consistent with literature
values.

All surface tension measurements were carried out at room
temperature (~21 °C) and ambient pressure. The densities of
the single surfactant stock solutions and of the surfactant
mixtures stock solutions were very close to the density of
deionised water (p = 998 kg m 7).

Surface tension measurements

Single EOT and single NaDDBS. Initially, a stock solution
containing 1000 ml of deionised water and 100 pl of the single

This journal is © The Royal Society of Chemistry 2024
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non-ionic or 1700 pl of the single anionic surfactant, was
prepared. Before conducting the measurements, the stock
solution was diluted to the desired final concentrations. For
the non-ionic surfactant, the surface tension was measured for
¢/CMC varying from 1.1 x 10° to 53.2, while for the anionic
surfactant the surface tension was measured for ¢/CMC in the
range of 4.0 x 10~* to 2.93, where ¢ is the surfactant bulk
concentration. The maximum ¢/CMC value chosen for the non-
ionic surfactant was much larger than that for the anionic
surfactant to compare systems with similar total concentration
(note that the CMCs of the two surfactants vary substantially).
Surface tension measurements were repeated three times; the
average result is reported, and the error bar is estimated as the
standard deviation of the three measurements.

Surfactant mixtures. For the surface tension measurements
of surfactant mixtures, two different approaches were used. In
the first approach (premixed), the two surfactants were mixed
at the required concentrations before the surface tension
measurements were taken. In the second approach (add one
by one), one surfactant was added into the solution of the other
surfactant gradually during the measurement. Experiments
were carried out three times. The average result is reported.
Again, the error bar is estimated as the standard deviation
between the three measurements.

Measurement of surface tension for premixed surfactant mix-
tures. In this case, the anionic and the non-ionic surfactants at
the required concentrations were added into 1000 ml deionised
water and mixed. Before the experimental measurements, the
stock solution was diluted to the desired final concentrations.
For each set of experiments, the following mole ratios of the
non-ionic over the anionic surfactant were used: 0.01, 0.1, 1 and
4. In contrast to the surface tension measurements of the single
surfactants, which reached equilibrium in seconds, it took
hours for the surface tension of the premixed surfactant
mixtures to equilibrate, so a cover plate was used to reduce
changes in the surfactant concentration due to water evaporation.

Measurement of surface tension for add one by one surfactant
mixtures. Two different stock solutions were prepared, one for
the non-ionic (¢; = 9.71 x 10~ ® mol m~?) and one for the
anionic (¢, = 1.28 x 107> mol m™?) surfactant, by adding a
certain amount of each surfactant to 100 ml deionised water.
Two procedures were followed. In Case 1, the non-ionic surfac-
tant solution was added to the anionic one, while in Case 2 the
order was reversed. The experimental procedure was as follows.
20 ml of deionised water was initially added to the measuring
vessel and almost 5 min later a droplet of the stock solution of
one of the surfactants, formed with a 0.1-2.5 pl, 0.5-10 pl or a
20-200 pl pipette (Eppendorf Research® plus, Germany), was
released on the water surface. When the surface tension
equilibrated, a droplet of the stock solution containing the
other surfactant was released on the aqueous system surface.
The measurement finished when the surface tension of the
mixture reached a plateau. For these experiments a cover plate
could not be used to eliminate deionised water evaporation.

This journal is © The Royal Society of Chemistry 2024
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The surfactant mole fractions were chosen based on the mole
fractions studied in the premixed surfactant mixtures case.

Results and discussion
Surface tension measurements for single surfactants

The surface tension values for the single surfactants are shown
in Fig. 1. From the surface tension measurements, we extract
the CMC for the individual surfactants in deionised water. The
CMC is estimated from the interception of the regression line
of the pre-micellar region and the line passing through the
plateau of the post-micellar region, as shown in Fig. 1. The
CMC of the non-ionic surfactant (EOT) is 3.68 x 10~ > mol m 3
whereas that of the anionic surfactant (NaDDBS) is 1.28 mol m >,
Differences in the CMC between non-ionic and anionic surfactants
seem to be consistent with literature expectations, as described
later. The data show that the non-ionic surfactant is able to
decrease the surface tension at lower bulk surfactant concentra-
tions, although NaDDBS achieves lower surface tensions than EOT
at concentrations above the CMC. The surface tension reduction in
the pre-micellar region, at concentrations lower than the CMC,
indicates that the surfactants adsorbance at the water/air interface
precedes the micellar formation in the bulk, as reported by
Scamehorn,'” especially for EOT, for which the surface tension
decreases more gradually in the semi-log plot compared to the
results for NaDDBS.

The equilibrium data shown in Fig. 1 can be used to extract,
indirectly, the amount of surfactant adsorbed as a function of
the bulk surfactant concentration and as a function of the
measured surface tension. The first step requires fitting the
data in Fig. 1 to the Langmuir-Szyskowski equation:*”*%3°

o(c) = 09 — NI maxRTIn(Kyc + 1) ()
0.08
—e—EOT
—— NaDDBS
0.07 -
< 0.06 -
S
=
o 0.05-
0.04 =3
CMCEOT
0.03 CMCy.ppes
10° 10* 10° 102 10" 10° 10
¢ (mol m3)

Fig. 1 Equilibrium surface tension values at different concentrations of
the single non-ionic EOT (blue) and anionic NaDDBS (red) surfactants.
Dashed lines represent the fitting to the experimental data to estimate
CMC values.
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where ¢, (N m™") is the surface tension of the solution without
surfactant, n is the number of species formed by the dissocia-
tion of a surfactant molecule® adsorbed at the interface (n = 1
for non-ionic surfactants, neutral molecules or ionic surfac-
tants with the addition of electrolyte,”® n = 2 for monovalent
ionic surfactants, n = 3 for divalent ionic surfactants, etc.,>”
under the assumption that the interface is electrically neutral®®),
R (m® Pa mol " K %) is the ideal gas constant, T (K) is the
temperature, and ¢ (mol m?) is the surfactant bulk concen-
tration. The value K, (m®> mol ") gives the tendency of surfac-
tants to adsorb at the interface. It is obtained as the ratio
between adsorption and desorption rates, k,qs and kqes, respec-
tively. I'max (mol m™?) is often interpreted as the minimum area
per molecule at the surface and thus can be correlated to the
size of the molecules at the surface.?? In this work, both K;, and
I'max are found by fitting eqn (2) to the experimental data, using
the bulk concentrations below the CMC value of each surfac-
tant (see Fig. 2), following established procedures reported in
the literature.>” The fitted values can be seen in Table 1. The
changes in the surface excess with surfactant bulk concen-

tration can then be estimated from the Langmuir isotherm:*'~*?
= rmuxKLc (3)
1+ KLC

The Langmuir isotherm and the Langmuir-Szyskowski equation
assume monolayer adsorption, which has been found to be a
reasonable approach to describe the equilibrium behaviour for
many surfactants.”> Our results are shown graphically in Fig. 2.

The equilibrium surface tension at the CMC for the non-
ionic surfactant is onon-nionic = 0.042 N m™*, whereas for the
anionic one it iS Ganionic = 0.037 N m~'. The value for
the non-ionic surfactant is larger than that obtained for the
anionic one, because as can be seen in Table 1, the surface
excess of the non-ionic surfactant at the deionised water/air
interface is lower than that of the anionic surfactant. For the
anionic surfactant, I' i, is larger at CMC because, as men-
tioned by Zhu et al.,** the hydrophilic surfactant headgroups
are compressed due to ion-condensation effects within the
surrounding electrical double layer.

¢ (mol m?)
10® 10° 10* 10%® 102 10" 10°
0.08 . L L . L L 5.0x10®
0.074 F4.0x10®
n
£0.061 £3.0%10° ~
£ £
g/ —
© 0.05- F2.0x10°
=
0.04 F1.0x10°
jom)
0.03 == : : aL0.0
0.000 0.005 0.010 0.015 0.020
¢ (mol m®)
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As also shown in Table 1, the Kj value of the non-ionic
surfactant is three orders of magnitude higher than that of the
anionic surfactant, suggesting that the non-ionic surfactant is
preferably adsorbed at the deionised water/air interface com-
pared to the ionic one. This can explain the lower CMC value of
EOT compared to the CMC value of NaDDBS. Kronberg et al.*?
mentioned that the CMC of non-ionic surfactants is expected to
be lower than the CMC of anionic ones (roughly two orders of
magnitude is the initial reference point), which agrees with our
findings. Another reason for the higher CMC value of the
anionic surfactants lies in the fact that for anionic micelles to
form, the hydrocarbon tail interactions (e.g., attractive van der
Waals forces) inside the micelles should be stronger than the
headgroup electrostatic repulsions on the micelles interface. In
contrast, for non-ionic micelles, Scamehorn et al.,>® suggest
that hydrophobic repulsions must overcome problems related
only to space requirements of the hydrophilic headgroups.

Surface tension measurements for premixed surfactant mixtures

In the premixed surfactant mixtures case, as shown in Fig. 3,
the surface tension decreases as the total molar concentration
of the surfactants increases. A similar trend is reported by
Jia et al.* who studied mixed surfactant systems consisting of a
cationic surfactant (N-dodecyl-N-methylpyrrolidinium bromide,
L12) and an anionic one (sodium dodecyl sulfate, SDS).
At low total surfactant concentrations (Up tO Cioral = 3.70 X
10~ mol m ™), the reduction of surface tension is more notice-
able in the case of surfactant mixtures than in the case of the
single anionic surfactant. According to Kesarwani et al.>® and
Mahajan & Nandni** the addition of a non-ionic surfactant
reduces the repulsive forces among the negatively charged
headgroups of the anionic surfactant molecules, causing a
more compact arrangement of the molecules at the surface.
Thus, surface tension decreases more effectively as surfactant
molecules are efficiently packed at the water/air interface
among the deionised water molecules.

Similar behaviour was observed by Aaraadhya et al.** for solu-
tions containing 1:1 mixtures of cationic (hexadecyltrimethylam-
monium chloride, CTAC) and non-ionic (pentaethyleneglycol

¢ (mol m3)
10° 102 10" 10° 10" 102 10°
oosl . - : . : 1.2x10°5
0.07 - 1.0x10®
. 8.0x10C~
Y%ooe- c
= —aomoﬁg
5 0.05 =
© L4.0x100
0.04 F2.0x10®
o
0.03 nannmn®® : : —bloo
00 02 04 06 08 10 1.2
¢ (mol m?)

Fig. 2 Fitting (red lines) of the Langmuir—Szyskowski equation to the experimental data (black squares) for the (a) EOT non-ionic and (b) NaDDBS
anionic surfactant. The blue squares represent the surface excess at different bulk concentrations.
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Table 1 Fitting parameters of the Langmuir—Szyskowski equation

EOT - non-ionic NaDDBS - anionic

Ky, (m?® mol %) 2028.5 + 376.5 Ky, (m® mol ™) 1.20 + 0.29

T max (Mol m™2) 3.77 x 10°° + 2.63 x 10~ Tmax (Mol m™2) 8.65 x 107 ° + 1.59 x 10°°
R? 0.994 R? 0.992

gnon—nionica (N mil) 0.042 gani(mic‘Z (N mil) 0.037

“ Surface tension values for the single surfactants at their CMCs.

0.08
0.07
0.06
£
£ 0.051
0.04
~#— NaDDBS Neor = 0.1Nyaposs
—@—EOT = Ncor = Nyaposs
003 ~®—neor = 0.01nyopes  —@—Neor = 4Nyappas

T T
102 10!

3

Ctotas (MOl M™)

T T T T
10 103 10° 10"

Fig. 3 Equilibrium surface tension vs. total molar surfactant concen-
tration for the system EOT/NaDDBS at various mole ratios for solutions
in which the surfactants were premixed.

monododecyl ether, C;,E5) surfactants, where the CMC values
of the surfactant mixtures decrease as the molar fraction of the
non-ionic surfactant in the mixtures increases.

As shown in Fig. 3, for ngor/finappes = 0.01, 0.1 and 1 the
equilibrium surface tension values fall in between those of the
individual single surfactants. From Table 2, the mixture CMC
values for ngor/Mnappss = 0.01 and 0.1 are between the CMC
values of the single surfactants, but for ngor/finappes = 1 they
are slightly lower than the CMC of the non-ionic surfactant. For
Neor/Mnappes = 4 the equilibrium surface tension values are
below those of the single surfactants at the same total surfac-
tant concentration. For this composition ratio, the CMC value
is much lower than the CMC values of the single surfactants.

The regular solution theory can interpret the experimentally
determined CMC values of the surfactant mixtures, by

Table 2 CMC values obtained for the single surfactants and some of their
mixtures

Single surfactant/surfactant mixture CMC (mol m™)

EOT 3.68 x 107>
NaDDBS 1.28
Ngor/MNappes = 0.01 1.06
Ngor/MNappes = 0.1 3.92 x 1072
Ngor/MNappss = 1 1.72 x 1072
Ngor/MNappBs = 4 9.10 x 10~ *

This journal is © The Royal Society of Chemistry 2024

Table 3 Parameters extracted by applying the regular solution theory to
results for premixed surfactant systems

Parameter
Ngor/MNapDBs  dEOT X%/IOT XlltTdaDDBS ﬂM CMCexpa CMCigeal”
0.01 0.01 0.199 0.801  +0.58 1.06 9.57 x 10"
0.1 0.1 0.563 0.437 —8.7 3.92x107% 292 x 10!
1 0.5 0.660 0.340 —9.0 172 x10 % 7.15 x 10 2
4 0.8 0.604 0.396 —21.8 9.10 x 10°* 4.57 x 10>
% mol m 3.

calculating the interaction parameter ™ (see eqn (S3)** in
Appendix A, ESIt) within the mixed micelles, which is an
indication of the interactions between different surfactant
molecules relative to the self-interactions of the individual
surfactants under the same conditions.’® As shown in
Table 3, for ngor/fnappes = 0.01, 0.1, and 1, when the mole
fraction agor of the non-ionic surfactant EOT in the solution
increases, its micellar mole fraction Xyor (see eqn (S4)°° in
Appendix A, ESIt) increases. At the same time, the interaction
parameter ™ decreases, indicating that the forces between the
different surfactant molecules in the mixed micelles become
more attractive®>*” than the self-interactions between the indi-
vidual surfactants before mixing.*°

For systems with ngor = 0.017Nappes, the mole fraction of the
anionic surfactant in the micelles is XNappgs = 0.801, suggesting
that the anionic surfactant molecules occupy most of the mixed
micelles for this system. The interaction parameter, ", is
slightly positive (™ = +0.58), meaning that the forces among
the surfactant molecules in the mixed micelles are slightly more
repulsive than those among the molecules of the single surfac-
tants. Because of this, the CMC value of the mixture (CMCeyp, =
1.06 mol m ) is close to the CMC value (CMCeyp, = 1.28 mol m ™)
of the single anionic surfactant, albeit a bit lower.

For the system in which ngor = 0.17nappes, the interaction
parameter becomes negative (B = —8.7), suggesting that the
attractive forces among the anionic and non-ionic surfactant
molecules are stronger relative to those among the molecules of
the individual surfactants. Correspondingly, the CMC value for
this surfactant mixture decreases by two orders of magnitude
(CMCeyp = 3.92 X 102 mol m™?). For ngor = Mnappss, the
interaction parameter remains negative (™ = —9.0), indicating
again strong attractive forces between the molecules of the
different surfactants in the mixed micelles compared to the
individual ones while the CMC value of the mixture is further
reduced (CMCeyp = 1.72 x 10> mol m™°). When ngor =
4nnappes the interaction parameter is still negative with the

Soft Matter, 2024, 20, 523-534 | 527
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largest absolute value among all three cases (f™ = —21.8) while
the CMCeyp = 9.10 x 10" mol m™’ value of the surfactant
mixture is by two orders of magnitude lower than the CMC of
the non-ionic surfactant (CMCex, = 3.68 x 10~> mol m°).
Finally, for ngor/fnappes = 0.1, 1 and 4 the mole fraction of
the non-ionic (EOT) surfactant in the micelles was estimated to
be higher than the mole fraction of the anionic (NaDDBS)
surfactant (Table 3), based on the regular solution theory
results. These observations suggest that the CMCs for the
mixed surfactant systems depend on the relative interactions
between different surfactant molecules within the micelles.
Interestingly, these interactions depend on system composition
and seem to be more pronounced when the CMCs of the single
surfactants differ significantly, as is the case for the system
chosen for the present work.

In general, our results are consistent with literature observa-
tions. For example, Azum et al.,® reported that negative values
of the interaction parameter suggest that mixed micelles are
thermodynamically more stable than micelles formed from
single surfactants. Zhou and Rosen’® concluded that negative
values of the § parameter are observed in systems of non-ionic
and anionic surfactants after mixing, because the non-ionic
compounds screen the repulsions among the like-charged
anionic headgroups. Furthermore, Kronberg et al.'® proposed
that when the CMC values of surfactants are comparable, the
CMC values of their mixtures should fall in between those of
the single surfactants, and the interaction parameter values will
be close to f™ = —2. However, when the CMCs of the surfactants
differ a lot, as happens in this study, it has been reported by
Azum et al.® that the interaction parameter ™ acquires large
negative values. The latter group®® studied anionic/non-ionic,
cationic/non-ionic and anionic/cationic surfactant mixtures,
with the CMC value of the anionic surfactant higher by two
and one orders of magnitude than those of the non-ionic and
the cationic surfactants, respectively. Vanjara & Dixit*® also
obtained negative ™ values between ™ = —9.6 and ™ =
—13.8 in mixtures of p-dodecyl benzene sulfonate (anionic)
and Brij 58, 78 and 99 (non-ionic) surfactants. On the other
hand, Zheng et al.,*® reported highly negative values between
M = —5 and g™ = —11 but for systems of zwitterionic gemini
and anionic (SDS) or non-ionic (diglycolamide laurate, CDA)
surfactants, while Sachin et al.,*' studied mixed SDS and DTAB
(dodecyltrimethylammonium bromide) micelles and showed
that the composition of the solution affects ; the DTAB-
rich systems exhibited slightly positive values, while negative
B values were calculated for the SDS-rich systems.

Rosen & Zhu® discussed that when B™ is negative and
![))M| > |In <CC1\1/{/ICCnon-ionic)

anionic
surfactants, and, as a result, the surface tension is efficiently
reduced, ie., a target surface tension value can be achieved at
lower total bulk surfactant concentrations. Accordingly, as shown
in Table 3, for npor/Mnappss = 0.1, 1, and 4, the absolute g™ values
In (CMCnon-ionic

, attractive forces are exerted between

are greater than

~0.029. 1 il, f
CMCanionic)‘ 0.029. In detail, for
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CM Cron-ionic
. =4 M ~ 758 1 non-ionic hile f
Ngor/MNapDBS ) ’ﬁ ! X n(7CM Cononc /|’ while for
CMCion-ioni
Reom/mraposs = 01 and 1, [BM] = 308 x 1n(7)
EOT/INaDDBS ‘ﬁ | CMCymrone

which indicate a better synergism when the mole ratio of the
two surfactants is equal to four.

Lastly, another way to interpret negative or positive devia-
tion from ideality for surfactant mixtures is by invoking Clint’s
model (see the ESI,i Appendix A, eqn (S2)"?). If the experi-
mental CMC value (CMCcyp,) for the mixture is lower than the
CMC value calculated from Clint’s model (CMC;gea1), Synergistic
effects are expected among surfactants,®® while the opposite
denotes antagonistic effects in the mixed micelles.'” For the
mixtures studied here, when ngor = 0.0175appes the CMCey, is
higher than CMCigea), suggesting repulsive interactions among
the molecules. In contrast, for ngor/fnappes = 0.1, 1, and 4,
CMCeyp, is lower than CMCiqeal, Suggesting synergisms between
the surfactant molecules.

According to Rosen and Hua,' the regular solution theory
can also be applied to interpret the interactions between the
surfactant molecules at the mixed layers on the water/air inter-
face, by calculating the interaction parameter (%) and the mole
fraction of the non-ionic surfactant (X3or) (see eqn (S5)'* and
(S6)** in Appendix A, ESIY). The calculations were performed for
four surface tension values in the premicellar region of the
single surfactants and surfactant mixtures, where the slopes of
the curves are constant and are given in Table 4.

Based on our calculations (Table 4), for all the surfactant
mixtures studied, the interaction parameter f° is negative,
indicating that the attractive interactions between the surfac-
tant molecules are stronger than the electrostatic or steric self-
interactions of the molecules of the individual surfactants
before mixing.>® Upon mixing, due to the dilution effect,
repulsive forces are weakened and attractive ones between the
hydrophobic tails,> but also between headgroups,*® become
more pronounced. According to Rosen and Hua'* negative
values of f° can be attributed to the protonation of oxygen
atoms in the ether groups of the polyoxyethylene chain of EOT,
which causes the non-ionic surfactant to act as a cationic one.

According to Zhou and Rosen®® different negative values of
B™ and p° can be attributed to surfactants packing in the mixed
micelles and at the mixed layers. A bulky hydrophobic group
can more easily adapt to the water/air surface, whereas a bulky
hydrophilic group can better adjust on the micellar surface.
Branched hydrophobic tails are more difficult to pack within
mixed micelles. In this study, EOT has a bulky hydrophilic
ethoxylated group and a bulky hydrophobic tristyrylphenol
group, whereas NaDDBS surfactant consists of a branched
hydrophobic hydrocarbon tail and a hydrophilic benzene sul-
fonate head. The regular solution theory indicates that when
Ngor/Mnappes = 0.01 and 0.1, surfactant molecules can be better
accommodated at the mixed water/air interface, as f° is more
negative than ™, while when ngor/Mnappes = 1 and 4 M is more
negative than f° so surfactants pack more easily in the mixed
micelles,*® since the fraction of NaDDBS decreases.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm01454a

Open Access Article. Published on 20 December 2023. Downloaded on 8/1/2025 6:09:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

Table 4 Parameters obtained by applying the regular solution theory to
the mixed interface layers

NEoT/MNaDDBS g (N mil) ﬂs XE}OT X;aDDBS
0.01 0.060 —9.4 0.535 0.465
0.055 —8.6 0.520 0.480
0.050 —6.5 0.503 0.497
0.045 —4.5 0.462 0.538
0.1 0.060 —10.0 0.633 0.367
0.055 —9.2 0.625 0.375
0.050 —-7.9 0.623 0.377
0.045 —-7.8 0.596 0.404
1 0.060 —6.6 0.801 0.199
0.055 —5.3 0.826 0.174
0.050 —5.1 0.812 0.188
0.045 —4.9 0.785 0.215
4 0.060 —16.3 0.685 0.315
0.055 —16.6 0.672 0.328
0.050 —17.1 0.675 0.343
0.045 —18.1 0.635 0.365

From Table 4, it can also be seen that the mole fraction of
EOT at the water/air interface is higher than that of NaDDBS,
for all the surfactant mixtures studied. Even when ngor =
0.01nNappES, the mole fractions of the non-ionic surfactant at
the water surface are almost equal to the fractions of the
anionic surfactant, suggesting that the non-ionic surfactant
molecules preferably adsorb at the water/air interface in the
system considered here.

Dynamics surface tension measurements

Premixed surfactant mixtures. It was found that for the
single surfactant solutions, equilibrium surface tension is
reached quite quickly. However, when surfactants are mixed,
it takes hours for the surface tension to reach the equilibrium
values as shown in Fig. 4. More specifically, for the case of ngor =
0.01nnappes (Fig. 4a) when the total surfactant concentration is
low, i.e., Cora = 1.28 X 1072 mol m ™3, surface tension equilibrates
quickly at approximately ¢ = 0.070 N m ™. However, when the
total concentration increases (Ciorar = 3.21 x 107> mol m™3), it
takes longer for the surface tension to stabilise.

0.08
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A similar trend can also be observed for the npor =
0.1nNnappes and ngor = Nnappes premixed surfactant mixtures
cases, shown in the ESI,T Appendix B (Fig. S3), where up to 15 h
are needed for equilibration at some total surfactant concen-
trations, e.g., when ngor = 0.17nappps aNd Ceoral = 1.31 X
107> mol m >,

For ngor = 4nnappss, as illustrated in Fig. 4b, for the lowest
total concentration Cpm = 7.57 X 107° mol m™* studied,
the surface tension reaches a constant value of around ¢ =
0.071 N m ™' very quickly. However, for higher total surfactant
concentrations, i.e., for cioa = 3.03 x 10~* mol m ™ and ¢yorar =
6.06 x 10" * mol m 3, it takes more time for the surface tension
to reach a steady state. Finally, the time needed is reduced for
concentrations above the CMC of the mixture, e.g., Cioral =
3.03 x 10" mol m >,

Scamehorn'” described in detail the formation of surfactant
monolayers at interfaces for surfactant mixtures and suggested
that the mechanism (orientation of hydrophilic headgroups
and hydrophobic tails) for the formation of mixed monolayers
is similar to that responsible for the formation of mixed
micelles. During the formation of a mixed monolayer at
low surfactant bulk concentrations (« CMC), surfactant mole-
cules individually adsorb at the interface and do not interact
significantly with each other. Thus, for concentrations much
lower than the CMC of the mixtures, e.g., for ciota) = 1.28 X
107> mol m™? in Fig. 4a, and for ¢ = 7.57 X 107> mol m ™~ in
Fig. 4b, the surface tension slightly decreases and equilibrates
in several seconds, hence no change with time is observed
within the time scale accessible to our instrumentation.

On the other hand, when the total concentration in the bulk
increases, but it remains below the mixture CMC, it takes
longer for the surface tension to equilibrate. According to Zhou
and Rosen*® the long timescales observed for these concentra-
tions can be correlated to surfactant interactions. Ion-dipole
interactions between the anionic and non-ionic surfactant
molecules, electrostatic interactions between the ionic hydro-
philic headgroups, steric interactions between the hydrophilic
headgroups or hydrophobic tails, van der Waals interactions

0.08
007‘.-“0“0
I
006] Steao, .
£
30'05-1
b —B
0.044
0.03 1 Ciotar (Mol M)
—e—7.57x10 6.06x10*
—e—3.03x10* —8—3.03x10" b
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Fig. 4 Dynamic surface tension measurements for the (a) ngor = 0.01NNappes (CMC = 1.06 mol m™>), and (b) Neor = 4NNappes (CMC = 9.10 x

10~* mol m~3)
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premixed surfactant mixtures cases. The last curve in both graphs, represents total bulk concentrations above the CMC of the mixtures.
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between the hydrophobic groups and hydrogen bonding in the
surfactant molecules, are all intermolecular interactions pre-
sent in surfactant solutions. These interactions, especially at
high total concentrations, can affect the adsorption of surfac-
tants from the bulk to the water/air interface, ie., (a) the
diffusion from the bulk to the subsurface® (a layer with a
thickness of a few molecular diameters, below the surface*®),
(b) the adsorption from the subsurface to the water/air
interface®® and (c) the reorientation of the molecules at the
water surface.*” In addition, a wrong orientation of the mole-
cules and steric effects of the non-ionic (EOT) and anionic
(NaDDBS) surfactants, because of the size or the length of their
alkyl chains, may cause molecules to diffuse back to the bulk
instead of adsorbing at the water/air interface and thus
increase the time needed for the surface tension of the mixture
to stabilise. For instance, if the alkyl chain of a molecule is
entangled within itself, the molecule could diffuse back to the
bulk, rearrange itself and then once an adsorbed state is
reached, diffuse back to the surface.?®

Furthermore, limited availability of ‘vacant sites’ on the
surface can also affect the time needed for the surface tension
to equilibrate.>® At low total concentrations, based on Ward
and Tordai,** molecules from the subsurface can easily adsorb
at empty sites at the water surface. As the bulk concentration
increases, the number of vacancies at the water/air interface
decreases, so molecules arrive at already occupied sites, inter-
act with the molecules at the interface and may diffuse back in
the bulk; thus, the timescale for the surface tension decay can
further increase. Moreover, when the total concentration in the
bulk increases, the surface excess of the non-ionic (EOT) and
anionic (NaDDBS) monomers increases, and the molecules
pack tightly at the water/air interface. This causes surface
pressure to increase, and the formation of an energy barrier
at the surface. Therefore, monomers coming from the subsur-
face need to overcome this energy barrier to adsorb,>®*®*
increasing the surface tension equilibration time.

The presence of impurities in the surfactants also needs
to be considered, as impurities may disrupt intermolecular

0.08
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interactions that can affect surfactants surface activity. They
might compete with surfactant molecules at the water/air inter-
face leading to the creation of heterogeneous surface layers;
thus, further modifying solution stability. Impurities can also
impact adsorption kinetics and influence the whole performance
of the surfactant mixtures (e.g., the time needed for them to reach
a certain surface tension value).

Above the mixture CMC, e.g., for i = 1.51 mol m ™ for
Fig. 4a or Cyp = 3.03 x 107" mol m™? for Fig. 4b, surface
tension equilibrates in less than ¢ = 1 h. In these cases, the
molar concentration difference between the bulk and the inter-
face increases, so surfactant diffusion is enhanced, and the
equilibrium state is reached quickly. The rate of exchange of
surfactants between the bulk and the surface can be further
enhanced when micelles have a certain lifetime for break-up.*®
However, when stable micelles are formed, and their lifetime is
longer than the time needed for the dynamic surface tension to
stabilise, then surfactant molecules in the micelles will not be
able to adsorb to the surface, increasing the time needed to
reach equilibrium.*® Consequently, the formation of stable
mixed micelles (see ™ value in Table 3), of non-ionic (EOT)
and anionic (NaDDBS) surfactants, can increase the time
needed for the surface tension of the mixtures to equilibrate,
as noticed in Fig. 4b.

Add one by one surfactant mixtures. For these studies, only
some of the total surfactant concentrations used in the pre-
mixed approach that are below the mixture CMC values were
considered, because when adding surfactants one by one it is
important to keep the level of the solution surface in the
measuring vessel constant to avoid any effects on the surface
tension measurements.

The changes in surface tension with time are shown in
Fig. 5a and 6a for the case of the non-ionic surfactant added
to the ionic one and in Fig. 5b and 6b for the case of the anionic
surfactant added to the non-ionic one for two molar ratios
(ngor = 0.017nappes and ngor = 4lNappes)- AS shown in both
Fig. 5 and 6, in all the add one by one surfactant mixtures cases
there is initially a steep decrease in surface tension, once the
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<
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Fig. 5 Dynamic surface tension measurements for the ngot = 0.01nNappes add one by one surfactant mixtures case: (a) (1) anionic (2) non-ionic and
(b) (1) non-ionic (2) anionic. The elapsed time that corresponds to the addition of EOT and NaDDBS is shown for Ciotar = 1.54 x 1072 mol m™3, indicatively.
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Fig. 6 Dynamic surface tension measurements for the neot = 4nnappss add one by one surfactant mixtures case: (a) (1) anionic (2) non-ionic and (b) (1)

non-ionic (2) anionic. The elapsed time that corresponds to the addition of EOT and NaDDBS is shown for i = 6.06 x 10™* mol m

surfactant laden droplet is deposited on the water/air interface.
This decrease is attributed to the mass transfer of the surfac-
tant molecules on the surface because of Marangoni forces
caused by surface tension gradients. To exclude any effects on
the measurements from the deposition of the droplet, the
surface tension of deionised water was measured during the
deposition of a pure water droplet on it. It was found that the
surface tension is not affected by the drop deposition and
remains constant at ¢ = 0.072 N m ™.

As shown in Fig. 5a, when the NaDDBS laden droplet is
deposited on the water/air interface, at around ¢ = 5 min, a
sudden decrease in surface tension is observed. It is believed
that spreading of the surfactant molecules on the surface
precedes their desorption to the bulk and thus, once the
anionic surfactant laden droplet is deposited the surface ten-
sion decreases. The higher the concentration of the anionic
surfactant in the droplet, the more abrupt the decrease in
surface tension, because of the increase in the number of
surfactant molecules distributed on the surface. After this
initial decrease, the surface tension increases slowly to its
equilibrium value. During this time, NaDDBS molecules adsorb
at and desorb from the surface; K;, = 1.20 m® mol " (Table 1) is
slightly higher than 1, thus the adsorption rate is similar to the
desorption rate. The final equilibrium surface tension value is
equal to the one obtained when the same concentration of the
anionic surfactant is diluted in deionised water and the surface
tension of the solution is measured. For example, when cyota; =
1.54 x 1072 mol m~3, the concentration of NaDDBS in the
solution is ¢nappps = 1.52 X 1072 mol m™ and the surface
tension is equal to the equilibrium value ¢ = 0.071 N m™" for
this concentration of NaDDBS (see Fig. 1).

When a droplet that contains EOT is deposited, a second
rapid decrease of the surface tension is seen in Fig. 5a, due to
the Marangoni forces and the consequent spreading of the EOT
molecules on the surface. However, after this reduction, surface
tension remains almost constant for all the total concentrations
studied, probably because mixed layers are formed on the
water/air interface, where the non-ionic surfactant molecules

This journal is © The Royal Society of Chemistry 2024

=3, indicatively.

are dispersed among the charged anionic surfactant head-
groups and stabilise them.

When the non-ionic EOT surfactant is added first at around
¢t = 5 min, the surface tension equilibrates quickly (Fig. 5b), as
the non-ionic surfactant molecules spread and preferably
adsorb at the water/air interface because of their high K; =
2028.5 m® mol ! value (Table 1). Once NaDDBS is added, then
for the lower concentrations o = 1.28 x 10> mol m™ and
Crotal = 3.21 x 1072 mol m ™3, there is no observable change in
surface tension. These trends are similar for molar ratios ngor =
0.17Nappes and ot = nappes s well, which are shown in the
ESL T Appendix B and in Fig. S4 and S5. However, at the higher
two concentrations Cioa = 8.97 X 107> mol m™ and cora =
1.54 x 10"2 mol m™ 3, there is a small increase in surface
tension after the addition of NaDDBS before the solutions
acquire their final equilibrium surface tension values (Fig. 5b).

For concentrations ngor = 4nnappss in the add one by one
surfactant mixtures (Fig. 6a), when NaDDBS is added first at
around ¢ = 5 min, the surface tension of the newly formed
solution is not affected but remains almost constant at ¢ =
0.072 N m~'. Once the non-ionic surfactant is added at
approximately ¢ = 15 min, surface tension suddenly decreases
but then remains constant at ¢ = 0.042 N m ' for both
concentrations studied. After their spreading on the water
surface, the non-ionic surfactant molecules adsorb at the inter-
face and stabilise it, because K; = 2028.5 m>® mol ! and their
adsorption rate is higher than the desorption one (Table 1).
Therefore, the repulsive forces between the anionic surfactant
headgroups are reduced. When the non-ionic EOT surfactant is
added first at around ¢ = 5 min (Fig. 6b), the surface tension
decreases from the initial value of ¢ = 0.072 N m™" to ¢ =
0.042 N m ™. Finally, the addition of NaDDBS at approximately
t = 13 min, does not affect the surface tension.

The results suggest that the surface tension of the mixtures, in
both cases of adding surfactants one by one, is determined for the
most part by EOT, as the equilibrium value ¢ = 0.042 N m ™" is
the same to the surface tension of aqueous solutions con-
taining only EOT at concentrations equal to and above its
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Table 5 Equilibrium surface tension values for the ngot/Nnappes = 0.01, 0.1, 1 and 4 premixed and add one by one mixtures at different total surfactant

concentrations

Case
Add one by one
Premixed (1) NaDDBS-(2) EOT (1) EOT-(2) NaDDBS
Mot/ INaDDES Crotal (Mol M) Oeq(Nm™) Oeq (Nm™) Oeq (Nm™)
0.01 1.28 x 1073 0.071 0.041 0.042
3.21 x 1073 0.066 0.042 0.042
8.97 x 103 0.061 0.043 0.043
1.54 x 107> 0.057 0.043 0.043
0.1 1.31 x 103 0.064 0.042 0.041
3.92 x 1073 0.056 0.042 0.043
1.20 x 102 0.047 0.042 0.042
1 1.43 x 103 0.062 0.038 0.041
430 x 1073 0.054 0.040 0.041
1.29 x 102 0.045 0.039 0.041
1.72 x 1072 0.044 0.040 0.041
4 3.03 x 1074 0.057 0.042 0.042
6.04 x 10~* 0.052 0.042 0.042

CMC = 3.68 x 102 mol m? (see Fig. 1). Once the non-ionic
surfactant is added, molecules are adsorbed at the interface
because of their amphiphilic structure. The hydrocarbon chain
interactions and electrostatic interactions among the non-ionic
and anionic surfactants, promote the stability of the surface
and reduce the surface tension of the final mixture to ¢ = 0.041-
0.043 N m ™, for all the systems analysed.

For all the add one by one surfactant mixtures cases ana-
lysed, it can be concluded that when the anionic surfactant is
added first followed by the non-ionic surfactant, it takes more
time for the surface tension of the final mixture to reach
equilibrium (20-40 min), compared to the reverse order of
addition, where the required time in most cases is around
15-20 min. An exception is seen for ngor = 0.017Nappes, and
concentrations Ciom = 8.97 X 107> mol m ™ Or ¢y = 1.54 X
1072 mol m? (Fig. 5b), where EOT is added first, and 40 min
are needed to reach equilibrium; this is attributed to the high
concentration of NaDDBS which possibly delays the time
needed to reach equilibrium.

As shown in Table 5, when surfactants are added one by one,
the final equilibrium surface tension (c.q) values are lower than
those of the premixed mixtures, for the same total surfactant
concentrations. As mentioned above, this can be attributed to
metastable phenomena due to the stabilisation of the layers on
the water/air interface once the non-ionic surfactant is added.

Conclusions

Predicting the behaviour of solutions containing surfactant
combinations with significantly different CMC values remains
a challenge. Therefore, a comprehensive examination of how
molecular interactions influence the phenomena taking place
in the bulk but also at the air/water interfaces of such mixtures
is essential towards understanding these complex systems.

In this study, the equilibrium and dynamic surface tension
of a non-ionic (EOT) and an anionic (NaDDBS) emulsifier,

532 | Soft Matter, 2024, 20, 523-534

commonly employed in the delivery systems of agrochemical
products, and of their mixtures were examined at different
mole ratios, i.e., ngor/Mnappes = 0.01; 0.1; 1; 4. For each molar
ratio two different cases were analysed: namely premixed
surfactant mixtures and add one by one surfactant mixtures.
In the first case, surfactants were mixed before each measure-
ment while in the latter, the surfactants were added in deio-
nised water, one by one during the measurements.

It was found that the CMC of the non-ionic surfactant EOT
was two orders of magnitude lower than that of NaDDBS, which
suggests that EOT preferably adsorbs at the deionised water/air
interface. The surface tension of the single surfactants was
found to equilibrate quickly, while the surfactant mixtures
needed a long time (usually hours) to reach equilibrium.

The experimental data were interpreted using the regular
solution theory. Analysis showed that for the mixed micelles
and the mixed layers, and for most of the mole ratios studied,
negative ™ and f° values were obtained, suggesting more
attractive interactions between the surfactants after mixing,
than the self-interactions of the two single surfactants before
mixing. Furthermore, for most of the mole ratios studied, the
mole fraction of the non-ionic (EOT) surfactant was found to be
greater than that of the anionic (NaDDBS) surfactant, both in
the mixed micelles and at the mixed layers.

The data obtained from the add one by one surfactant
mixtures case suggested that EOT was preferably adsorbed at
the interface and showed that the necessary time for the surface
tension of these mixtures to equilibrate was less compared to
the time needed in the premixed surfactant mixtures case.
By adding surfactants one by one a lower surface tension value
at equilibrium was obtained, for all the cases studied. Overall,
this approach highlights how adding surfactants one by one
can greatly impact molecular interactions in the solutions
and affect the performance of the final mixtures. Surfactant
mixtures are common in the production of many everyday
products, and the interactions between their molecules can
affect key properties such as surface or interfacial tension,

This journal is © The Royal Society of Chemistry 2024
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wetting, spreading, foaming, stability, emulsification, and
solubilisation.

This study explores the impact of mixing surfactants with
significantly different CMC values on the final solutions.
It reveals that when surfactants are premixed, their interactions
can be unpredictable. Adding the surfactants one by one can
help to better understand their interactions and could enable
the creation of customised formulations with desired proper-
ties, such as specific surface tension values that enhance
stability.
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