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Abstract: The interaction between novel gemini surfactant (alkane-o, w-bis(dimethyl hexadecyl
ammonium bromide) (G6)) and two different non-ionic surfactants (Triton X-114 (TX-114), Tween 20
(T-20)) has been investigated in the current study at temperature 298.15 K. The critical micelle
concentration (cmc) values of mixed systems were computed by the conductometric titration in the
aqueous medium. The results have been examined by utilizing numerous theoretical models (Clint,
Rubingh, Motomura, Maeda, and Lange models). The experimentally determined cmc were lower than
corresponding ideal values (cmc*) and decreased with the mixtures' stoichiometric mole fraction (o)
of G6. This shows non-ideal behavior between two employed components. The interaction parameter
at mixed micelle () has been analyzed by using regular solution approximation. The attractive
interaction or synergistic behavior in both mixed systems is confirmed by the negative values of . The
various energetics parameters were also evaluated and discussed.
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1. Introduction

The molecules that can alter the properties of the surface or interface are known as
surfactants or surface-active agents. They have dual characteristics: one affinity with water
(polar material) and other affinities with non-polar materials. Surfactants in water demonstrate
a high degree of cooperativity (self-aggregation) that results in the formation of micelle at the
critical point (critical micelle concentration, cmc) [1-7]. Surfactants are the most significant
demonstrative class of trade merchandise, have applications in most industries, i.e., domestic
products, agricultural sprays, bio-catalysis, pharmaceuticals, and drug delivery [7—10]. Gemini
or novel surfactants are a new class of surfactants having two amphiphilic moieties connected
by a spacer group [11-17]. These novel surfactants have both institutional and industrial
importance[18-25]. Gemini surfactants have better physicochemical properties than
conventional surfactants, such as much greater efficiency in reducing the surface tension of
water, lower cmc, unusual rheological properties, viscosity, etc.[26—-28]. Gemini surfactants
being easily cleavable molecules, show better stability and slow degradation. The quaternary
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ammonium gemini surfactants with a methylene chain are the most studied gemini surfactants
used in phase catalysis because of high antibacterial activity [29]. Because of their higher cost,
these novel surfactants are often used with conventional ionic, non-ionic, zwitterionic, and
sugar-based surfactants because of their higher cost. Based on the above outstanding
performance of gemini surfactants, it is important to study their behavior with other surfactants.

Typically, mixtures of different chemical species (one or two surfactants, dyes,
electrolytes, and fillers) are used in the industries. Some of these are used to enhance interaction
between them, while others control physical parameters (pH, ionic strength, viscosity, etc.)
[30,31]. The mixture of one or more surfactants exhibits superior performance to those of single
surfactants[32—36]. In mixtures, not only physicochemical properties of individual surfactants
are enhanced, but also synergism is observed. For example, mixtures of a cationic surfactant
with an anionic polyelectrolyte have been used to stabilize liquid foam stability [37]. Mixtures
of surfactants are used in detergency, drug delivery, commercial industries, biological studies,
medicine, etc. The colloidal and chemical properties of dispersed systems can easily be
regulated with ionic and non-ionic surfactants. It is proved that the ionic-nonionic surfactants
interaction at the surface and in bulk is superior to that between ionic-ionic, nonionic-nonionic
mixed systems [38—40] as they minimize some unwanted interactions among ionic surfactants
and the substrate. On the other hand, in germicide soaps, non-ionic surfactants are added with
cationic surfactants [41,42]. Non-ionic surfactants have oxyethylene chains, so they are highly
soluble in water [43]. They are widely used as solubilizing and emulsifying agents in textile,
detergent, and cosmetic industries. These surfactants are used extensively in cleaning,
cosmetics, and food products because they are biodegradable and safe for the skin. Nowadays,
several molecular thermodynamics theories like Clint, Rubingh, Rosen, Motomura, Lange are
available for forecasting the physicochemical properties in mixed systems. According to the
molecular thermodynamic theory, the interaction between the ionic head group of ionic
surfactants and the polar head group of non-ionic surfactants causes non-ideality. These types
of interactions may be by electrostatic (among ionic hydrophilic groups), ion-dipole (among
ionic and non-ionic hydrophilic groups), stearic (bulky groups), and van der Waals (among
hydrophobic groups and hydrogen bonding) interaction. Generally, in forming the ionic-
nonionic mixed micelle, attractive interactions are involved that solubilize the colloids (size of
ionic micelle increases), and thus the ability to solubilize different solutes increase. Due to the
enormous industrial applications of ionic-nonionic surfactant mixtures, most of the studies on
mixed micelles systems have been performed on a mixture of polyethylene and ionic
surfactants [44-46].

The main aim of this study is to explore the composition of mixed micelle at the
molecular level using different theoretical models, i.e., Clint, Rubingh, Motomura, Maeda, and
Lange. The conductometric titration method was adopted in this study at 298.15 K. The chosen
surfactants in this study are widely used in different industrial areas. The selection of these
surfactants is due to various hydrophobic chain lengths and large differences in the cmc values.
The current study involves the determination and effects of non-ionic surfactants on the cmc
of gemini surfactant. Various energetics parameters were also computed and discussed in the
current work.

2. Materials and Methods

The non-ionic surfactants used in this study were Triton X-114 (TX-114) and
polyoxyethylene (20) sorbitan monolaurate (tween-20). Tween-20 was purchased from Loba-
https://biointerfaceresearch.com/ 7417
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Chemie (India), while TX-114 from Sigma (USA). The chemicals utilized for the synthesis of
novel surfactants were 1,6-dibromohexane (Sigma-Aldrich, 0.97 (mass fraction)) and N, N-
dimethyl hexadecyl amine (Sigma-Aldrich, 0.95 (mass fraction)). All chemicals were used as
received, and no further purification was conducted. The double-distilled ultra-pure water
having specific conductivity (1-2) x 10—6 ohm™* cm™* was employed during the whole study.

2.1. Synthesis of gemini surfactant.

In 1974, Bunton et al.[16] first time studied the bis quaternary ammonium type
surfactants (gemini). They designated the synthetic method and kinetics of these nucleophilic
reactions. After a few years later, Devinsky et al. synthesized several bis quaternary ammonium
surfactants and explored their micellization and surface activity of these surfactants [47]. The
protocol of gemini synthesis is shown in Scheme 1.

CHs CHs
HsC Ethyl alcohol, 48h |® @
2 N—~R — Br(CHyeBr > R——N——(CHy)g N—R
Reflux, 353K |
HsC CHs CHs
ZBr@

R= CH3(CHy)1s5
Scheme 1. Protocol for the synthesis of gemini (G6) surfactant.

2.2. Conductometric titration.

The conductometric measurements were carried out using a conductivity meter
(Equiptronic, EQ661, India) with a temperature compensation probe. The stock solutions of
gemini and non-ionic surfactants were made in ultra-pure water and then desired mole fractions
were obtained by mixing these solutions. The conductance was measured by adding a stock
solution of a single cationic gemini surfactant or mixed with a non-ionic surfactant into the
water using a microsyringe.

Table 1. Micellar parameters of G6+TX-114/T-20 mixtures at T = 298.15 K.

o cme cme* g Xlllub Xildeal _ﬁRUb fthb f%lub

(mM) (mM)

G6 + TX-114
0.0 0.2632 0.263
0.22 0.110 0.120 0.428 0.623 0.644 0.380 0.947 | 0.862
0.33 0.090 0.094 0.210 0.738 0.759 0.271 0.981 | 0.863
0.48 0.061 0.073 0.302 0.764 0.855 1211 0.934 | 0.493
0.57 0.047 0.064 0.358 0.748 0.895 2.129 0.873 | 0.303
0.65 0.037 0.058 0.579 0.734 0.922 3.168 0.799 | 0.181
1.0 0.041° 0.041 0.460
G6 + T-20

0.0 0.100° 0.100
0.3 0.060 0.069 0.301 0.509 0.511 0.613 0.862 | 0.853
0.4 0.056 0.063 0.274 0.597 0.619 0.513 0.920 | 0.832
0.5 0.051 0.058 0.422 0.665 0.709 0.648 0.929 | 0.750
0.6 0.048 0.054 0.399 0.731 0.785 0.652 0.953 | 0.705
0.8 0.035 0.046 0.292 0.769 0.907 2.011 0.898 | 0.304
1.0 0.041 0.041 0.460

Standard uncertainties (u) are u(T) = 0.1K. Relative standard uncertainties, u, (cmc/cmc*) = 3%, u, (XRub/
xidealy = 4304y, (BRU0) = £3%, uy (FRUP/ £RUP) = +49%. 2 Ref. [49], ® Ref. [48] and © Ref. [50].
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All experiments were repeated at least three times. The cmc can be drawn from the
intersection point of two linear segments (pre and post micellar regions) of the plot between
specific conductivity vs. concentration (Figure 1). All data are listed in Table 1.

3. Results and Discussion

Figure 1 represents the variation of specific conductivity vs. concentration of gemini
surfactant (G6) in the presence of non-ionic surfactant at 298.15 K. The graph (Fig. 1) shows
a typical character of gemini surfactant; first, specific conductivity increases linearly and after
a critical point decreases. Below the critical point, the addition of surfactant to the water surges
in the surfactant ions as well as counterions, subsequently, an upsurge in the specific
conductivity of the solution.

26 -
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# 033
0.48
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Figure 1. Plots of specific conductivity (k) vs. total surfactant concentration [S] for G6 + TX-114 mixed system
at 298.15 K.

On the other hand, above a critical point, more adding of surfactant increase the micelle
concentration, although monomer concentration remains invariant. Since micelle is much
larger than the monomer, it is transported more slowly through the solution and is a less
efficient charge carrier. Thus, the rate of increase in the specific conductivity with surfactant
concentration above the cmc is lower than below it. Thus, the intersection point provides a
measure of the cmc. Therefore, the conductometric titration for the determination of cmc is
found to be reliable and convenient. The cmc value for gemini surfactant is listed in Table 1
and is best matched with previous studies [48].
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Scheme 2. Mixed micelle formation between gemini surfactant and non-ionic surfactant.
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The cmc values of non-ionic surfactants (TX-114 and Tween-20) could not determine
by conductivity, so values are taken from earlier studies [49,50]. Among all surfactants, gemini
surfactant has a lower cmc value because of two hydrocarbon chains present in the same
molecule. Two factors depend on the micellization process (i) electrostatic interactions among
the charged headgroups of the interacting components and (ii) hydrophobic interactions
between interacting species due to their hydrocarbon tails. In the current investigations,
cationic and non-ionic surfactants try to interact with each other by dipole and positive charge
G6 head group electrostatically (scheme 2).

An ionic surfactant having positive or negative charged head groups often bind a
considerable fraction of counterions that can be conveniently quantified from electrochemical
measurements. The counterions are bound strongly with the Stern layer (the layer just adjacent
to the surface of the micelle) and drift with micelle when an electric field is applied. A sharp
break in specific conductivity vs. concentration isotherm results from surface charge
neutriliztion[51-55]. At low concentrations, amphiphiles behave like strong electrolytes and
dissociate completely, and their conductance increases linearly up to cmc. After cmc the rate
decreases due to the binding of some counterions to the micelle. The fraction of counterions
bound to the micelle was determined by conductometric titration. In the earlier studies, the
following procedure is obeyed to determine the counterion binding (g) [56]:

g=1-2 (1)

where S; and S are the slopes of specific conductivity vs. concentration profile. The values of
g are listed in Table 1. With the addition of non-ionic surfactants in the gemini surfactant
solution, g values decrease at almost all mole fractions. The lower counterion binding (g) of

the mixture is due to the reduced charge density of the mixture. The lower counterion binding
increases the cmc values.

3.1. Interaction of G6 with TX-114 & T-20.

3.1.1. Clint model.

The ideality or non-ideality of a mixed surfactant system can be judged by the Clint
model by using cmc for pure surfactants and stoichiometric composition values [57]. If it is
assumed that the mixed micelle formed by the two or more amphiphiles behave ideally, the
Clint equation for mixed binary system can be written as

1 — aq + a, (2)

cmc* cmeq cme,

where a1 and oz are the mole fractions of components 1 and 2. The above equation was
suggested by Clint [57] for the ideal mixed systems, and the cmc values calculated by the Clint
equation are reflected as ideal cmc values (cmc*). The experimental cmc and ideal cmc values
concerning the mole fraction are plotted in Figure 2.
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Figure 2. Experimental critical micelle concentration, cmc (@) and ideal critical micelle concentration, cmc*

(A) as a mole fraction of gemini, G6 for G6 + TX-114/T-20 mixed systems. Solid lines represent experimental
data, and dash lines represent ideal values.

The ideal cmc values are more than experimental cmc values, as clear from Table 1
data and Figure 2. The negative deviation from equation 2 (lower experimental cmc value than
ideal) for mixture specifies synergistic and non-ideal behavior between the two surfactants
mixtures. However, positive deviation from equation (2) implies antagonistic (repulsive
interactions) behavior of mixed systems.

3.1.2. Rubingh model.

The strong negative deviation of ideal cmc (cmc”™) from experimental cmc was also
observed by Rubingh [58]. The Rubingh model is based on regular solution approximation

(RST), giving the relation between two cmcs as follows:
1 yn a;

©)

— 4i=1 cRub
cmce* fi P eme

Where fR“Pis the activity coefficient of the ith component in the mixed micelle
calculated by equations 4 & 5 for the two components system:

f0 = exp [ p(1 - x| (4)
f0 = exp [p(xFu0)’] (5)

Table 1 shows the values of ff*Pand fR“P. The values of the activity coefficient
fR4b = 1 indicates an ideal mixed system. However, a value less than 1 indicates the non-ideal
behavior of mixed components. For current mixed systems, the values of activity coefficients
were very low, lower than unity confirms synergistic interaction amid G6 and TX-114/T-20,
and the mixed micelles are formed at lower concentrations with high propensity. In the above
equations (4 & 5), the term f is a parameter to indicate whether there is attractive or repulsive
behavior between mixed components. The positive, negative, and zero values of S represent
antagonism, synergism, and no interaction between two components in the mixed micelle. The
S can be estimated by the equation (6).

g = In (a;cme/XR¥eme;) (6)

(1_X{?ub)2

Here XRP is the micellar mole fraction of composition of component 1 (G6). Table 1
reveals the values of f. The negative values of f presented in Table 1 indicate the synergistic
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or attractive interaction between two surfactants molecules. The attractive interaction between
two surfactants depends not only on attraction but also on the relevant properties of individual
surfactants in the mixture. The non-ionic surfactants have a huge number of oxygens with
unpaired electrons and tend to interact with cationic gemini surfactant coulombically. The g
values of the G6/T-20 system are less than G6/TX-114. This phenomenon can be explained
based on the structure of T-20. The T-20 molecules have a very compact structure that creates
crowding in the micellar core that causes steric hindrance and, hence, weaker interaction.

The composition of mixed components in mixed micelles is an important parameter; by
adjusting its value, the desirable properties for a specific application can be obtained. To
calculate its value (composition of mixed micelle) is tough and a major problem since the value
is fixed by the partition equilibria of the species between aggregates and the surrounding
medium. It is quite difficult to estimate composition directly by experimental analysis, so it is
estimated using theoretical models parameterized with physicochemical properties. The value
of XF“P (composition of G6 in mixed micelles) can be computed by equation (7) iteratively
[44].

(XRuby21n (@, cme/xR¥Peme;)
(1-xRuby21n [(1-a;)eme/(1-XR¥P)emc,)

=1 @)

The value XF*Pare given in Table 1, and it is concluded that the composition of G6 in
mixed micelles was attained than TX-114/T-20. The data (Table 1) show strong, attractive
interaction for both mixed systems and greater in the case of G6+TX-114 mixed systems.

The ideal values of the micellar mole fraction can be computed by the Motomura theory
[59].

Xideal — acmc; (8)
aicmcey+aycmey

There is a deviation in the values of Xid¢al from XR“P (Table 1), this shows the presence
of synergism between current mixed systems. On increasing the concentration of G6 a large
number of G6 molecules take part in the formation of the mixed micelle, so, the XF*? values
increase with the increase in the stoichiometric mole fraction (o.1) of G6. The Xideal values are
greater than the XR“? values confirm the G6 molecules contribute less towards mixed micelles
than in its ideal mixing state, and a larger number of non-ionic surfactants molecules transfer
from solution to micellar phase.

3.1.3. Maeda model.

The evaluated interaction parameter £ is beneficial to understand the interaction
between two surfactants. In the Rubingh theory [44], only head group-head group interaction
is considered. However, according to Maeda [60], when the chains are unlike in length, both
head group-head group and chain-chain interactions should also be stated for the mixed
micelle. For an ionic-nonionic mixed system, the cmc of the mixture should be much lower
than single surfactants. This is possible when the non-ionic surfactant molecules between the
head group of cationic surfactants lower the head group repulsion (Scheme 2). Maeda suggests
a parameter B that determines chain-chain interaction and contributes to the stability of mixed
micelle. The free energy of micellization (AG,,) according to Maeda can be calculated by the
following equation [60]

AGy = RT(By + B, XRW + B, (xRub)*) (9)
where
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By = InXcmc, (cmc: is the cmc of TX-114/T-20 non-ionic surfactant)
Bl + B2 = lTl Xemey

Xcme,
B, =-p
The values of all the above parameters are listed in Table 2.

(cmcy is the cmc of G6 ionic surfactant)

Table 2. Micellar parameters of G6+TX-114/T-20 mixtures at T =298.15 K.

oo | B | B [-Bo | xfed [ ffed | gped
G6 + TX-114
0.22 0.38 2.238 12.25 | 0.659 0.947 | 0.865
0.33 0.27 2.128 0.895 0.981 | 0.875
0.48 121 3.068 — —
0.57 212 3.978 - -
0.65 3.16 5.018 - -
G6 + T-20
0.3 0.61 1.501 13.23 | 0.520 0.862 0.855
0.4 0.51 1.402 0.652 0.920 | 0.838
0.5 0.65 1.541 0.762 0.929 | 0.756
0.6 0.65 1.542 0.852 0.954 | 0.708
0.8 2.01 2.902 0.968 0.898 | 0.306
Standard uncertainties (u) are u(T) = 0.1K. Relative standard uncertainties, ur (XX°9) = £3%, u, (fR°4/ fRod) =
+4%.

The parameter By is subordinated with standard free energy change when an ionic
surfactant substitutes a non-ionic surfactant. It is clear from the Table 2 data that on increasing
the mole fraction of G6, the values of B are also increased with few exceptions, confirming
that the chain-chain interaction also enhances with mole fraction. Table 3 depicted that the
AGwm (Maeda) value thoroughly was obtained negative along with their magnitude increases
through an increase in a1 value of G6, viewing that formed micelles are stable and their stability
further increases with rising of o1 value. Table 3 also revealed that the values of AG,,, and AGm
diverged largely with each other.

3.1.4. Rodenas model.

The mixed micelle data were also analyzed by using the Rodenas model [61] based on
Lange's model [62]. Rodenas relates the chemical potential of components in mixed micelle by
using Gibbs-Duhem, a thermodynamic equation. According to this model, the micellar mole
fractions of component 1 can be computed by the following equation:

Rod — (14 _ dincmce
X% =-A-yon dy: 1

The obtained values of XR°¢ are tabulated in Table 2. The XR“? and XR°¢ values for
both mixed systems are higher than the stoichiometric mole fractions of G6. Like XF“? the
XRod yalues also increase with the increasing a1 seeing that the composition of G6 increases in
mixed micelles with mole fraction (Table 2). The activity coefficients values are also estimated
by using the subsequent equations

(10)

Rod _ aicme

fl - X{?odcmcl (11)
Rod _ acmce

2 - X§OdeC2 (12)

The estimated values of £R°9 and £R°9 were tabulated in Table 2. The values of both
parameters were less than 1, indicating the non-ideal behavior of mixed systems.
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3.1.5. Thermodynamics of micellization.

To get more information related to interactions from current data, the thermodynamic
parameters have been computed and examined. The non-ideal free energy of micelle formation
can be computed with the support of equation (14)[63-65].

AGp = RT X" In( X2 £f40) + XF“PIn(XF*2 £10)] (13)

On the other hand, for ideal mixed systems, the values of f, and f, are equivalent to 1,
the free energy of micellization for ideal mixing can be estimated by the following
equation[63,66].

AGHIe = RT [X{PIn Xf*P + XF*PInX;4P] (14)

The values AG,,, and AG4¢% are listed in Table 3 are always negative, which designated
that the creation of mixed micelle is spontaneous and thermodynamically stable. By utilizing
regular solution approximation, different thermodynamic parameters can be estimated by
considering that the excess entropy of mixing is zero [67]. The energetic parameters like excess
enthalpy, enthalpy of micellization, and Gibbs excess free energy, can be estimated by the
equation [63-66].

G = H® = AH,, = RT [X{"PIn ff*0 + X7 Inff0] (15)

Two factors contribute to change in enthalpy of micellization (AH,,), (i) the loss of
translation energy due to hydrophobic and electrostatic interaction in the micellization, the
energy released (ii) to break the organized structure of water, the energy is required. As clear
from Table 3 that on increasing the mole fraction of G6, hydrophobic interaction increases,
leading to a more exothermic process of micellization (only for G6 + TX-114). For G6 + T-20
no specific trend is obtained.

Table 3. Thermodynamic parameters of G6+TX-114/T-20 mixtures at T = 298.15 K.

a1 ~AGp —AGigeal —GR = AH,, —GRed ASy, —AGw |TAS,
(Kji - mol™) | (kj - mol?) (kj - molh (kj - molY) | (JK™'mol™) (kj - mol™) /AGR|

G6 + TX-114

0.22 1.599 1.641 0.221 0.210 4.627 33.440 0.86

0.33 1.339 1.424 0.129 0.076 4.059 33.879 0.90

0.48 1.053 1.353 0.541 - 1.719 34.409 0.45

0.57 1.050 1.398 0.994 - 0.187 34.784 0.05

0.65 1.128 1.435 1.532 - - 35.258 -

G6 + T-20

0.3 2.418 1.716 0.379 0.376 6.839 34.280 0.84

0.4 2.406 1.670 0.306 0.287 7.048 34.401 0.87

0.5 2.228 1.579 0.358 0.302 6.277 34.606 0.84

0.6 1.803 1.442 0.317 0.226 4.986 34.709 0.82

0.8 2.144 1.339 0.885 0.352 4.226 35.361 0.59

Standard uncertainties (u) are u(T) = 0.1K. Relative standard uncertainties, ur (AG,,/AGid¢a!) =
+3%,u,(GRUP/—GRod) = +50,

The entropy change for micellization can be estimated from the equation:
AS,, w (16)
The values of all the above thermodynamic parameters are listed in Table 3. For current
investigated mixed systems, the positive entropy values can be considered the driving force of
micelle formation. It is also concluded from the entropy data that in the G6 + T-20 mixed
system, the entropic contribution was a little larger than G6 + TX-114. The G6 + TX-114
mixed system was a well-organized mixed micelle, so it has fewer entropy values.
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4. Conclusions

The surfactants are utilized in a wide spectrum of industries. Almost in all applications,
surfactants are used with different kinds of additives to obtain better action of the mixture over
a single one. The combination of two or more surfactants exhibits pronounced synergistic
effects by reducing the cmc values of the mixture. Keeping the view of the superiority of gemini
surfactants on the micellar front, the mixed surfactants behavior of gemini surfactants with two
non-ionic surfactants has been explored in the current study. Following conclusions have been
drawn from this study: The non-ideal behavior of current mixed systems has been confirmed
by the lower experimental cmc values than the ideal one; The cmc values decrease with the
mole fractions of novel surfactants; The strong synergistic or attractive interaction was
confirmed by the negative values of the interaction parameter at all mole fractions; The values
AG,, and G%*are negative, which designated that the creation of mixed micelle is spontaneous
and thermodynamically stable. The stability of the current mixed system is also supported by
the interaction parameter; The exothermic nature of the current mixed system is governed by
the negative values of enthalpy change (AH,,). The positive entropy values can be considered
as the driving force of micelle formation.
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