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Chapter 5 Mixed surfuctants system
5.1 Introduction

Since combination of surfactants show synergistic effect in their performance as
compared to single surfactant, use of mixed surfactants in industrial applications
is extensively reported [1-5]. Recently gemini surfactants have attracted attention
due to their unique solution properties [6-13]. In comparison with monomeric
surfactants gemini surfactants especially with shorter spacer (s < 5) posses
unusual properties, such as very low CMC, high viscoelasticity and higher
aggregation tendency [11-17]. In mixed micellar system containing gemini and
monomeric surfactants (16-s-16 DMA and CTAB) decrease in critical micellar
concentration and increase in Kraft temperature with increased mol fraction of
gemini surfactant was reported by Zhao et al [18]. Schosseler et al[19] through
SANS observed that in binary mixtures of 12-2-12 DMA and DTAB micelles
progressively change from the ellipsoidal to spheroidal shapes with increase in
the mole fraction of DTAB. Variation in size, shape and aggregation tendency
was reported to be strongly dependent upon molecular architecture and
composition of mixed surfactant systems and experimental conditions such as
concentration and temperature [20-22].

Recently we have reported the effect of head group polarity and spacer length on
aggregation behavior of novel bisquaternary ammonium surfactant with Ci216
alkyl chain through conductance, viscosity, surface tension and SANS studies
[23-26]. CMC values were observed to decrease 100 times and micelles showed
higher aggregation tendency when head group polarity of conventional dimeric
surfactant 12/16-s-12/16 DMA (where DMA is dimethyl amine and s = 4, 6, 8
&10), increased on successive replacement of -CHjz group by —C,H4OH groups.

Hence in this section we have undertaken a study of mixed micellar systems

containing bis-quaternary ammonium surfactant 12-4-12 MEA and its monomeric
counterpart (C1oDMEAB) through SANS and conductivity measurements.
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Chapter § Mixed surfactants system

The structures of dimeric and monomeric surfactants used in present study are
given below

CaH4OH CzH40OH
| L

HaC—N* — (CH)a—NY*—CHz3, 2 Br = 12-4-12 MEAwhere MEA is
manoethanol amine

CizHas K 1zHzs

CHa
| Br ‘
Mgl N e CaH 4O =» Ly DMEAB

CiaHas

Chart: Chemical structures of surfactants under study

5.2 Experimental

5.2.1 Materials

The novel bis-quaternary ammonium surfactant 12-4-12 MEA and its monomeric
counterpart C1,.DMEAB were synthesized as described earlier in section 2.2.1.
AR grade solvents and reagents were used through out the work. Solutions for
SANS studies were prepared in D20 (at least 99 atom % D) obtained from Heavy
Water Division, Bhabha Atomic Research Centre, Mumbai, India. Double-distilled
and deionized water was used for all physicochemical studies.
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Chapter 5 Mixed surfactants system

5.2.2 Kraft Temperature

The Kraft temperature (k1) for the mixed surfactant system of 12-4-12 MEA and
C.DMEAB was determined through conductance measurements as well as
visual observation of the transparency of the system. Aqueous one percent (w/v)
true solutions of pure and mixed surfactants were prepared and placed in
refrigerator at a temperature 1 - 2°C for at least 24 h, till precipitate of the
hydrated surfactant crystals appeared. The precipitated system was introduced in
conductivity cell and temperature of the system was gradually increased using
water bath of accuracy + 0.2°C. The conductance was measured as the
temperature was progressively increased until the turbid solutions became
transparent. The Kraft temperature was taken as the temperature where the
conductance (k) versus T plot (Figure 5.1) showed break and solutions were
transparent. This break usually coincided with the temperature where complete
dissolution of hydrated solid surfactant resulted into transparent solution. The
measurements were repeated at least three times and reproducibility in ky values
was observed within + 0.3 °C.

5.2.3 Conductivity

Critical micelle concentration of the mixed surfactant system was determined
through conductance measurements as a function of total surfactant
concentration, using Digital Conductivity Meter-664 (Equiptronic, Mumbai, India)
with cell constant 1.01 cm™, at 30.0+0.1°C. The average degree of dissociation
of counter ions (cave) Of the micelle and CMC were determined from specific
conductance (k) vs concentration (C) plots (Figure 5.2).

5.2.4 Foamability and Foam Stability

Foamability and foam stability of mixed surfactant systems were studied as per
the method reported by Shah and coworker [27, 28]. A graduated glass cylinder
of 100 cm® volume was used for the measurement of the foam stability and
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foamability. Twenty cubic centimeters 1 %( w/v) surfactant solution was poured
into the calibrated cylinder. The solution was given 10 uniform jerks within 10 s.
The volume of the foam generated was measured as foamability and the time
required for the collapse of the foam to half of its initial hight was taken as a
measure for the foam stability. The experiments were repeated at least five
times.

5.2.5 Oil Solubilisation Capacity

A mixed micellar systems containing various mole fractions of 12-4-12 MEA and
its monomeric counterpart C12,DMEAB, at constant total surfactant concentration
of 0.2 M were prepared. Solutions were thoroughly homogenized using a vortex
mixter and kept in a thermostated water bath at 30 + 0.1 °C. These mixtures
were then titrated with methyl methacrylate (oil) using a micro-burette.

5.2.6 Small Angle Neutron Scattering

Small angle neutron scattering studies were performed as described in
section 2.2.9. The scattering intensities from the mixed surfactant solutions were
corrected for detector background sensitivity, empty cell scattering and sample
transmission. Scattering intensity of solvent was subtracted from that of the
sample. The resulting corrected intensities were normalized to absolute cross
section units, and thus dX/dQ vs Q were obtained. This absolute calibration has
an estimated uncertainty of 10 %. The experimental values were fitted using
nonlinear least-square method.

5.3. Results and Discussion

5.3.1 Kraft Temperature

The determination of Kraft temperature through conductance measurements is
superior to the commonly used method of visual observation which is dependent
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on the judgment of the observer. Hence Kraft temperatures (k) of binary
mixtures of 12-4-12 MEA and C4,DMEAB surfactant systems were measured as
a function of increased mole fraction of 12-4-12 MEA by using conductance
measurement. From the Figure 5.1 it was obswerved that conductance increases
rapidly with increase in temperature due to dissolution of the hydrated crystal of
surfactant, until Kraft temperature reaches. Thereafter the conductance
increases slowly only due to the increase in the mobility of ions with increase in
temperature. The Kraft temperature determined for the mixed surfactant systems
is given in Table 5.1. Kraft temperature was observed to increase with mole
fraction of 12-4-12 MEA.

This fact can be explained in terms of contributions of hydrophobic and
electrostatic interactions on micellization and hence on kraft temperature. It has
been reported that increase in hydrophobicity of alkyl chain length in a surfactant
molecule assists in micellization. It is also reported that increase in alkyl chain
length increases kraft temperature [30]. This means increase in micellization
tendency is related to kraft temperature. If we consider electrostatic interactions
which usually decrease with the addition of gemini surfactant (as o decreases,
Table 5.3) would also assist in micellization. Therefore decrease in charge of
head group facilitates micellization. Taking the analogy from the above two facts
one can understand that decrease in charge should increase the kraft
temperature of the system as this would increase micellization tendency as
observed in the present system (Table 5. 1).
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Table 5. 1

Mixed suifactants system

Effect of mole fraction of 12-4-12 MEA surfactant on Kraft
temperature (kt) of mixed surfactant system 12-4-12 MEA and
C1.DMEAB.
Mole fraction of Kraft
12-4-12 MEA Temperature
kr (°C)
0.00 8
0.25 16
0.50 18
0.75 20
1.00 30
1300
20 P
£ 1100
e
= 1000 - .
g w4
E g 4% 0™
< gof 0
= "
8 T Jase” ad
& 600 - I
[ AL LA
@ 50p g
40[] ¥ i I ¥ +
0 5 10 15 20 25 30
Temperature (°C)

Figure 5.1 Plots of specific conductance against temperature for determination

of Kraft temperature (kr) of mixed surfactant system 12-4-12 MEA
and C1,DMEAB as a function of mole fraction of 12-4-12 MEA.
0.00 (¢), 0.25 (D), 0.50 (0), 0.75 (A)
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5.3.2 Critical Micelle Concentration

The plots for the conductometric determination of critical micelle concentrations
of binary mixtures of 12-4-12 MEA and C1,DMEAB, as a function of mole
fractions of 12-4-12 MEA (0, 0.25, 0.50, 0.75 and 1.0) are given in Figure 5.2(a).
The average degree of dissociation of counter ions (oave) of the micelle was
taken as the ratio of the dk/dC values above and below the CMC. The CMC,
average degree of ionization of micelle (xave) and Gibb’s free energy change of
micellization (AG°y) for the mixed surfactant systems were determined from
conductance data and results are given in Table 5.2. It was observed that CMC
and aawe decrease with increasing mole fraction of 12-4-12 MEA in mixed
surfactant system, whereas more negative value of Gibb’s free energy change
(AG®) of micellization, indicates the enhancement in micellization process with
increase in mol fraction of 12-4-12 MEA. Introduction of very small fraction of
12-4-12 MEA (0.25) showed drastic decrease in the CMC of mixed surfactant.
These results indicate that the 12-4-12 MEA surfactant has more tendency
towards micellization than C,DMEAB surfactant.

Clint equation [31] was used to determine the ideal/nonideal behavior of the
mixed surfactant system by correlating the theoretical values of CMC* with
experimental CMC values through the following equation.

1ICMC* = X4/Em1 *+ (1- X1)/Cm2 1)

where x4 is the mole fraction of the 12-4-12 MEA surfactant in the total solute
concentration of mixed surfactant system and ¢y and ¢y are the respective
CMC's of the pure individual surfactants 12-4-12 MEA and C{,DMEAB. The
CMC* values for binary mixtures of 12-4-12 MEA and C4;DMEAB calculated
using equation 1, were plotted along with experimental CMC values as illustrated
in Figure 5.2(b). Good agreement between theoretically calculated and
experimentally obtained CMC values was observed particularly at higher mole
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fraction of dimeric surfactant in the present mixed surfactant systems, indicating

ideal mixing of the surfactants

Table 5.2 Effect of mole fraction of 12-4-12 MEA on the micellar parameters of
mixed surfactant systems 30 °C.

Mole fraction CMC cMmcC* Olave AG’,
of 12-4-12 (M) (M) KJ.mol™!

MEA
0.00 13.6+0.1x 10°  13.6+0.1x 10° 0.33 -18.1
0.25 10.7+0.1x10°  11.1+0.1x10°  0.29 27.9
0.50 5.6+0.1 x 10°® 5.6+0.1 x 10°® 0.28 -30.0
0.75 3.6+0.1 x 10° 3.7+0.1 x 10° 0.27 -31.4
1.00 2.8+0.1 x 10° 2.8+0.1 x 10° 0.26 -32.8
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70

Specific Cond.(micro mho.cm”’)

Conc. 10° (M)

Figure 5.2(a)  Plots of specific conductance (k) as a function of total surfactant
concentration, [S}et at 30 °C at various mole fractions of
12-4-12 MEA, 0.25 (0), 0.50 (A), 0.75 (0O), 1.00 (¢).

p

02 0.3 0.4 05 0.6 0.7 0.8 0.9 1
mole fraction of 12-4-12 MEA

Figure 5.2(b) Plots of CMC against mole fraction of 12-4-12 MEA surfactant in
binary mixture of 12-4-12MEA + C,,DMEAB at 30°C.
Experimental CMC (dotted line); theoretically calculated CMC*
(solid line)
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5.3.3 Foamability and Qil Solubilisation

Foamability and foam stability as a function of mole fraction of 124-12 MEA in a
mixed surfactant system was determined manually by the method reported by
Shah [27]. The results are given in Figure 5.3. Foamability was observed to
decrease and foam stability was observed to increase with mole fraction of
12-4-12 MEA in the mixed system.

Amount of methyl methacrylate solubilized in a binary micellar system 12-4-12
MEA and C1,DMEAB against mole fraction of 12-4-12 MEA is given in Figure 5.4.
The oil solubilisation capacity was observed to increase with increased fraction of
12-4-12 MEA in mixed micellar system. This can be attributed to the increased
hydrophobicity and increased size of micelie.

Shah and coworker [27,28] reported that the foamability, foam stability and oil
solubilization capacity of surfactant are the important properties which are related
to micellar stability. Figure 5.3 and 5.4 show, decrease in foamability and
increase in oil solubilization capacity with increase of mole fraction of 12-4-12
MEA in mixed surfactant system. This can be atiributed to the increased
hydrophobicity of mixed surfactant system.
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Mol fractionof 124-12 MEA
Figure 5.3 Foamability and foam stability as a function of mole fraction of
12-4-12 MEA for mixed surfactant system 12-4-12 MEA and
C1,DMEAB at 0.2M and 30 °C.

O Foamability, A Foam stability

140
135 3
130 A
125 A
120 -
115
110 A
105 -
100 4
95 -
80

Ammount of MMA (i)

T

0 0.2 0.4 0.6 0.8 1
Mole fraction of 12-4-12 MEA

Figure 5.4 Effect of mole fraction of 12-4-12 MEA in binary mixture
of C1,DMEAB and 12-4-12MEA on the solubilization of methyi
methacrylate at 0.2 M concentration and 30°C.
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5.3.4 Shape, Size and Aggregation Number

SANS is a well established powerful technique which provides information about
shape, size and microenvironment of surfactant aggregates [29, 30]. SANS study
of mixed micellar system containing various mole fractions of 12-4-12 MEA and
its monomeric counterpart C1,DMEAB at constant total surfactant concentration
of 0.2 M at 30°C, was done using SANS diffractometer. In SANS, a beam of
neutron is directed upon the sample under examination and the scattering
intensities of neutron in different directions were measured.

Data Analysis

The coherent differential scattering cross section (d2/dQ) for a unit volume of
solution of monodispersed mixed micelles is given by [32].

dZ/dQ = n Vim? ( pm - ps )2 P(Q) S(Q) )

where n denotes the number density of micelles, pm and ps are the scattering
length densities of micellar solution and solvent respectively and V, is the
volume of the mixed micelle. The aggregation number (N) of mixed micelles is
related to the micelle volume by the relation N = V/v, where v is volume of the
individual surfactant molecule. The volume of mixed micelles is calculated by
using equation 3.

Vm = N (X1Vameric + (1- X1) Vimonomer) A (3)

where Vgimeric and Vmonomer are the volumes of dimeric and its corresponding
monomeric surfactant respectively, which were calculated by using Tand-fold
formula. N = (Nmonomer + Naimeric), Where Nmonomer and Naimenc are the aggregation
numbers of monomeric and dimeric surfactants respectively in mixed micelles. x4
is mole fraction of dimeric surfactant in bulk. The volumes used for 12-4-12 MEA
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and C1.DMEAB are 1269 and 525 respectively. The scattering length density of
mixed micelle solution is obtained from equation 4.

Pm = (X1Pdimeric + (1= X1)Pmonomer) (4)

where pPameric aNd Pmonomenc are the scattering length densities due to dimeric and
monomeric surfactants respectively.

The P(Q) and S(Q) are respectively intra and inter particle structure factors.
The intra particle structure factor P(Q) depends on the shape and size of the
micelle. Expressions for P(Q) corresponding to different geometrical shapes are
reported [33]. In particular, P(Q) for an ellipsoidal micelles is given as.

P(Q) = [F(Qu) F* du ()

where F(Q, ) is a form factor and p is the cosine of the angle between the major
axis and wave vector Q. Form factor F(Q,u ) is calculated as

F(Q,u) = 3(sin w—w cos w)w® (6)

where w=Q[a%? +b? (1-p2)1"% a and b are respectively the semi minor
and semi major axis of the ellipsoidal micelle.

The inter particle structure factor S(Q) for ellipsoidal micelles is calculated using
mean spherical approximation as developed by Hayter and Penfold [33]. In
SANS data analysis aggregation number (N), fractional charge per head (o) and
semi minor axis (a) are taken as fitting parameters. The correlation between
calculated and experimental values of scattering intensities is judged by
calculating x? values, defined as

X = (1M =K) Z[ foat — lexp{E (lexp)}1 7)
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where M is number of points, k is number of fitting parameters, | is intensities,
and E is error in intensity measurements.

The SANS spectra of 12-4-12 MEA and C4,DMEAB mixed micellar systems
(Fig. 5.5) show well defined correlation peaks characteristics of dispersion of
charged particles. These peaks arise because of the corresponding interparticle
structure factor S(Q) at Qmax ~ 27/D, where D is the average distance between
the micelles. As mol fraction of 12-4-12 MEA in the mixed micellar system
increases, the peak position of maximum intensity (Qmax) shifts to lower Q,
concurrently with the increase in the maximum intensity (Fig.5.5), indicating the
change in number density and geometry of micelles. Experimental values of
SANS intensities were best matched with the values obtained by using prolate
ellipsoidal model.

The micellar parameters extracted from SANS measurement are given in
Table 5.3. A sharp increase in equivalent aggregation number (Ng =Nmonomer +
2Ngimeric, Where the dimeric surfactant is considered to be composed of two
monomeric parts) and axial ratio (b/a) of the micelles with increasing mole
fraction of 12-4-12 MEA in mixed systems indicate formation of more elongated
micelles. Whereas significant decrease in the fractional charge (o) with
increasing mol fraction of 12-4-12 MEA in mixed micelle indicates decreased
Coulombic repulsion between the charged heads and more tightly packed head
groups. Increase in semi minor axis, a (Table 5.3) with increase in mol fraction of
12-4-12 MEA, indicates more tightly packed hydrophobic chains inside the
micelle core. This can be attributed, to the increase in hydrophobic attractive
interaction between hydrophobic chains.
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Figure 5.5 SANS spectra from mixed surfactant system [12-4-12 MEA and
C12,DMEAB] as a function of mole fraction of 12-4-12 MEA at 0.2M
concentration and 30°C. Solid lines represent theoretical fits and
symbols experimentally determined values.

0.00 (e), 0.25 (¢), 0.50 (A), 0.75 (0), 1.00 (0)
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Average equilibrium distance

in aqueous solution two positively charged heads [-N(C,H;OH)(CHs)] of
surfactant units tend to maintain a critical distance to overcome the Coulombic
repulsion. We have estimated this equilibrium distance (d) from the SANS data,
assuming it to be equal to (4nae*/N)'2, where aer is (a%b)” and considering the
micelles to be ellipsoidal. The observed ‘d’ value for DTAB was ~ 8.32 A, which
is reasonably in good agreement with the value reported by Zana [11]. In the
same way, we calculated the equilibrium distance (d) between the charged
heads in mixed micellar systems which are given in Table 5.4. The equilibrium
distance ‘d’ in mixed micellar system decreases with increasing mol fraction of
dimeric surfactant affecting the packing curvature of micelle resulting in the
change in geometry of mixed micelles.

Table 5.4  Effective head group area (A) and equilibrium distance (d) between
charged heads within micelle of mixed surfactant soystem [12-4-12
MEA + C1;.DMEAB] at 0.2 M concentration and 30°C.

Mol fraction of Average distance between  Effective head group

12-4-12 MEA charged head groups area
d A
(A) (A%
0.00 8.67 75.17
0.25 8.55 73.10
0.50 7.99 63.84
0.75 7.50 56.25
1.00 7.21 51.98
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5.4 Conclusions

SANS provides quantitative information about the structural changes of
mixed micelles of 12-4-12 MEA and C1.DMEAB.

¢ Micelles of only Ci,.DMEAB are nearly spherical and shape becomes
increasingly more ellipsoidal with increase in mole fraction of 12-4-12 MEA
in mixed surfactant system.

e The average degree of micelle ionization decreases with increasing mole
fraction of 12-4-12 MEA in mixed micellar system.

The Kraft temperature of mixed surfactant system was observed to increase
when mole fraction of 12-4-12 MEA increased.

Foamability was observed to decrease and foam stability was observed to
increase with increase in mole fraction of 12-4-12 MEA indicating increase
in the stability of micelles.

Oil solubilization capacity was also observed to increase with increased

fraction of 12-4-12 MEA in mixed surfactant system.
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