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Chapter VI 

Effect of cetyltrimethylammonium bromide on the 
aggregation behaviour of Sodiumdodecylbenzene 
sulfonate 

6.1 Introduction and review of the previous work 

Molecular self-assembly provides a powerful tool for the creation of well

organized structures in the nanometre or micrometer length scale, such as micelles, 

vesicles, fibres, discs and tubes [1 - 6]. Conventional micelles are fluid aggregates of 

surfactants with shape and size, conb·olled by packing of individual surfactants. The 

main characteristics of such micelles are: (a) These micelles, especially the charged 

micelles, are stabilized by hydrophobic forces and head group repulsions (electrostatic 

and steric), (b) Each surfactant moves as in a fluid and the size and shape and 

aggregation numbers are decided by the packing parameter as mentioned above, (c) 

Length scales of these micelles are in 10-1000 A (d) The life times of these micelles are 

often in milliseconds. On dilution below critical micelle concentration the aggregates 

disappear in milliseconds. The realization that there could be micelles and aggregates 

of different type is recent [7- 8]. Surfactant solutions represent a well-documented 

class of self-assembled systems that can offer diverse organized structures [9 - 11 ]. 

Above the critical micelle concentration (erne), hydrophilic surfactants form small 

globular micellar aggregates and the solutions show Newtonian flow behaviour. 

Compared to single surfactant, the mixed surfactant exhibits superior interfacial 

properties such as higher surface activity and lower critical micelle concentration 

(erne). The mixtures of surfactants which have been studied include cationic/ anionic, 

non ionic/ non ionic, cationic/ non ionic, anionic/ non ionic, cationic/ cationic etc. 

Surfactant mixtures are commonly preferred in medicinal and pharmaceutical 

formulations and industrial preparations due to the purpose of suspension, 

solubilization and dispersion. Ionic surfactants can also self assembled to long thread

like or worm-like micelles in presence of certain organic ions e.g., sodium salicylate. 

Under certain conditions such as concentration, salinity, temperature, presence of 

counterions, etc., the globular micelles may undergo uniaxial growth and form very 
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long and highly flexible aggregates, referred to as "wormlike" or "threadlike" micelles 

[12 - 19]. Wormlike micelles [13] are long, self-assembled, semi-flexible, breakable 

polymer-like materials with surfactant heads on the outside and tails in the core. They 

display a striking range of dynamical properties, including anomalous relaxation, 

shear banding, and rheological chaos [20, 21]. Due to this reason, wormlike micelles 

have received considerable attention from theoretician and experimentalist during the 

past few decades. Earlier, an extensive study on the dynamics and rheological 

behaviour of wormlike micelles began in long-chain ionic surfactant systems in the 

presence of a salt [22-25]. Above a threshold concentration c*, wormlike micelles may 

entangle into a transient network, which displays remarkable viscoelastic properties. 

The rheological behaviour observed for wormlike micelles in the surfactant solution is 

similar to that for flexible polymers, and therefore, aqueous solutions of entangled 

wormlike micelles are often called "living polymer systems". The research of 

wormlike micelles has drawn considerable interest owing to their superior properties 

and wide applications as has been already mentioned [26-29]. Viscoelastic wormlike 

micelles or threadlike micelles have been observed in various surfactant systems, 

including mixtures of cationic and anionic surfactants [30-32], nonionic surfactants 

[32-34], zwitterionic surfactants [35-37] and ionic surfactants with different activities 

[38-43}. Hydrotopes were also found to promote the formation of viscoelastic 

wormlike micelles in ionic surfactant solutions, in which the surfactant interact 

strongly with hydrotrope due to electrostatic attraction and hydrophobic effect 

Salicylate, tosylate, chlorobenzoate, hydroxynaphthalenecarboxylates 

nitrobenzoate (all containing an aromatic group) were reported to induce wormlike 

micelle formation in a cationic surfactant solution. Unlike surfactant molecules, 

hydrotropes are a class of amphiphilic compounds that cannot form well-organized 

structures, such as micelles, but do increase the solubility of organic molecules in 

water by several orders of magnitude. The common structural characteristics of 

hydrotropes are the coexistence of an unsaturated hydrocarbon ring and an ionic 

group within one molecule. Strong synergistic effects are often observed when 

hydrotropes are added to aqueous surfactants or polymer solutions. In particular, 

various hierarchically self-assembled structures such as tubes, ribbons, vesicles and 

lamellar structures can be fabricated in mixtures of surfactants and hydrotropes. 

Mixtures of cationic and anionic surfactants show not only synergistic effect of 

the aggregation properties but also triggered micellar grow in one dimension to form 
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long worm-like micelles. A dramatic influence on the viscosity of wormlike micelles in 

aqueous solutions of CTAB was shown for trans-ortho-methoxycinnamic acid [44]. 

While some works in this field is available in the literature, report on the effect of the 

aggregation properties of SDBS and CTAB mixture is rare. In this chapter, the results 

of the study on their mixing behaviour, synergism, and one dimensional grow to 

worm-like micelles and rheological characteristics of this system are reported. 

Through this development it became clear that by mixing surfactants (hydrotropes) of 

opposite charges, cationic and anionic, but with varying chain lengths one can control 

the degree of precipitation of the surfactants to produce different supramolecular 

structures like vesicles and polymeric micelles [45]. The transition from one structure 

to anothex is also well known facts in xecent studies. A temperature-induced vesicle to 

micelle transition has been observed in the system of a new cationic surfactant 

cetyltrimethylarnmonium 3-hydroxy naphthalene 2-carboxylate [8]. Some researchers 

have also shown that the vesicle-to-micelle transition occurs in this system at 45"C and 

is induced by melting of vesicle surfaces using calorimetry and conductivity 

measurements. At melting the ions are released from surfaces, giving a jump in 

conductivity at this point and if there are trapped ions in vesicles they are also 

released [46]. The vesicle to micelle transition in different systems has been 

characterized by several techniques like rheology, light scattering, NMR, fluorescence, 

small angle neutron scattering (SANS), etc. Present study is divided in two major 

parts. In the first part, the synergistic effect of the mixing of cetyltrimethylammonium 

bromide (CTAB, a cationic surfactant) with SDBS (an anionic surfactant) is studied 

under Newtonian flow regime. In the second part, the formation of viscoelastic worm

like micelles is examined and the rheological behavior of the system is investigated 

under non Newtonian flow regime. 

6. 2. Theoretical models for analyzing mixing behaviour of surfactants 

Ideal and non-ideal mixture models under Newtonian flow regime. 

The process of assembling free surfactant monomers to generate aggregates is, 

of course, entropically unfavourable as the entropy of mixing surfactant and solvent 

molecules then decreases. This unfavourable change in entropy of mixing decreases 
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with increasing surfactant concentration, Csurf or, otherwise expressed, the chemical 

potential of free surfactant monomers increases with increasing Csurf and, when the 

chemical potential of the free monomers becomes equal to the corresponding quantity 

in the surfactant aggregates, the latter start to form. The surfactant concentration 

where aggregates start to appear is known as the erne; above this concentration 

aggregates and free surfactant monomers coexists. 

When two surfactants or a surfactant and cosurfactants are mixed, mixed 

aggregates are formed and the erne becomes a function of the surfactant concentration. 

For a mixture of two different surfactants, the erne has been observed to depend 

linearly on the composition of the micelles, i.e. 

(6.1) 

where x1 denotes the mole fraction of one of the surfactants in the aggregates, and 

cmc1 and cmc2 are the cmcs of pure surfactants 1 and 2 respectively. Surfactant 

systems for which the erne is seen to obey equation 6.1 are often referred to as ideal 

surfactant mixtures. The overall mole fraction of surfactant 1 at the erne equals 

Yt 
cmcT 

(6.2) 
( cmcT + cmcT) 

where cmcf' and cmcr the free monomer concentrations of surfactant 1 and 2 at 

cmc(x1 ) = cmcf' + cmc!f, since by definition, the amount of surfactant existing as free 

monomers is much larger than the amount of aggregated surfactant at erne. As a 

result, we can also write, 

1 = __!!___ + (1-yl) 

cmc (y1) cmc1 cmc2 
(6.3) 
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However, for a number of surfactant mixtures synergistic effects are important which 

means that the erne deviates appreciably from the behaviour predicted by above 

equation [47]. To account for these synergistic effects it is customary to write 

(6.4) 

where, in accordance with the theory of regular mixtures, activity factor functions are 

introduced by setting 

(6.5) 

and 

(6.6) 

In analogy with the treatment of regular mixtures, {J is mostly referred to as the 

interaction parameter, and its deviation from zero (and, consequently, the deviation of 

f 1 and f2 from unity) is commonly assumed to results from specific interactions 

between the surfactant head groups (discussed in further detail under results and 

discussion section). 

Formation of worm-like micelles and the study of viscoelastic characteristics 

under non-Newtonian flow regime is an interesting field, which have also been 

investigated and reported in the present thesis. Different theoretical models have also 

been proposed for micelle-vesicle transition mainly in lipid-detergent mixtures. These 

molecular approaches model was on the concept of curvature elasticity of thin films 

[48-50]. These models can take into account the basic characteristics of these 

transitions, in particular the presence of a two-phase region consisting of coexisting 
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vesicles and micelles. A similar model has also been proposed for vesicle to micelle 

transition in cationic anionic mixtures and the key concept is shown in the figure 

below [51-52]. Cationic and anionic surfactants, in view of their strong interaction in 

polar region, form dimers and higher n-mers even at low concentrations. 

(( 
); 

Figure 6.1: Strong coulomb interactions between the polar heads of cationic - anionic 
surfactants force them to form dimers, trirners, n-mers at interfaces of aggregates. 
Depending on the numbers, the bend elastic constant of the interface changes leading 
to formation of vesicles, worms, etc. 

At any given temperature, these are in thermal equilibrium. The relative 

concentrations these species decide whether the system forms worms, vesicles or 

crystals. The relative concentrations can be estimated from extensions of the concepts 

of Bjerrum transitions in two dimensions. Few of recent wide angle X- rays scattering 

studies have shown evidence to such melting of ion-pairs with temperature in cationic 

surfactant solutions [53]. 

5. 3 Experimental 

Conductivity measurements were carried out on a Mettler Toledo digital 

conductometer (Model no. MC226), using a dip cell (specific conductance 1413 S.cm-1). 

The experiments were performed at desired temperatures maintained within ± 0.5 K. 

Constant temperature was maintained by flowing water from the constant 

temperature water bath by an automatic motor to the double wall vessel containing 

the experimental solution. Surface tension was measured with a Kruss K9 tensiometer 

(Hamburg, Germany, accuracy ± 0.01 mN.m-1) using the platinum ring detachment 

method. The temperature was controlled adopting the same arrangement as 

mentioned above. The surface tension was determined with a single measurement 

method. All measurements were repeated until the difference between two values was 

less than 0.2 mNm-1. The rheological measurements were done using cone-plate 
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geometry with 40 truncation angle, with diameter 25 mm and 0.105 mm sample gap on 

a dynamic compact rheometer (Anton Paar, USA Model MCR 302), equipped with 

Peltier temperature control system. 

6.4. Preparation of solution of SDBS-CT AB mixed micelle system 

A volume of 10 m1 of water was taken in a beaker at room temperature (25°C) 

into which a stock solution of SDBS-CT AB mixed micelle system of desired 

concentration (4-6 times erne) at the fixed composition was stepwise added with a 

micropipette as required. At each step of addition (concentration varies with every 

addition, the conductivity/ surface tension was measured keeping the mole-fraction of 

SDBS and CTAB constant. 

6. 5 Results and discussion 

Micellar aggregates are also formed in an aqueous solution containing mixed 

surfactants. The erne values obtained from the conductivity and surface tensiometry 

measurements are rendered in table 6.1. The individual erne values of these two 

surfactants in pure water, measured by the above two techniques, are in 

with the literature data. 

Table 6. 
Experimental cmc values of SDBS-CT AB mixed micelle system at different mol 
fractions of SDBS and CT AB measured by conductometrically and surface 
tensiometrically. 

XsDBs XcTAB cmcconductancel CfflCsurface Tension 
mM LmM 

1.0 0.0 2.78 2.82 
0.8 0.2 1.49 1.40 
0.6 0.4 1.25 1.25 
0.4 0.6 1.15 1.10 
0.2 0.8 0.94 0.93 
0.0 1.0 0.90 0.90 
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The plots for determination of erne's (surface tension and conductometry) at different 

mole-fraction of CTAB and SDBS are shown in figure 6.2 to figure 6.13. 
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Figure 6.2: Surface 
concentration plot 
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Figure 6.4: Surface tension vs. 
concentration plot at XcrAB = 
0.6; XsnBs = 0.4. 
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Figure 6.3: Surface tension vs. 
concentration plot at XcrAB = 
0.4; XsDBS = 0.6. 
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Figure 6.5: Surface tension vs. 
concentration plot at XcTAB = 
0.8; XSDBS = 0.2. 
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Figure 6.6: Surface tension vs. 
concentration plot at Xcr AB = 1.0; Xsvss = 
0.0. 
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Figure 6.8: Conductance vs. 
concentration plot at XcTAB = 
0.2; XsvBs = 0.8. 

233 

2.5 \ CT AB-SDBS mind micdler system 

2.0 
u e 

1.5 

1.0 

0.5 ~~~----~--.-~ 
0.0 0.2 0.4 0.6 ll.8 Ul 

)(.CTAB 

Figure 6.7: CTAB - SOBS mixed 
micelle system at different mol fraction 
and variation of erne with mol fraction 
determined by surface tension method. 
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Figure 6.9: Conductance vs. 
concentration plot at XcrAB = 
0.4; XsDBs = 0.6. 
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Figure 6.10: Conductance vs. 
concentration plot at Xcr AB = 
0.6; XSDBS = 0.4. 
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Figure 6.12: Conductance vs. 
concentration plot at XcrAB = 
1.0; XsoBs = 0.0. 
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Here the erne's were determined for the mixed surfactant systems of various 

mole ratios at a particular tempera:h.ue. The break points in the surface tension vs. 

concentration or conductivity vs. concenh·ation plots were taken as erne. The values 

for CTAB and SOBS surfactants in pure water are in fair agreement with published 

data. Micellar aggregates are also formed in an aqueous solution containing SOBS and 

CTAB. But, the tendency of aggregation is different from that of the pure surfactants. 

Due to hydrophobic effect, the micellization process is a function of temperature, 

additive and solvent because the solvent property gets modified in the presence of an 

additive. However, the aggregation characteristic is found to be interesting because 

the erne is a function of mole fraction of each component of the surfactant mixture. 

general, the erne values were found to decrease with the increase in mole fraction of 

the CT A B suggesting less ionic repulsive forces and stronger hydrophobic 

(figure 6.9 and 6.15). results indicate that the added cationic surfactant (CTAB in 

this experiment) is assisting in the micelle formation of the anionic surfactants. 

type of variation is also found in presence of increasing mole fraction of hydrotropes 

[47]. 

Rewriting equation 6.3 for ideal conditions (with changed notations for CT AB 

and SDBS), which is also called Clint equation [1], we have equation 6.7. 

(6.7) 

Where, erne* is the erne of the mixed system, a1 and a2 are the stoichiometric mole 

fraction of components (CTAB, 1, and SOBS, 2) in binary mixtures are c;nic and Cf'-ic 

are the erne's of CTAB and SOBS respectively. The erne* values obtained from the 

above equation employing surface tension data are given in the table 6.2 for all the 

mixtures. 
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Table 6. 2. 
Mole fraction of different surfactants with cmc*. 
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The differences in the experimental values of the erne and erne* value shows 

the deviation from ideality. It is indeed interesting to note that the non-ideality of the 

CT AB and SDBS mixtures is not large. However, the charge neutralization between 

the head groups of the two components and the interaction of hydrophobic part of 

CTAB is the SDBS micelles improve the hydrophobic environment in the mixed state 

in comparison to the pure state. As a result, erne's of the mixture is lower compared to 

that of pure SDBS micelles. While strong non-ideality is usually expected for anionic f 

cationic mixtures where strong attractive columbic forces exist, the weak non-ideal 

behaviour shown by present mixture is indeed interesting. To analyse the synergistic 

effect of mixed surfactant, different methods are mentioned in literature to calculate 

interaction parameter. Among these methods, Rubingh' s regular solution model is 

often applied [54]. 

Interaction parameter 

Interaction parameters for mixed micelle system have been calculated by applying 

Rubingh's model [54]. According to this model, a 1, erne ( C[Fic) and x1 (mole fraction 

of component 1, i.e., CTAB) in mixed micelles are related according to the following 

equation. 

1 (6.8) 
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The values of X1 were obtained by solving above equation by successive 

approximation method. The micelle mole fraction in the ideal state (x1ideai) has been 

computed using 

(6.9) 

The miceHer molecular interaction parameter (J3) is given by the equation: 

(6.10) 

The 13 values may vary from negative to positive through zero. This demonstrates the 

extent of interaction between the two components which leads to the deviation from 

ideality. Various theoretical methods are available to interpret the formulation of 

mixed micelles. The final model given by Lange, and used by Clint, is based on the 

phase separation model and assumes ideal mixing of the surfactants in the miceller 

phase. Rubingh proposed a treatment based on 'regular solution theory' (RST) for non 

ideal mixed systems which have been extensively used. The reason for the non-ideal 

behaviour among surfactant molecules upon mixing are then various types of 

molecular interactions. These interactions (either synergistic or antagonistic) can be 

analysed by RST which allows the evaluation of micelle mole fraction (x1) and 

interaction parameter (!F'-). According to RST, the molecules of mixing components 

should be of comparable size, completely interchangeable, and the interaction energy 

could be expressed as seem of pair wise neighbour interactions. The value of J3 is 

proportional to the free energy of mixing, a negative J3 value means synergism in the 

system. Thus, a negative deviation from ideal behaviour, corresponding to negative f) 

values is believed to result from a net attraction between the two different surfactant 

molecules. It indicates that the attractive interactions between the two component 

molecules are stronger than the interaction among molecules of same components. 

Positive J3 values have been ascribed to antagonistic behaviour. It means that the 

repulsive forces between two mixing components are stronger than the repulsions 

among similar molecules. A pn value close to zero means the mixing is almost ideal 

[55]. 
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Table 6.3. 
The computed values of Xt and (3 parameters for the present mixture of SDBS and 
CT AB [Interaction Parameters of CT AB/SDBS System (1) CTAB = 1; SDBS = 2)] 

aCTAB «sDBS 
emc(et Cmc erne x1 erne f3 ft 6 
(mM) (ST) (avg) /mM 

(mM) (mM) 

0 1.0 2.78 2.82 2.80 2.80 

0.2 0.8 1.49 1.40 1.445 0.539 0.9 -2.45 0.175 0.4889 

0.4 0.6 1.25 1.25 1.25 0.569 0.9 -0.128 0.916 0.959 

0.6 0.4 1.15 1.10 1.125 0.749 0.9 +0.021 1.009 1.0119 

0.8 0.2 0.94 0.93 0.935 0.839 0.9 -0.364 0.897 0.773 

1.0 0.0 0.90 0.90 0.90 0.9 

a measured from conductivity data; b measured from surface tension data. 

anionic and cationic smfactant mixture, fJ values are usually found to be highly 

negative. This indicates very strong synergism [56-57]. Significant synergistic 

have been observed for mixtures of two ionic surfactants with identical head gmups 

but different hydrocarbon part [58-59]. It has also been argued that synergistic effects 

mostly are due to entropy contributions to the aggregation free energy rather than to 

specific interactions among the surfactant headgroups [55]. In the present system of 

CT AB and SOBS mixture, fJ values are also negative as found within the range of -2.45 

to -0.364 (table 6.3). Previous results revealed that the free energy of forming a 

surfactant aggregate can be written as a sum of several contributions [60,61]: (i) the 

reduction of contact area between hydrocarbon and water, (ii) conformational entropy 

due to packing restrictions of the hydrocarbon chains, (iii) electrostatics for a charged 

aggregate surface and its diffuse layer of counterions, (iv) additional contributions 

related to the head groups, and (v) entropy of mixing the two surfactants. 

Electrostatics yields a large contribution to the aggregate free energy for mixtures 

consisting of ionic surfactants. According to the Poisson-Boltzmann (mean field) 

description, this contributions mainly due to the entropically unfavourable 

organization of the counterions into a diffuse layer located outside the electrically 

charged surface of an aggregate, whereas the purely energetic effects usually are much 
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smaller for surfactants mixtures like CT AB and SDBS which explains comparatively 

lower interactions parameter. 

Rheology of viscoelastic worm-like micelles found in the system containing SOBS 

and CT AB in Water 

Behaviour of some surfactant mixtures under non-Newtonian flow regime 

Aqueous mixtures of anionic and cation surfactant have been found to show 

fundamentally different properties than the corresponding solutions of pure ionic 

surfactant or mixture of an ionic and a non-ionic surfactant. The spontaneous 

formation of rather small unilamellar vescicles has been particularly emphasized, 

although a number of other structures, such as small globular and large worm-like 

micelles as well as large lamellar sheets have also been observed [62-64]. 

The most conspicuous property is, however, the usually large reduction in erne 

when two oppositely charged surfactants are mixed in an aqueous solvent. Whereas 

mixtures of an ionic and a non-ionic surfactant normally yield deviation from ideal 

behaviour corresponding to -5 < !3 < -1, and synergistic effects in mixtures of two non

ionic surfactants are even less, experimentally obtained !3 values for mixtures of an 

ionic and a cationic surfactant are usually several magnitudes larger [65]. However, 

the synergistic effects are observed to increase with increasing length of the surfactant 

tail. Accordingly, f3 values for CnS04·Na+ / Cn TA +Br- (T A = trimethyl ammonium) 

mixtures have been found to be f3 =- 25.5 for n = 12, f3 = -18.5 (n = 10), and f3 =- 10.5 (n 

= 8) [66-67]. 

In analogy with the regular mixture theory, f3 is generally referred to as the 

interaction parameter and its deviation from zero has frequently been believed to be 

the result of specific interactions between the surfactant head groups so that it is 

different between surfactant 1 and 2 compared to between two identical head groups. 

According to this interpretation the conspicuously large magnitudes of f3 found for 

mixtures of most of the oppositely charged surfactants are due to very strong 

attractive interactions between the aggregated anionic and cationic head groups, and it 

has been suggested that such interactions may account for the micelle-to-vesicle 

transition frequently observed in aqueous cationic surfactant mixtures [52]. 
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On the other hand, present system of cationic and anionic surfactant mixtures 

of CT AB and SDBS neither exhibits very large deviation from ideality nor yield high j3 

values ((3 value in the present system lie between -0.364 to -2.45). This is indeed 

interesting. In all probabilities, the unique behaviour of this mixture stems from the 

very structure of SDBS molecule, where the alkyl chain is present not as linear long 

hydrocarbon tail but as the branched chain as shown in section 3.4.1 of this thesis. 

However, on account of wide industrial applications of SDBS surfactant in various 

fields, the behaviour of CTAB/SDBS mixture is studied in this work to further detail 

in non-Newtonian flow regime. Viscoelastic properties including dynamic rheology of 

the system at different temperature have been investigated to understand the 

microstructural pattern of the mixed micelles. The self-assembly of both CT AB and 

SDBS individually result in the formation of globular micelles near the respective erne 

values. Further, when these cationic and anionic surfactants are mixed together at low 

concentration, the mixture synergistically leads to the formation of globular micelles 

again under Newtonian flow regime, as has already been discussed. On the other 

hand, when the concentrations of the individual component of the mixtures are 

increased (e.g., CTAB = 100 mM and SDBS = 20 mM), a viscoelastic gel is formed and 

the flow becomes non-Newtonian in nature. The observed viscoelasticity is related to 

worm-like micelle (WLM) formation. The structures of WLM have fascinated scientists 

because they are similar to polymer chain in their ability to entangle into viscoelastic 

networks. At the same time, micellar chains are held by weak physical bonds unlike 

the covalent bonds in polymer; consequently, the chain can break and recombine, and 

their contour length is not fixed by chemical synthesis but by solution 

thermodynamics [13]. From a rheological standpoint, wormlike micellar samples are 

interesting because they can behave as Maxwell fluids (i.e., as model viscoelastic fluids 

having just a single relaxation time) [68]. 

Therefore, in general_ the experimental solutions exhibit three regions of 

rheological response. First, at low surfactant concentration, the solutions are 

Newtonian liquids with low viscosity and non-measurable elastic response. Second, 

with increasing surfactant concentration, they behave like polymer solutions in the 

semi-dilute regime, characterized by viscoelastic behaviour with a spectrum of 

relaxation times. Finally, with increase in the counter ion concentration, these 

materials enter a regime where their rheological response is similar to that of an 

entangled polymer or weak gel; however, unlike polymer systems, there relaxation 
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after shear is dominated by a single relaxation time. In the present chapter of the thesis 

rheology of viscoelastic worm-like micelles formed in the system of SOBS and CT AB 

mixtures have been studied. 

Rheology of worm-like micelles formed in SOBS and CT AB system 

Modelling techniques are used to quantify rheological parameters that can be 

obtained from oscillating shear results. Many authors have used simple Maxwell 

element to fit rheological data obtained from viscoelastic surfactant solutions [69-70]. 

A simple Maxwell element describes the rheological behaviour of a system as a single 

spring connected in series to a viscous element (dashpot). In shear experiments, this 

results in equations from G 1 and of the form 

(6.11) 

(6.12) 

Where G ' and G '' are elastic modulus and viscous modulus respectively, w is the 

frequency, GZ is the plateau modulus, and r is the relaxation time. In the time domain, 

this type of model has single exponential decay, withG(t) = cze-tfr. Maxwell 

elements are useful in determining GZ and r of systems dominated by a single 

relaxation time or in a limited portion of a materials frequency response range if the 

relaxation times are well separated. 

In our experiments, the rheological data are typical of viscoelastic wormlike 

micelles, with a plateauinG' at high frequencies and terminal behaviour of G' and G" 

at low frequencies [figure 6.14 to 6.23]. Moreover, the sample is nearly a Maxwell fluid 

over a short range of temperatures (303 K - 335 K). Plots are shown from temperature 

range 273 to 313 K. No cross over point is displayed beyond the temperature range of 

303 K - 313 K, except at 281 K. We find that the Maxwell model fits the data well, 

especially at low and intermediate frequencies, as has been shown for normal worm in 

the above temperature ranges. Turning to the effect of temperature on the rheological 

data, we have also found that as the temperature increases, the entire frequencies 

move or shorter time scales, but the plateau modulus GP remains constant which was 

also reported by several workers in other systems [69-71]. This shift in crossover 

frequency to higher values means that the relaxation time decreases with temperature. 
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It is sometimes difficult to determine how "good" a Maxwell model fits the 

data from plots of G' and G" versus w. Systems that have a spectrum of closely spaced 

relaxation times may appear to be fit by a single Maxwell's element. Cole - Cole or 

Nyquist plots (plots of G" as a function of G') provide a better picture of how well this 

data correspond to a single relaxation time Maxwell model. A Cole - Cole plot for a 

perfect Maxwell element is a semicircular, where as a plot for a system with many 

relaxation times in a narrow range is boxlike. The curve in the present system fits to 

good extent to a simple Maxwell model (figure 6.24- 6.26). The data points fit fairly 

well on a semicircle curve particularly at 303 K A single exponential relaxation can be 

effectively explained in case of worm like micelles. According to Cates, the possibility 

of breaking and recombination introduces new mechanism for stress relaxation for 

living polymers, in addition to the raptation process [72]. Mean filled model 

two characteristic times for this process, these are raptation time of an 

unbreakable chain and the average time before such a chain breaks into two pieces as a 

result of the reversible scission process. Several theories have been predicted 

depending on the relative ratio of the two characteristics time scales. From these 

theories, it may be concluded that when average time is very much greater than the 

reputation time, the micelles behave like ordinary polydisperse unbreakable polymers 

with exponential polydispersity and the stress relaxation function which are different 

from monodisperse polymers. When reputation time is greater than average time, 

chain breakage and recombination will both occur often for a typical chain, before it 

has disengaged from the tube by ordinary reputation. In this case, the reputation 

mechanism is short circuited and the new relaxation process will be monoexponential 

with a new time scale. This explains the observed single exponential behaviour of the 

system, because before a given tube segment relaxes, the chain occupying it typically 

undergoes many scission and recombination reactions, so that there is no memory of 

either the initial length of the chain or the position on the chain initially corresponding 

to the tube segment. The deviations from the half circle occur at a circular frequency (J) 

of the order of the inverse of the breaking time of the micelles. At higher frequencies 

the data deviate from the Maxwell modet which is typically the case when the 

systems can no longer be described by a single relaxation time. So, a Cole - Cole plot 

can easily visualize how well the data correspond to the Maxwell model. The large 

deviation from Cole - Cole plot with high angular viscosity is indicative that of a less 

structured system with poor viscoelastic behaviour. 
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Figure 6.29: Arrhenius Semi log plot ofT R vs 1/T for CTAB-SDBS ( 100 mM: 80 mM) 
system. 

Finally, the shift in cross over freequency m to higher values indicate that the 

relaxation time-r decreases with temperature (figure 6.22-6.24). The variation of -r with 

temperature is shown in figure 6.31 on Arrhenius plot (i.e., a semilog plot of the 

quantities vs. 1/T). We find that the -r values fall on a straight line, indicating an 

exponential decrease that can be represented by the following equation. 

EA 
1:= A exp (-) 

RT (6.13) 

Where EA is the flow activation energy, R is the gas constant, T is the absolute 

temperature and A is the pre exponential factor. The figure shows that for the present 

system containing CTAB and SOBS mixture, the EA value is 85.44 kJ/mol, which is 

comparable with represented values for other similar systems. 
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