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Self-Aggregation of a Cationic—Nonionic Surfactant Mixture in Aqueous Media: 
Tensiometric, Conductometric, Density, Light Scattering, Potentiometrie, and 
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Self-aggregation of tetradecyltrimethylammonium bromide (TTAB, [CH3(CH2)i3N+(CH3)3Br-]) and poly
oxyethylene 23 lauryl ether (Brij-35, [CH3 (CH2)u(OCH2CH2)230H]) binary surfactant mixture in aqueous 
medium was studied using tensiometric, conductometric, density, quasielastic light scattering, potentiometrie, 
and fluorometric measurements. The binary surfactant mixture was studied well above the Krafft temperature, 
which was evaluated by conductance measurements. Rubingh’s nonideal solution theory predicted nonideal 
mixing and attractive interaction between the constituent surfactants in the mixed micelle. Moreover, attractive 
interaction between the two surfactants in the mixed micelle is explained by assuming that water acts as a 
bridge between the hydrophilic polar groups of the surfactant molecules. The chain-chain interaction among 
the surfactant does not seem to be high in this case. The partial specific volume of pure as well as binary 
surfactant mixtures was also evaluated, and it was inferred that the mixed micelles are more hydrated compared 
to individual components: The excess Gibbs free energy of mixing was evaluated, and it indicated relatively 
more stable mixed micelles for this binary combination. Surface tension measurements indicate an existence 
of a second state of aggregation for the mixed surfactant system, which is supported by the break in 
conductance-concentration of surfactant profile. The Krafft temperature of TTAB decreases as the nonionic 
surfactant content increases in the mixed system. Quasielastic light scattering studies suggest an increase in 
the hydrodynamic radius of the micelle in the mixed surfactant system.

Introduction

Surfactant comprises a hydrophilic and a hydrophobic group. 
The different interactions of these two moieties with water is 
an important cause for surfactants to aggregate into micelles 
and other nanometer scale structures in aqueous solution.1 Due 
to widespread uses and application of surfactants as well as their 
micellar aggregates in chemical, biochemical, pharmaceutical, 
and industrial fields, detailed investigation on the fundamentals 
of aggregation of existing conventional and newer amphiphiles 
are in progress.2 The micelles composed of mixed surfactants 
occur in biological fluids and are very often used in industrial 
application, pharmaceutical. and medicinal formulation for the 
purpose of solubilization, suspension, dispersion, etc.3-4 Exten
sive reports exist in the literature on studies of different 
combination of mixed surfactant system viz. cationic—cationic,3 
nonionic—nonionic,5-6 anionic—cationic,7 anionic—nonionic8-9
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etc. Ionic—nonionic surfactant mixtures are important from 
fundamental as well as application point of view as they exhibit 
highly nonideal behavior on mixing and also their behavior can 
be complementary in the mixed micelle causing the cmc to 
decrease.10 Cationic surfactants are useful as antifungal, anti
bacterial, and antiseptic agents and have attracted recently more 
attention with reference to their interaction with DNA and 
lipids,11 whereas the nonionic surfactants are useful as deter
gents, solubilizers, and emulsifiers.6

To characterize the micelle formation of ionic—nonionic 
binary surfactant mixture, we are reporting a detailed investiga
tion of physicochemical properties of binary cationic-nonionic 
surfactant mixture (TTAB/Brij35). The physicochemical proper
ties were characterized by adopting tensiometry, conductometry, 
fluorometry, potentiometry, and quasielastic light scattering 
measurements. Moreover, we have also discussed the evidence 
of existence of second state of surfactant aggregation for the 
mixed surfactant combination by employing tensiometric and 
fluorometric techniques that have been fbrfher corroborated by 
conductance measurements in the absence of any additive.
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Experimental Section

Materials. Tetradecyltrimethylammonium bromide (TTAB, 
[CH3{CH2)i3N+(CH3)3 Br~], MW 336.4, Lancaster, U.K.) was 

recrystallized thrice from dry acetone. Polyoxyethylene 23 lauryl 
ether (Brij-35, [CH^C^^OCHaCHzksOH], MW 1199.8, E. 

Merck) was used as received. The surface tension (y) vs log C 
plot did not show any minimum. Cetyl pyridinium chloride 
(CPC) was purchased from Sigma and purified by repeated 
crystallization from acetone and used as quencher. Pyrene 
(Fluka) was recrystallized from cyclohexane. Sodium tetra- 
phenylborate (NaBFh4) (E. Merck, Germany) and Dioctyl 
phthalate (Plasticizer) (Suvidinath Laboratories) were used as 
received. Double distilled water having specific conductivity 

2-3 ftS cm-1, pH = 6.8 at 30 °C, was used throughout as die 
solvent for all measurements.

Methods

KrafTt Temperature (la) Measurement The Krafft tem
perature (Jk) of pure TTAB and binary TTAB/Brij 35 surfactant 
mixtures of different mole ratios has been determined by using 
electrical conductivity method.12-13 The aqueous solution of 
surfactant (total concentration 5 mM, i.e., well above the cmc) 
was prepared by wanning it at ~40 °C and was later placed in 
a refrigerator at ~5 °C for at least 24 h, where the precipitation 
of hydrated surfactant crystal occurred. The temperature of the 
precipitated system was then raised gradually under constant 

stirring, and the conductance (k) was measured using a 
Welltronix, digital conductivity meter CM 100, having cell 
constant 1.00 cm-1. 2k was considered as the temperature where 
the conductance vs temperature profile showed an abrupt change 
in slope, as indicated by the arrows in the curve presented in 
Figure 1. This temperature was the same as that required, to,, 
completely dissolve the hydrated solid surfactant, and this can 
also be judged visually to be the point of complete clarification 
of the surfactant system. The reproducibility of 2k measurements 
on a single sample was within ±0.1 °C.

Surface Tension Measurement The critical micelle con
centration (cmc) was determined by the surface tension (y) 
measurement using a duNouy ring tensiometer (S. C. Dey and 
Co. Kolkata) at 35 °C. The temperatures were maintained within 
±0.1 °C by constantly circulating theimostated water through 
a jacketed vessel containing the solution. The concentration of 
solution was varied by aliquot addition of a stock surfactant

solution of known concentration to a known volume of solvent 
in the vessel using a Hamilton microsyringe. For each set of 
experiments, the ring was cleaned by heating it in alcohol flame. 
The standard deviation of the mean in y was ±0,5%.9-14 The 

measured surface tension values were plotted as a function of 
the decadic logarithm of surfactant concentration. Representative 
plots of surface tension (y) vs log concentration of surfactant 

in solution (log Q are shown in Figure 2. The reproducibility 
of the cmc was checked by duplicate runs and the error in the 
cmc was found to be less than ±1.0% (standard deviation of 
the mean) calculated from the experimental cmc data of at least 
two runs. The surface tension was determined both at Baroda 
and Antigonish (Fischer Tensiomat equipped with a 13 mm 
diameter Pt—Ir ring) and there was an excellent match of the 
cmc values.

Electrochemical Measurements. Potentiometric measure
ments were carried out using a cationic surfactant selective 
electrode, which was prepared as follows.

Membranes were made from low molecular weight poly(vinyl 
chloride) (PVQ mixed with a large quantity of plasticizer. PVC 
(0.8 g) and dioctyl phthalate (DOP, 1.2 g) were mixed in 10 
mL of THF up to the complete dissolution of the PVC (solution 
A). DTABPh) was used to have BPhr ion as the mobile anionic 
site in the membrane for TTA+ detection, which was prepared 

by mixing equimolar aqueous solutions of two salts: dodecyl- 
trimethylammonium bromide (DTAB) and sodium tetiaphenyl- 
borate (NaBPlu). The solution obtained was extracted three 
times in dichloromethane. After evaporation of solvent, the 
precipitate was recrystallized twice from an ether—methanol 
mixture. The DTABPI14 so obtained was dissolved in THF to 
make a 10~2 mol L-1 solution (solution B). Three milliliters of 

solution A was mixed with 0.2 mL of solution B, and the clear 
solution was spread on a clean and clear-glass surface of a flat - 
dish, which lost THF by evaporation at room temperature, 
forming the membrane in the form of thin film. The membrane 
was removed and cut into small pieces and fixed on the open 
end of a narrow glass tube with PVC-THF paste as glue. The 
membrane was then conditioned with the reference solution 
(very dilute solution of TTAB or TTAB/Brij 35 surfactant 
mixture) prior to electrochemical measurements. Aliquot addi
tion of known concentration of surfactant solution to a fixed 
quantity of solvent (water) was done, and the corresponding 
emf values were recorded. Stable eraf values (mV ±1%) were 
recorded at regular interval of 3 min after each aliquot addition.

2 4 6 8 10 12 14 16 18 20 22

Temperature (°C)

Figure 1. Representative plots of conductance (C) vs temperature (°C) 
for TTAB/Brij 35 mixed surfactant system. The arrow indicates the 
Krafft temperature.
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Figure 2. Representative plots of surface tension (y) vs log C 
(concentration of surfactant, M) at 35 °C.
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Figure 5. Representative fluorescence emission spectrum of pyrene 
in TTAB/Brij 35 mixed surfactant system.

fluorescence quenching measurements. Pyrene was used as a 
probe and cetylpyridinium chloride as quencher. The fluores
cence emission spectra of pyrene monomers in the surfactant 
solution were determined with a FIuroMax-3 JY Horiba 
fluorometer at excitation wavelength 335 nm and emission 
wavelength 385 nm. Each spectrum had one to five vibronic 
peaks from shorter to longer wavelengths (Figure 5). Excitation 
and emission band-passes were 1 and 0.5 nm, respectively. All 
fluorescence measurements were carried out at room temperature 
(~25 °C). Each scan is at a different quencher concentration 
(Figure 5), the lowest concentration being zero and highest being 
0.8 x 10~3 M.

An aliquot of the stock solution of pyrene in ethanol was 
transferred into a flask and the solvent was evaporated with 
nitrogen. The surfactant solution (50 mM) was added and pyrene 
concentration was maintained constant at 10~6 M. The quencher 
concentration was varied from (0 to 0.8 x 10~3 M). The 
measured l\!h values were plotted as a function of the surfactant 
concentration and the break point was taken as the cmc (Figure 
6).

The micellar aggregation number (iVagg) was deduced from 
the equation,17-18

ln/= ln/fl ■ (JWQD
([S] - cmc)

(1)

where [Q] and [S] are the concentrations of quencher and total 
surfactant, respectively, /o and/are the fluorescence intensities 
in the absence and presence of quencher, respectively. .

Quasielastic light Scattering (QELS). QELS measurements 
were carried out for TTAB/Brij-35 mixed surfactant system 
(total concentration 25 mM) at five different scattering angles 
(50, 70, 90, 110, and 130°) using a Malvern 4800 photon 
correlation spectroscopy system. The instrument is equipped 
with a 2 W argon ion laser (A = 514.5 nm) with a vertically 
polarized light. All measurements were carried out at an output 
power of250 mW and at 25 ± 0.1 °C. The surfactant solutions 
were filtered through 0.2 pm Millipore Nylon filter directly into 
tiie sample cell, and the cells were sealed until use. The intensity 
correlation function was measured five times for each sample

S’

J.

iog»C(M)
Figure 3. Representative plot of emf (mV) vs log C (concentration of 
surfactant, M) at 35 °C.
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Figure 4. Representative plots of conductance (fiS) vs concentration 
of surfactant (M) at 35 °C.

The emf values thus obtained were plotted as a function of 
decadic logarithm of surfactant concentration and the break in 
the emf—log C profile was considered as the critical micelle 
concentration (cmc) of the surfactant (Figure 3). Total duration 
to complete one set of experiment was ~3 h. The reproducibility 
of the emf measurements and hence cmc determinations was 
crosschecked by carrying out duplicate runs, and the cmc values 
were reproducible within ±2%. The thermodynamic background 
of such electrode has been discussed in detail by Turmine et 
al.1Ss The potential response of this membrane electrode for pure 
TTAB was equal to 59 mV per decade, indicating a reasonably 
good Nemstian behavior. However, the slope decreased continu
ously as the nonionic surfactant content increased in the mixed 
surfactant system, the least value being 32 mV. However, 
recently Siriex-Plenet et al.lsb have stated that the notion of a 
Nemstian behavior for a membrane electrode has no sense.

Conductance Measurements, The conductance measure
ments were done on a Welltronix, digital conductivity meter 
CM 100. A dip type cell of cell constant 1.01 cm-1 was used. 
The conductance of different solutions, which were obtained 
on aliquot addition of a known concentrated surfactant solution 
to a given volume of the thermostated solvent, was measured.16 
Representative conductance (A) vs concentration of surfactant 
(mM) plots are shown in Figure 4.

Fluorescence Measurements. The critical micelle concentra
tion (cmc) and micellar aggregation number (Nagg) of single and 
mixed surfactant solutions were determined by steady-state
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Figure 6. Representative illustration of variation of /l/lj as a function 
of concentration of surfactant (mM) for TTAB/Brij 35 surfactant 
mixture at 25 °C.

Figure 7. Variation of Krafft temperature, 7i (°Q as a function of 
mole fraction of TTAB in TTAB/Brij 35 surfactant mixture.

at each angle. The average decay rate was obtained from the 
measured autocorrelation function using the method of cumu- 
lants employing a quadratic fit19 and the error in these repeated 
measurements was <5%.

Results and Discussion

Krafft Temperature (7k) of Pure Ionic and Binary 
Surfactant Mixture. The Krafft temperature can be defined as 
die melting point of hydrated surfactant. It is evident from Figure 
1 that, at low temperature, conductance increases slowly because 
the solubility of the ionic surfactant is quite limited. During a 
temperature transition stage, conductance increases sharply with 
increasing temperature, due to gradual dissolution of die 
surfactant until the Krafft temperature. After 7k, die conductance 
increases slowly due to the increase in ionic mobility with 
increasing temperature. The 7k of pure TTAB was found to be 
13.2 °C. The 7k of TTAB and the Brij 35 mixture decreases 
with die increasing ratio of nonionic monomeric surfactant, as 
die cmc of mixed micelle is lower than that of pure TTAB 
(Figure 7). The Ti of TTAB decreased as system heterogeneity 
increases due to addition of Brij-35. This is due to a decrease 
in unimeric concentration of the precipitating surfactant caused 
by formation of mixed micelles.20’21 As a result, the solution 
temperature must be lowered for precipitation to occur at 
equilibrium. As two surfactants are mixed above the cmc, 
dilution of the least-soluble surfactant, i.e., TTAB, in micelles 
occurs, resulting in a shift in equilibrium toward die micelle. 
Also, as the nonionic surfactant is added, the absolute electrical

Figure 8. Plot of rk“‘ against -In XB for TTAB/Brij 35 surfactant 
mixture.

potential on the micellar surface is reduced due to presence of 
the Brij 35 between the charged headgroups of the TTAB 
surfactant Because die liquid phase is the binary surfactant 
mixture, and the Krafft temperature is interpreted as the meldng 
temperature of die hydrated solid surfactant,22’23 it is found that 
the following relation holds well (Figure 8),

AH,0
-lnZ2” = -i^ + C (2)

where AHf is the enthalpy of fusion of hypothetical pure TTAB 
hydrated micelle.22-23 The calculated AHf is 137 kJ mol-1, Xf1 
is the mole fraction of TTAB in mixed micelles, and R is the 
gas constant.

Partial Specific Volumes. Partial specific volumes of pure 
and binary mixtures of TTAB with Brij35 were calculated 
employing the following equation24

where c is the concentration in g cm-3 and p and pw are the 
densities of the sample and the water, respectively. The density 
measurements were carried out with an Anton Parr DMA 5000 
density meter. The change in density as a function of concentra
tion of TTAB at different mole fraction in the binary surfactant 
mixture is illustrated in Figure 9. The measurement has an 
accuracy of 5 x 10“6 g cm-3 and calibrated with dry air and 
degassed distilled water at 25 °C. The temperature was 
controlled to ±0.001 °C.

The unhydrated radius (7?o) of the micelle or mixed micelles 
was estimated as follows

(a) The average molar mass (Mw) of the mixed micelles was 
obtained by employing the following equation,

Mw = Nm[XxM, + (1 - JT,) MJ (4)

where Aragg is the aggregation number of the mixed micelle, X\ 
is the mole fraction of TTAB in the mixed micelle obtained 
from Rubingh’s method, and M\ and M2 are molar masses of 
TTAB and Btij35, respectively.

(b) Employing the average molar mass of the micelle, the 
dry micellar volume, Vo, can be obtained by Ihe relationship23’26
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Figure 9. Variation of density (g cm-3) as a taction of concentration 
of surfactant (tnM) at different mole ratios for TTAB.

TABLE 1: Hydrodynamic Radius (%)> Translational 
Diffusion Coefficient (Do), Dry Micellar Radius (Ra), 
Hydration Factor (8), and Area (a„) for TTAB/Brij 35 
Mixed Surfactant System
a ttab 107Ai (cm2/s) J?h(mn) Jto(nm) 6 a„(A2)

0.0 6.70 0.34 3.66 ± 0.18 2.58 1.50 232
0.1 6.12 ± 0.31 4.00 ± 0.20 2.46 3.32 230
0.3 6.05 db 0.30 4.05 ± 0.20 2.38 3.73 222
0.5 5.59 db 0.28 4.38 ± 0.22 2.50 3.12 207
0.7 5.85 db 0.29 4.19 ± 0.21 2.42 3.49 204
0.9 6.70 ± 0.34 3.66 ± 0.18 2.54 1.62 180
1.0 8.95 0.45 2.74 ± 0.14 1.88 1.94 89

(c) The dry micellar radius (Rq) is then obtained assuming a 
spherical geometry for the micelle, i.e.

:V*o3 (6)

(d) The values so obtained were employed to estimate the 
hydration factor 6 from the hydrodynamic diameter (<4) 
(obtained from dynamic light scattaring studies) and the dry 
micellar diameter (do), using the following relationship27

<5
-K

i y/*m (7)

The value of 6 is expressed in grams of water associated with 
1 g of dry micellar surfactant or mixed micellar surfactant (Table 
1).

Partial specific volumes of the mixed micelle vary very 
slightly as a function of Ottab in the present study. The partial 
specific volume is a thermodynamic parameter sensitive to 
hydrophobic and hydrophilic interactions involving solute and 
solvent; therefore information obtained from partial specific 

..volume about, micellar hydration is thermodynamic and not, 
hydrodynamic in nature. It is apparent from our present study 
that tiie thermodynamic contributions to micellar hydration of 
the mixed micelles are very similar in nature.

Micellar hydration factor <5 was determined using the eq 7. 
It is assumed that the micellar hydration is the difference 
between the hydrodynamic and the dehydrated micellar volumes, 
and the values are listed in Table 1. The values of 6 are higher 
in the mixed micelles compared to the individual pure compo
nents. This result suggests that the mixed micelles are more 
hydrated. This is further substantiated by the higher values of 
hydrodynamic radius (Rh) compared to the dry micellar radius

CMC (giM)
Ottab fluorescence0 ST EMF conductance

0.0 0.085 ± 0.004 0.080 ± 0.001
0.1 0.080 ± 0.004 1.51 ±0.03(32.5)*
0.3 0.093 ±0.005 1.70 ± 0.03 (40.0) 4.50 ±0.09
0.4 0.100 ± 0.005 0.100 ± 0.001
0.5 0.117 ± 0.006 0.125 ± 0.001 1.82 ± 0.04 (41.7) 4.02 ± 0.08 
0.7 0.167 ± 0.008 2.82 ± 0.06 (44.4) 3.75 ±0.08
0.8 0.240 ± 0.012 0.250 ± 0.003
0.9 0.480 ± 0.024 0.500 ± 0.005 3.23 ± 0.07 (56.0) 3.80 ± 0.08 
1.0 3.60 ±0.18 3.70 ±0.04 3.70 ± 0.07 (59.0) 3.70 ±0.07

“ Fluorescence studies are at 25 °C. * Values in the parentheses are 
the slope of log C vs EMF.

(Ra). The decrease in radius of the dry micelle compared to 
that of dry pure Brij 35 micelle, can be attributed to a decrease 
in micellar hydration.

The micellar dehydration of the POE segments of the Brij 
35 can also be inferred from the surface area per headgroup ao. 
The values of ao presented in Table 1 were estimated from the 
dry radius and aggregation number by assuming spherical 
geometry. This parameter is considered to be important and 
plays a decisive role in the geometrical or packing properties 
of the micelles and controls the magnitude of steric repulsions 
between the heads.27 The surface area per headgroup in the 
mixed micelles decreases regularly with an increase in the TTAB 
mole fraction in the mixed systems. This suggests that the 
presence of TTAB in the mixed micelles promotes less hydration 
of the headgroups.

The incorporation of water in nonionic micelles can be via 
two different mechanisms: (a) the binding of water to the ether 
groups through hydrogen bonding thereby contributing to the 
hydration and (b) the osmotic flux and mechanical entrapment 
of water within the mesh of the hydrated POE chains in the 
outer shells of the micelles. In the presence of increasing TTAB 
mole fraction in the mixed micellar system one can assume the 
slight dehydration and contraction of the hydrophilic chains and 
an increase in the water content in the outer shells of the micelle. 
The second effect is reflected in the f?h and the first one in Ro- 
Charlton and Doherty28 observed similar effects for TX 100 
micelles in the presence of electrolytes.

Surface Properties of Surfactant Mixtures. The cmc values 
of single as well as binary surfactant mixture (TTAB/Brij35) 
by surface tension, conductance, potentiometrie, and fluores
cence measurements are presented in Table 2. The cmc values 
of binary combinations frill between the cmc values of the 
constituent surfactants, though the cmc variation with mole 
fraction of TTAB is not linear.

For pure TTAB, the surface tension, fluorescence, emf, and 
conductance gave the same value of cmc at 35 °C (Table 2). 
There was no second cmc in this case. In case of Brij 35, we 
could not do the conductance and emf measurements, but surface 
tension and fluorescence methods gave the same cmc values. 
For the 1:1 TTAB/Brij 35 system, surface tension and fluores
cence methods gave the same cmc values, but the cmc value 
obtained by conductance was much higher. However, the y — 
log C plot did show a dip around the same value, where 
conductance showed a break (cf. Figure 10a,b). This may be 
due to the second state of aggregation, which arises because of 
change of shape of a micelle which has also been observed by 
QELS measurements. However, by emf measurements, we got 
a much different value of the cmc for the 1:1 surfactant mixture.

toot ■ TABLE 2: Critical Micelle Concentration (mM) of TTAB/ 
Brij 35 Mixed Surfactant System at 35 °C by Different 
Methods

D
en

si
ty

 (g
 cm

"l



Figure 10. Plot of surface tension (y) vs In C, concentration in M, 
(A) for 1:1 and (B) for 8:2 TTAB/Brij 35 mixed surfactant systems at 
25 °C. Arrows 2 indicate the second cmc (Similar curves were also 
obtained at 35 °C).

For the 9:1 TTAB/Brij 35 system, surface tension and fluores
cence gave the same value of the cmc. The cmc values obtained 
by conductance and emf measurements did not tally. This 
indicates that, for pure ionic surfactants, all experimental 
methods are good enough for cmc determination, whereas emf 
and conductance methods are not sensitive enough to detect 
the break at vety low concentration, i.e., for cmc determination 
of the binaty TTAB/Brij 35 surfactant mixtures. We have also 
been able to obtain the so-called second cmc for 8:2 TTAB/ 
Brij-35 surfactant mixture. It is evident from Table 2 that surface 
tension and fluorescence measurements gave comparable results 
of cmc for mixed surfactant systems. However, conductance 
measurements gave a higher value of cmc and emf measure
ments resulted in cmc values intermediate to that obtained by 
conductance and surface tensionmeasurements. This suggests 
that different methods are sensitive to different forms of micellar 
aggregates. This can be rationalized in terms of the mass action 
model, according to which micellization is a stepwise process. 
Surface tension and fluorescence methods detect smaller micellar 
aggregates formed at lower concentrations. However, the 
conductance method is capable of detecting large micellar 
aggregates resulting due to sphere to rod transitions. The 
intermediate values of cmc obtained by emf measurements 
suggest that the ion selective electrode senses mixed micelles 
of intermediate sizes. This probably means that cmc determi
nation depends on the micelle size too, which is quite surprising.
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Overall, it can be inferred that surface tension and fluorescence 
methods give an accurate estimate of micelle formation and 
hence cmc. However, conductance measurements are compara
tively less accurate. Whereas emf measurements, seem not to 
be suitable for determination of cmc of mixed surfactant system.

It is evident from Figure 10 that, in addition to the normal 
break point in the y — log C plot, there is another break in the 
y — log C plot for 1:1 and 8:2 TTAB/Brij-35 mixtures. Different 
authors29-31 have reported two different states of aggregates for 
nonionic as well as cationic surfactants. But in this article, we 
have reported the evidence for existence of second state of 
aggregation of 1:1 and 8:2 TTAB/Brij 35 mixed surfactant 
systems. The first cmc corresponds to the normal spherical 
micellar aggregates formed by the association of surfactant 
monomers at a critical concentration, whereas the second state 
of aggregation represented by the second critical micelle 
concentration is due to structural transformations at surfactant 
concentrations well above the critical micelle concentration. 
Such micellar transitions for pure cationic surfactants have been 
reported by different techniques earlier;31 however, we have 
provided evidence for a second state of aggregation for a 
surfactant mixture, by the tensiometric technique, because the 
conductometric method is not very suitable for cmc determi
nation, when dealing with systems of nonionics with very low 
cmcs (i.e., Brij 35) with ionic surfactant (i.e., TTAB).

It was suggested by Bemheim-Groswasser et al.32 that, for a 
micellar solution of cationic dimeric (gemini) and nonionic 
surfactants,33 the first cmc is due to the globular micelles, 
whereas the second cmc is because of coexistence of globular 
micelles with longer (semi flexible) linear micelles; i.e., the 
second state of aggregation results due to sphere to rod 
transition. This has been suggested by other workers31,34,35 also 
to explain the second state of aggregation. However, we believe 
that for TTAB/Brij-35 mixed surfactant systems, in addition to 
sphere to rod transitions, an alternative mechanism is responsible 
for the second state of aggregation. The alternative phenomenon 
is the formation of two different kinds of micelles by the 
constituent surfactants. One kind of micelle is the mixed micelle 
involving both TTAB and Brij-35 in one single micelle, and 
the other micelle is formed by individual surfactant micelles 
(i.e., TTAB and Brij-35 micelles). The first break corresponds 
to the mixed micelle formed by TTAB and Brij-35 and the 
second break is due to the coexistence or separation of a mixed 
micelle into micelles of individual constituent surfactants.

Surfactant—Surfactant Interaction. The cmc values for the 
mixed surfactant system (Cn) can be calculated theoretically 
using Clint’s equation,36

1 a, 1 - dj
— = —+-------- (8)
c 12 ci c2

where the Cn, Ci, and C2 are the cmc values of the mixture, 
surfactant 1, and surfactant-2, respectively, cti is the mole 
fraction of surfactant 1 and 0.2 (i.e., 1 — di) is die mole fraction 
of surfactant 2, respectively, in solution. The cmc values 
obtained experimentally (cmceq,) are plotted as a function of 
mole fraction of TTAB in Figure 11, It is clear from Figure 11 
that cmcexp values are lower than C12 values. This indicates that 
there are interactions between the constituent surfactants in the 
mixed micelle that result in nonideal behavior. Hence, to 
investigate the nature of interaction between the constituent 
surfactants in the mixed micelle, we calculated the interaction 
parameter /S”* and B\, using Rubingh as well as Meada’s 
theory,37,38 respectively.
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0.0 0.085 0.000
0.1 0.080 0.105 -4.8 0.02 0.95
0.2 0.086 0.130 -4.4 0.04 0.93
0.3 0.093 0.153 -4.2 0.05 0.91
0.4 0.100 0.173 -4.0 0.06 0.89
0.5 0.117 0.198 -3.9 0.08 0.86
0.6 0.135 0.226 -3.9 0.10 0.82
0.7 0.167 0.253 -3.7 0.13 0.79
0.8 0.240 0.278 -3.2 0.19 0.78
0.9 0.480 0.312 -2.0 0.38 0.82
1.0 3.60 1.000

The values were calculated using the equations39

(A.fln^C^C,)

(1 ~Xi)2ln[(l - a,)C12/(l - A^CJ

lnCaiC^C,)
(1-X,)2

■ =1 (9)

(10)

where X\ is the mole fraction of surfactant 1 in the mixed 
surfactant micelle, C\, C2, and Cn are the molar concentrations 
in the solution phase of surfactant 1 and 2 and their mixture, 
respectively, and cti and 0.2 (i.e,, 1 — ai) are stoichiometric 
mole fractions of surfactants 1 and 2, respectively. In die case 
of micellar interactions, these are cmc values. The (8® values 
are presented in Table 3, and it is found that they are negative 
at all mole fractions of die mixed surfactant system, suggesting 
that the interaction between the two surfactants is more attractive 
in the mixed micelle than the self-interaction of two surfactants 
before mixing. Moreover, the values become less negative 
as die TTAB content in the mixed surfactant system increases. 
A similar behavior has been observed for the interaction 
parameter calculated using Maeda’s approach,38 which we 
discuss in. the latter part of this paragraph. The values 
obtained using Rubin gh’s method37 are useful in understanding 
the interaction between the two surfactants. If long-range 
electrical interactions are present in the system, /J™ explains them 
very well. However, Maeda38 and Ruiz et al.40 have reported 
that both chain/chain and headgroup/headgroup interactions may

3.6 —•—Experimental 
........Clint Equation

0.0 0.2 0.4 0.6 0.8 1.0

“ttab

Figure 11. Variation of critical micelle concentration (mM) vs mole 
fraction of TTAB (ten-AB) for the mixed surfactant system at 25 °C.

-33.2 36 ±2
-13.39 1.06 -33.3 -33.2 33 ±2
-13.39 0.61 -33.2 -33.2 —

-13.39 0.40 -33.0 -33.1 32 ±2
-13.39 0.22 -32.8 -33.0 —

-13.39 0.14 -32.4 -32.9 38 ±2
-13.39 0.10 -32.0 -32.7 —

-13.39 0.07 -31.5 -32.3 36 ±2
-13.39 0.57 -30.6 -31.6 —

-13.39 1.72 -28.9 -33.2 45 ±2
-23.9 50 ±3

operate in die mixed system. /?” values explain the headgroup/ 
headgroup interactions, but it does not encompass the chain/ 
chain interactions between the hydrocarbon segments of the 
constituent surfactant molecules, particularly when the chains 
are of dissimilar lengths. The lower cmc values of the mixed 
system can be due to the decrease in ionic headgroup repulsions 
caused by the presence of nonionic surfactant molecules between 
the TTAB headgroups. Maeda38 suggested another parameter 
Bu the chain—chain interaction parameter, that actually con
tributes to the stability of mixed micelle. The free energy of 
micellization (AGm) as a function of ionic component in the 
mixed micelle (Xj) is given by

AGm = RT(B0 + B1Xi + B2Xl2) (11)

where

B0 — In C2 (C2 is the cmc ofthenonionic surfactant) (12)

(C[ is the cmc of the ionic surfactant)

(13)

b2=-r (14)

All quantities in the above equations are expressed on a unitary 
scale. The calculated values of Bu B2, and AGm are reported in 
Table 3. It is evident that the AGm values calculated from the 
phase separation model (AGm = RT In Acme, Acme is cmc in 
mole fraction scale) and by Maeda’s method38 agree reasonably 
well (within ±5% for most of the mole ratios of the mixed 
system). This indicates that the fraction of counterion bound to 
the mixed micelle is probably negligible, because in that case 
die AGm values would have been much different This probably 
is why a break point in the conductance-concentration plot is 
not observed at the lower cmc obtained by the surface tension/ 
fluorescence methods. TheBi values are negative at lower mole 
fraction of TTAB in the mixed micelle and become positive at 
ottab > 0.6. The cationic surfactant has 14 carbons in its 
hydrocarbon chain, whereas the nonionic surfactant has 12 
carbons. Hence, according to Maeda,38 as the chain lengths are 
different, there should be chain-chain interactions helping in 
the stability of the micelle. The interactions may also be 
explained by the fact that some water molecules may be shared 
by different headgroups as well as by the hydrophobic chains; 
i.e., water molecules may behave as some type of bridge 
between the molecules just below the water-micelle interface, 
and thereby the attractive interaction will ensue as we suggested 
earlier.41 Mukeijee42 also suggested tire existence of an attractive 
interaction between hydrocarbon/fluorocarbon surfactants in the

B\ 4“ B2 — lnj

TABLE 3: Various Physicochemical Parameters for the TTAB/Brij 35 Mired Surfactant System by Fluorescence 
Measurements at 25 °C•

AGmic PS model AGmic Maeda
arrAB CMC (mM) Attab P" = —82 yi V2 Bo Bj (kl/mol) (J/mol) Nm
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Figure 13. Excess free energy of mixing (AGCX) as a function of mole 
fraction of TTAB for TTAB/Brij 33 mixed surfactant system at 25 °C.

mixed micelle by what is termed a “contact hydrophobic 
interaction”. Such a contact hydrophobic interaction also may 
be the reason for the attractive interaction in the present 
hydrocarbon/hydrocarbon surfactant system though the interac
tion may not be as strong as in the fluorocarbon/hydrocarbon 
system. However, the B\ values seem to be a function of 
composition of die system. The less negative values of /?“ and 
positive B\ values indicate that headgroup—headgroup repulsions 
are dominant at higher mole fractions of TTAB in the mixed 
micelle, ultimately delaying mixed micelle formation. Also, it 
is quite clear from Figure 12 as well as Table 3 that the 
experimental mole fraction values of TTAB in the mixed micelle 
are lower than that of stoichiometric mole fraction values. This 
suggests less transfer of TTAB from the solution to the micellar 
phase and more dominance of Brij 35 in the mixed micelle.43 
Thus the negative /?” values are a result of reduction of 
electrostatic self-repulsion between TTAB headgroups due to
the presence of Brij 35. ...........

Moreover, the excess free energy of mixing can be calculated 
from the activity coefficient (J) data as follows,

AGa = RT[Xl ln(/i) + (1 - XJ In(£)] (15)

where 1 and 2 are TTAB and Brij 35, respectively. The 
calculated A Gm values are all negative and are presented in 
Figure 13. The negative excess free energy of mixing values 
suggest relatively more stable mixed micelle.

Quasielastic Light Scattering (QELS). Figure 14 represents 
the average decay rates of electric field correlation functions

Self-Aggregation of a Cationic-Nonionic Surfactant Mixture

Figure 12. Plot of mole fraction of TTAB QCtub} fa the mixed micelle 
vs stoichiometric mole fraction of TTAB (o.ttab) for the mixed 
surfactant system at 25 °C.
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qW4)
Figure 14. Representative plots of average decay rate of intensity 
correlation function (T) as a function of q2 for TTAB/Brij 35 mixed 
surfactant system (total surfactant concentration, 25 mM) at 25 °C 
values fa the bracket are concentrations of Nad

(T) as a function of q2 for the 25 mM TTAB/Brij-35 mixed 
surfactant system, where q is the scattering vector given by

Ann sin(0/2)
(16)

where n, 6, and X are the refractive index of the solvent, 
scattering angle (50-130°), and wavelength of the laser in a 
vacuum, respectively. For TTAB as well as the TTAB/Brij-35 
mixture at all mole ratios, measurements were carried out in 
the presence of four different concentrations of NaCl. The 
diffusion coefficient (Do) values were obtained from the slope 
of the F vs q1 plot. The corresponding equation is F = Doq2. 
The diffusion coefficient (Z)o) for the TTAB and Brij-35 mixed 
surfactant system, were evaluated by plotting the diffusion 
coefficient as a function of concentration of NaCl and then 
extrapolating the same to zero salt concentration.

Translational diffusion coefficient values thus obtained (Table 
1) were used to calculate the dissociated hydrodynamic radius 
of the micelle by applying the Stokes—Einstein equation44

kBT
ft — ”h 6ntjoDQ (17)

where ka is tire Boltzmann constant, T is the absolute temper
ature, and t]o is the solvent viscosily. The hydrodynamic radius 
of micelle (i?h) values are plotted as a function of mole fraction 
of TTAB in Figure 15. It is evident from Figure 15 that the Rh 
values for mixed systems are higher than that of TTAB as well 
as Brij-35. This is because the headgroup—headgroup repulsions 
between the charged TTAB micelle are reduced due to the 
presence of Brij-35 in the mixed molecule. Hence micellar 
aggregation is facilitated and a mixed micelle having a higher., 
hydrodynamic radius compared to that of constituent surfactant 
is formed.

Conclusions

The self-aggregation behavior of binary TTAB/Brij 35, 
cationic—nonionic surfactant mixture in aqueous medium was 
studied by tensiometry, conductometry, density, quasielastic light 
scattering and fiuorometry. The tensiometric results surest the 
existence of a second state of aggregation for the mixed 
surfactant systems in 1:1 and 8:2 molar ratios, which is reflected 
by the conductometric cmc obtained from the break in the

8 6 
8

A
G

„ f
j m

ol
-1'

)



12812 J. Phys. Chem. B, VoL 108, No. 34, 2004 Shanna et al.
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I 3.6 
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3.3 

3.0 

2.7

Figure IS. Hydrodynamic radius of micelle (St) of micelle as a 
function of mole fraction ofTTAB forTTAB/Brij 35 mixed surfactant 
system at 25 °C,

conductance—concentration profile. The Krafft temperature of 
TTAB decreases as the nonionic surfactant content increases 
in tiie mixed system, which indicates that Brij 35 increases the 
solubility ofTTAB. Quasielastic light scattering studies suggest 
mixed micellar aggregates formed for this system have hydro- 
dynamic radii higher than those of the aggregates formed by a 
single surfactant. Rubingh and Maeda’s theory was applied for 
analysis of this mixed surfactant system, and both the approaches 
suggest attractive interactions between the constituent surfactants 
in the mixed micelle. Moreover, attractive interactions between 
the constituent surfactants in the mixed micelle have been 
explained on the basis of “contact hydrophobic interactions” 
as well as by the presence of a water bridge between the 
headgroups. The partial specific volume was measured by 
employing density measurements and the hydration factor (<S) 
values thus obtained are higher in the mixed micelles compared 
to the individual pure components, suggesting that the mixed 
micelles are more hydrated, which is further substantiated by 
the higher values of the hydrodynamic radius (Rs) compared to 
those of the dry micellar radius (i?o).
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Abstract
The interaction between die alkanediyl-a,co-type cationic gemini surfactant, [(CisH33N+(CH3)2(CH2)4N+(CH3)2Ci6H33)2Br-], 

16-4-16 and the conventional nonionie surfactant [CH3(CH2)ioCH2(OCH2CH2)60H], C^Eg in aqueous medium has been investigated. 
The critical micelle concentrations of different mixtures have been measured by surface tension using a du Nouy tensiometer in aqueous 
solution at different temperatures (303,308, and 313 K). Maximum surface excess (rmm) and minimum area per molecule (Amjn) were 
evaluated from a surface tension vs logio C (C is concentration) plot. The cmc value of the mixture was used to compute f)m, the inter
action parameter. The pa, the interaction parameter at the monolayer air-water interface, was also calculated. We observed synergism in 
16-4-16/Ci2Eg system at all concentration ratios. The micelle aggregation number (IVagg) has been measured using a steady state fluores
cence quenching method at a total surfactant concentration ~2 mM at 25 °C. The micropolarity and the binding constant (Ksv) of mixed 
systems were determined from the ratio of intensity of peaks (/1//3) of the pyrene fluorescence emission spectrum. The micellar interiors 
were found to be reasonably polar. We also found, using Maeda’s concept, that the chain-chain interactions are very important in this system. 
© 2003 Elsevier Inc. All rights reserved.

Keywords: Gemini surfactant; Nonionie surfactant; Mixed micellization; Synergism; Micelle aggregation number, /3-Parameter

1. Introduction

Gemini or dimeric surfactants, consisting of two hy
drophobic chains and two hydrophilic groups covalently at
tached through a spacer, are attracting considerable inter
est in both academic and industrial research. Since geminis 
were first synthesized and studied for their superior perfor
mance as catalysts in organic reactions [1], a considerable 
number of investigations on their unusual physicochemical 
properties, such as low cmc values (10 to 100 times lower 
than corresponding conventional surfactants) [2], greater ef
ficiency in decreasing the surface tension of water (C20 val
ues) [2,3], better wetting [4], unusual micellar structure [5],- 
better solubilizing power [6], low Kraft point [2,6-8], bet
ter viscoelasticity, gelification, and shear thickening [6] and 
enhanced properties for lowering the oil-water interfacial 
tension [7] have been reported. Cationic gemini dimeric sur
factants are also capable of various biological activity [9,10]

* Corresponding author.
E-mail address: rakshitak@indiatimes.com (A.K. Rakshit).

and have an effect on photosynthesis [10]. An arginine-based 
dimeric surfactant displayed a broad range of antimicrobial 
activity [11]. These dimeric surfactants are expected to be 
commercially used in the near future, probably as specialist 
surfactants [12] in the fields of soil remediation, enhanced 
oil recovery, drug entrapment and release, etc. [4]. These 
surfactants are currently extensively investigated for their 
possible use in formulations mixing them with ionic [13], 
nonionic [13-15], Zwitterionic [15], and sugar-based surfac
tants [16].

The micellization behavior of alkanediyl-a, eu-bisalkyl- 
dimethylammonium bromide type dimeric surfactants has 
been the most investigated [7,17-25]. They are often re
ferred to as m-s-m surfactants, where m and s are the 
numbers of carbon atoms of alkyl and alkanediyl groups, 
respectively [26]. Mixtures of surfactant solutions form 
mixed micellar aggregates that exhibit characteristic prop
erties superior to those of the individual components, and 
synergism can often be observed. In most practical applica
tion such as cosmetic products, mixing an ionic surfactant 
with another surfactant is common. An important mixed

0021-9797/$ - see front matter © 2003 Elsevier Etc. All rights reserved, 
doi: 10.1016/j .j cis.2003.07.038
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Fig. 1. Representative plots of surface tension vs logioC for (■) mixed 
16-4-16:Ci2E6 (5:5), (•) pure 16-4-16, (A) pure Ci2E6 at 30 °C.

stock solution of known concentration to the known volume 
of solution in the vessel using a Hamilton microsyringe. The 
ring was cleaned by heating it in alcohol flame. The mea
sured surface tension values were plotted as a function of 
logarithm of surfactant concentration and the critical micelle 
concentration (cmc) was estimated from the break point in 
the resulting curve [27]. Representative plots of surface ten
sion (y) vs logarithm of surfactant concentration (log10 C) 
are shown in Fig. 1. The reproducibility of the surface ten
sion (y) vs concentration curve ms checked by duplicate 
runs. The reproducibility (standard deviation of the mean) in 
the cmc was found to be ±0.1%, calculated from the exper
imental cmc data from at least two runs.

2,3. Fluorescence measurements

The micellar aggregation numbers (jVagg) of single and 
mixed surfactant solutions were determined by steady state 
fluorescence quenching measurements. Pyrene was used as 
a probe and cetylpyridinium chloride as a quencher. The 
fluorescent emission spectra of pyrene monomers in the sur
factant solution were determined with a fluorescent spec
trophotometer (Hitachi F-4010) at the excitation wavelength 
335 nm and emission wavelength 385 nm. Each spectrum 
had one to five vibronic peaks from shorter to longer wave
lengths (Fig. 2). All fluorescence measurements were carried 
out at room temperature (~25 ± 0.1 °C).

An aliquot of the stock solution of pyrene in ethanol 
was transferred into a flask and the solvent was evaporated 
with nitrogen. The surfactant solution (2 mM) was added 
and pyrene concentration was kept constant at 10~6 M. The 
quencher concentration was varied from 0 to 8 x 10~5 M.

The micellar aggregation number (IVagg) was deduced 
from the equation [28,29]

ln/ = ln/0-
(iy«gg[Q]) 

([S] — cmc) ’ (1)

where [Q] and [S] are the concentrations of quencher and 
total surfactant, respectively. Ib and / are the fluorescent in
tensities in the absence and presence of quencher, /o and I

system is that including cationic gemini surfactants with 
conventional nonionic surfactants. This paper aims to in
vestigate molecular interaction in the mixed micellization 
of the cationic gemini surfactant l,4-butanediyl-a,<w-bis- 
hexadecyldimethylammoniumbromide[(Ci6H33N+(CH3)2- 
(CH2)4N+(CH3)2Ci6H33)2Br-], referred to as 16-4-16, 
and the conventional ethoxylated nonionic surfactant CnE6, 
hexaoxyethylenen-dodecyl ether, [CH3(CH2)ioCH2(OCH2- 
CH2)60H]. The mixtures are characterized by their criti
cal micelle concentrations (cmc) at different temperatures 
(303,308, and 313 K) and the micelle aggregation number 
(iVagg) determined by the steady state fluorescence quench
ing technique at a total surfactant concentration of about 
2 mM at 25 °C. The surface excesses (rmax) and the min
imum area per molecule (Amin) were also evaluated from 
surface tension plots. The nature and strength of the inter
actions between the surfactant mixtures were obtained by 
calculating the values of their ft parameters. The interac
tion parameter for the mixed monolayer formation at the 
aqueous solution/air interface, pa was also calculated. We 
also obtained the micropolarity and binding constant for 
16-4-16/C12E6 mixed systems. We computed the chain- 
chain interaction in the mixed micelle as well.

2. Experimental

2.1. Materials

Hexaoxyethylene n-dodecyl ether, C12E6 [CH3(CH2)n- 
(OCH2CH2)60H, molar mass = 450.68, Lion corpora
tion, Tokyo, Japan] was used without further purification. 
Cationic dimeric (gemini) surfactant, 1,4-butanediyl-a, a): 
bishexadecyldimethylammonium bromide [(Ci6H33N+- 
(CH3)2(CH2)4N+(CH3)2Ci6H33)2Br], referred as 
16-4-16, was a gift sample from Professor S. Bhattacharya, 
USc, Banglore, India and used as obtained. The synthe
sis and purification of this surfactant have been described 
earlier by Bhattacharya et al. [20,21]. The surface tension 
vs concentration plot did not show any minimum, prov
ing the high purity of samples, which is also confirmed 
by *H NMR measurement. Cetylpyridinium chloride (Loba 
Chemi, Baroda, India) was recrystaflized twice from ben
zene. Pyrene (Fluka, Germany) was recrystallized from 
cyclohexane. Triple-distilled water having specific conduc
tivity 2-3 pS cm-1, pH 6.8 at 303 K was used throughout as 
the solvent forall measurements. - —

2.2. Surface tension measurements

The surface tension (y) was measured by the ring method 
using a du Nouy tensiometer (S.C. Dey & Co., Kolkata, 
India) at temperatures of303,308, and 313 K. The tempera
tures (±0.1 °C) were maintained by circulating thermostated 
water through a jacketed vessel containing the solution. The 
concentration of solution was varied by adding aliquots of
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% (nm)
Fig. 2. Representative fluorescence (emission) spectra of 10~5 M pyrene 
in aqueous micellar solution of 16—4—16:Ci2E6 (5:5) at different quencher 
concentrations (maximum intensity indicates no quencher and minimum 
intensity indicates maximum amount of quencher).

values can also be used to calculate the Stem-Volmer bind
ing constant, K&,, using the relation [30]

y = 1 + JSTsvlQ], (2)

where Ksv is a product of kq, the bimolecular quenching 
constant, and r, the lifetime of the fluorescent molecule. 
The ratio of intensity of the first (/j) and third (I3) vibronic 
peaks, i.e., /1//3, of the pyrene fluorescence emission spec
trum in the presence of surfactants is considered to be the 
index of micropolarity of the system; i.e., it gives an idea 
of the microenvironment in the micelle. A low value of this 
ratio (<1) is generally taken as the pyrene having nonpolar 
surroundings, whereas a higher value (> 1) is taken as the 
pyrene having polar surroundings [31].

3. Results and discussion

3.1. Surface properties of surfactant mixtures

The intramicellar interactions in the surfactant mixture 
are studied at the critical micelle concentration, where their 
effect on mixed micelle formation can be measured [32]. 
The critical micelle concentrations (cmc) of pure and mixed 
surfactant systems were determined from the break points 
of the surface tension vs concentration curves at different 
temperatures. Surface tension is a fast, convenient, and non
destructive means of determining cmc [33], The cmc data 
are presented in Table 1. The cmc values of pure CnEg at a 
given temperature are in good agreement with the reported

Tkble 1
Critical micelle concentration values fin: I6~4-l6:Ci2Eg mixed surfactant 
systems in aqueous medium at different temperatures

^16-4-16 Critical micelle concentration (jxM),,

303 K 308 K 313 K

0.0 71.0® 62.0 51.0
0.1 0X1 0.60 0.54
0.3 0.93 0.58 0.44
0.5 0.33 0.26 0.25
0.7 0.56 0.52 0.34
0.9 0.36 0.29 0.18
1.0 2.72 2.19 1.82

Refs. [34-36],

values in the literature [34-36]. However, the cmc values for 
16-4-16 that we determined are 10 times lower than the 
literature value determined by fluorescence technique [20] 
by Bhattachaiya et al. However, Zana et al. [37] recently 
mentioned that the fluorescence technique is not a good 
method for determining cmc—at least in the case of gem- 
ini surfactants—and suggested that surface tension is a more 
suitable method for cmc determination. Tsubone et al. [39] 
synthesized anionic gemini surfactants and also determined 
their cmcs in pM. The cmc values of conventional nonionic 
C12E6 as well as dimeric 16-4-16 were found to decrease 
with increased temperature. This phenomenon is generally 
seen for nonionic surfactants [38], With an increase in the 
temperature, the dehydration of hydrophilic groups of CnEg 
takes place, which results in an increase in hydrophobic in
teraction and consequently a cmc decrease. The decrease 
in the cmc for 16-4-16 with increasing temperature may 
be due to enhancement of the degree of ionization, which 
causes a modification of the magnitude of electrostatic re
pulsion, as well as due to destruction of water structures 
surrounding alkyl chains. The cmc values of 16-4-16/Ci2Eg 
mixed systems, as well as those of the pure surfactants, were 
evaluated by surface tension (y) measurement only. From 
Table 1, it can be seen that in fire mixed surfactant systems 
at any mole ratio the cmc value is lower than either pure 
16-4-16 or CnEg surfactant, indicating synergetic behav
ior (Fig. 1). The cmc values of mixed systems were found to 
decrease with increasing temperature. The decrease in cmc 
value indicates that these surfactant molecules in mixed sys
tem significantly alter the micellization process. The cmc 
values of dimeric surfactant are much smaller than those of 
the corresponding monomeric surfactant, because two alkyl 
chains at a time are transferred from water to the micelle 
pseudophase.

The surface excess (/]nax (mol cm-2)) is an effective 
measure of the adsorption at the air/water interface. The con
centration of the surfactant is always more at the surface 
than that in the bulk. The surface excess (fU*) and min
imum area per molecule (Amin) values were calculated by 
the Gibbs adsorption equation [40],

(3)
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Table 2
Surface excess concentration (/max) and minimum area per molecule (An^i) of 16-4~16:Ci2Eg mixed surfactant systems in aqueous medium at different 
temperatures

#16-4-16 F x 1010 (mol cm-2) Amm (nm2)

303 K 308 K 313 K 303 K 308 K 313 K

0.0 2.48 2.71 2.86 0.67 0.61 0.58
0.1 0.50 1.19 0.68 3.31 1.39 2.43
0.3 0.69 1.44 0.91 2.40 1.15 1.82
0.5 1.79 0.79 0.32 0.93 2.09 5.18
0.7 1.05 1.03 1.02 1.58 1.61 1.62
0.9 1.90 0.83 1.25 0.87 1.99 1.33
1.0 1.36 0.86 1.25 1.22 1.93 1.33

Table 3
Interaction parameter values for 16-4-16:C]2E£ mixed surfactant systems in aqueous medium at surface tension 55 dyn/cm (fia) and at cmc (fim)

# 1^4-16 r pm

303 K 308 K 313 K 303 K 308 K 313 K

0.1 —18.1(0.46)® -12.8(0.46) -9.2(0.47) -13.3(0.53). -13.9(0.54) -13.5(0.54)
0.3 -16.6(0.49) -10.6(0.51) -13.0(0.51) -10.7(0.59) -11.9(0.59) -12.3(0.59)
0.5 -19.3(0.51) -14.1(0.53) -18.8(0.53) -14.3(0.60) -14.5(0.60) -13.7(0.60)
0.7 -13.1(0.55) -10.9(0.57) —11,8(0.57) -11.5(0.65) -11.4(0.65) -12.5(0.64)
0.9 -12.4(0.59) -17.5(0.58) -8.4(0.67) -14.9(0.66) -13.0(0.60) -12.4(0.60)

8 In the parenthesis the value of X (ionic) is given.

, 1014 Amin (MU ) = Tff.— 
*V i max

(4)

where dy/dlnC is the maximum slope in each case and R, 
T, C, and N are the gas constant, absolute temperature, con
centration, and Avogadro number, respectively. The slope 
of the tangent at the given concentration of the y vs logC 
plot has been used to calculate f by using curve fitting to a 
polynomial equation of the form y = ax2 + bx + c in Mi
crosoft Excel. The R2 (regression coefficient) value of the 
fit lies between 0.9652 and 0.9997. The value of n for the 
Gibbs equation is die number of species whose concentra
tion at the interface varies with the surfactant bulk phase 
concentration and was taken as 3 [7]. From Table 2 it was 
found that the surface excess concentration of 16-4-16 is 
less than that of pure C12E6, which was expected. The mini
mum area per molecule of pure 16-4-16 is higher than pure 
nonionic C12E6, as the 16-4-16 is bigger in molecular size. 
By small angle neutron scattering (SANS) studies it was 
found that die volume of 16-m-16 (m = 0-12) type surfac
tant is >1000 A3 [20]. So it is obvious that 16-4-16 has a 
higher minimum area per molecule than the nonionic. The 
minimum area per molecule is higher in mixed surfactant 

- systems than for either of die pure surfactants, except in a 
few cases (Thble 2). The magnitude of Amin is low, suggest
ing that die air/water interface is close-packed and therefore 
the orientation of the surfactant molecule at die interface is 
almost petpendicular to the interface.

3.2. Surfactant-surfactant interaction

The nature and the strength of die interaction between 
two surfactant molecules in the mixed micelle were deter

mined by calculating the values of their fi parameter by 
Rubingh’s approach [41]. This can be generally obtained 
from the surface tension (y Concentration plots of aque
ous solution of the individual surfactant and their mixtures. 
The interaction parameter for the mixed monolayer at die 
air/water interface as well as in the mixed micelle (fta or 
fim) was calculated by [38]

(Xx)WmCnlXiCi)
(l-Xi)ln[(l-ai)Ci2/(l-Xi)C2] ’ ()

ln(ttiCn/X\Ci)
(1-Xtf’ <6)

where X\ is the mole fraction of surfactant 1 in the total 
mixed surfactant at monolayer or micelle and Ci, C2, and 
C12 are the molar concentrations in the solution phases of 
surfactant 1 and 2 and their mixture, respectively. In case 
of micellar interaction these are cmc values, a is the mole 
fraction of surfactant 1. The fi values are pa or Pm for 
monolayer or micelle, respectively. Equation (5) is solved 
iteratively for Xu which is then substituted into Eq. (6) to 
calculate fi. The fia or values for these mixed system are 
listed in Table 3. As seen from the tabulated data both or 
fim values are negative, showing attractive interaction (syn
ergism) between these surfactant molecules. The fia values 
change with overall surface tension and hence they were 
computed at particular surface tension values of the solu
tion (55 dyn cm-1). The existence of synergism in mixtures 
containing two surfactants has been shown to depend not 
only on the strength of interaction between them but also 
on the relevant properties of die individual surfactant com
ponents of the mixtures [42]. The nonionic surfactants of the 
polyethylene oxide) class have a large number of oxygen
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atoms with unpaired electrons. These will have a tendency to 
react coulombically with the cationic gemini surfactant. The 
activity coefficients were calculated using the relation [38]

ln(/i) = r<l-Xi)2, (7)
ta(/2) = r(Xi)2, (8)

where Xi is the mole fraction of surfactant 1 in the micelle 
and fi and fz are the activity coefficients of surfactants 1 
and 2, respectively, in the mixed micelle. The activity coeffi
cient values (/i and fz) of 16-4-16/C12E6 mixed surfactant 
systems in aqueous medium at different temperatures were 
computed and activity coefficients for nonionic surfactant 
{fz) were found to be very low, whereas /1 values were 
reasonably high, though both were much less than unity, 
indicating nonideal behavior and attractive interaction be
tween the surfactants in the micelle (data are not given). The 
activity coefficient values of 16-4-16 are high in both the 
mixed systems and fz values of C^Eg are low, indicating 
negative deviation from ideality and an attractive interaction. 
It is also interesting to note that the X values in the mixed 
micelles and in mixed monolayers are almost (though not 
exactly) the same, with a slightly higher value in the micel
lar state. The temperature does not seem to have any effect 
on the composition of either the micelle or the surfactants at 
the air-water interface. The pm values so obtained are useful 
in understanding the interaction between the two surfactants. 
If long-range electrical interaction is present in the system, 
it has been found that explains that interaction very well.
However, Maeda [43] and Ruiz et al. [44] have stated that 
both chain-chain and head group-head group interactions 
are present in a mixed system. According to Maeda, the f)m 
value obtained by the use of regular solution theory encom
passes the head group-head group interaction but not die 
hydrocarbon chain-chain interactions, particularly when the 
chains are of dissimilar lengths. Maeda [43] explained that 
a mixed ionic-nonionic surfactant system often has a cmc 
much lower than the cmcs of the pure components. This can 
be attributed to the decrease in the ionic head group repul
sion caused by die presence of nonionic surfactant molecules 
between the head groups. The author suggested that besides 
the regular solution interaction parameter, there could be 
another parameter (Bi) that actually contributes to the sta
bility of the mixed micelle. The free energy of micellization 
(A Gm) as a function of ionic component in the mixed mi
celle (Xz) is given by

AGm~RT(Bo + BlX2 + BzX%), (9)

where

Bo = hi Ci (Ci is die cmc of die nonionic surfactant),

(10)

s'+fe"Kt)
(Cz is die cmc of die ionic surfactant), (11)

B2 = -Pm. (12)

Table 4
B0, ®i, and Bz values for l6-4-16:Ci2Eg mixed surfactant systems

16-4-16 Bo (avg) Bi Bz

0.9 -13.7 -18.2 14.9
0.7 -14.8 11.5
0.5 -17.6 14.3
0.3 —14.0 10.7
0.1 -16.6 13.3

All quantities in the above equations are expressed on a uni
tary scale. The calculated results of B\ and Bz are given in 
Table 4. Hence A Gm can be calculated. It is interesting to 
note that the A Gm values calculated from the phase sep
aration model (AGm = RT ln(cmc), cmc in mole fraction 
scale) and by Maeda’s method agree reasonably well (within 
±3%). This indicates that the degree of counterion binding 
of the mixed micelles is probably negligible. The Bi val
ues are highly negative in the present case, indicating that 
the chain-chain interaction plays a major role in the stability 
of the mixed micelle. The gemini surfactant has two chains 
of 16 carbons, whereas nonionics have only one of 12 car
bons. Hence, according to Maeda, as the chain lengths are 
very different, there should be chain-chain interaction help
ing to stabilize the micelle. However, the Bi values seem to 
be a function of the composition of a system as well the head 
groups.

3.3. Micellar aggregation numbers (N«ee) in cationic 
gemmi/nonionic surfactant mixtures

The fluorescence method is a convenient method for de
termining the micelle aggregation numbers (Aagg) [44]. We 
determined Nags by the steady state fluorescence quenching 
method at different mole ratios of the binary I6-4-I6/C12E6 
mixtures. The Nags of pure and mixed surfactants are pre
sented in Fig. 3. It is evident that the Aagg values of the 
mixed surfactant system are larger than 16-4-16 but lower 
than CnEg single surfactant at all mole ratios. Such behav-

Fig. 3. Variation of be aggregation number (Wagg) for 16-4-16:Ci2Eg with 
the mole fraction of ionic surfactant in mixed surfactant systems. The solid 
lines are guides for the eyes.
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ior was expected. However, by SANS studies [20], it was 
not possible to obtain the aggregation number of 16-4-16 
getnini surfactant. The decrease of Na&g is obviously asso
ciated with the increased average repulsive interaction be
tween head groups with increasing 16-4-16, as nonionic 
surfactant molecules are progressively replaced by cationic 
dimeric surfactants. As a consequence, the average optimal 
surface area per hydrophilic group increases. The small
est aggregation number corresponds to the highest surface 
charge density, i.e., pure cationic gemini 16-4-16 surfactant. 
The size of the mixed micelles in the solution is mainly de
termined by the repulsions between head groups due to steric 
origin for oxyethylene head groups and of electrostatic ori
gin for quaternary ammonium head groups and also by the 
packing parameters of the surfactants making up the mix
ture.

3.4. Microenvironment

The ratio of intensity of first (h) and third (I3) vibronic 
peaks, I1//3, in a monomeric pyrene fluorescence emission 
spectrum is known to be sensitive to local polarity around 
the probe [31]. Figure 2 represents an illustration of intensity 
against wavelength (emission) to yield I1/I3. The h !h val
ues (> 1) suggest a polar environment around pyrene, h/I3 
and Ksy (Eq. (2)) are presented in Table 5. Ksv is the ratio of 
the bimolecular quenching constant to the unimolecuiar de
cay constant. Also, is the product of kq, the rate constant
of the quenching process, and r, the actual lifetime of the 
probe in the absence of bimolecular quenching [30]. Thus 
from the values of Ksy, we can assume that quenching is ef
ficient; also, the lifetime of pyrene in C12E6 in most mole 
ratios of the mixed micelle is higher if we assume that kq for 
systems are of similar magnitude.

The apparent dielectric constant (£>) of the medium (in 
this case the pyrene environment inside the micelle) can be 
estimated [43] by employing the relation

J1//3 = 1.00461 + 0.01253/3. (13)

In our present study we have computed the apparent di
electric constant of the pure micelles as well as the mixed 
micelles from the experimental J1//3 date. For pure C12E6 
the apparent dielectric constants were found to be 13.20,

whereas that of C12E8 was 16.0 [43]. The observed re
sults are reasonable, as the more oxyethylene groups in 
the system, the higher the dielectric constant. According to 
Turro [45], the dielectric constant inside the mixed micelle 
can be computed from the relation

Dl2 = J2XiDl- (I4)

In Table 5 the experimentally determined and calculated ap
parent dielectric constants are presented for the astern. It 
is obvious that the experimental values are somewhat differ
ent from the calculated values. However, we believe that this 
difference is expected because the surfactants are having at
tractive interactions inside the micelle.

4. Conclusions

The interfacial and micellar behavior in a mixture of 
cationic dimeric and nonionic surfactant systems were stud
ied. We observed that, in general, the attractive interaction in 
the mixed micelle is lower than that in the mixed monolayer 
at the air/water interface. However, the values are negative, 
which indicates that the surfactants interact reasonably well 
in both micellar and monolayer states. The cmc value in 
mixed surfactant systems at any mole ratio is less than those 
of either pure 16-4-16 or CnEg, which indicates synergistic 
behavior. Aggregation number values of the mixed surfac
tant system are larger than for 16-4-16 but lower than for 
CnEs single surfactant at all mole ratios. The micropolarity 
of file mixed system is almost the same but the binding con
stant decreases with increasing mole fraction of 16-4-16. 
The chain-chain interactions seem to be very important for 
the stability of mixed micelles.

Acknowledgments

Financial support from the Inter University Consortium- 
DAEF [IUC/CRS/M-70/2000/346], BARC, Mumbai, India 
is gratefully acknowledged. Professor S. Bhattacharya, IISc, 
Bangalore, India, is acknowledged for providing 16-4-16 
surfactant as a gift. Dr. T. Mukhegee, Head, Radiation and 
Chemical Dynamics Division, BARC, Mumbai deserves our

Tkble 5
Micropolarity (h/h) binding constant (Ksv) and apparent dielectric constant (Z>) for 16-4-16:Ci2Eg mixed surfactant systems

#16-4-16 ' X at micelle' h/h Kmr (x 10s) Expt £>» Calc. Db

1.0 - 1.46 0.73 36.3 36.4
0.9 0.66 1.43 1.12 34.0 28.5
0.7 0.65 1.40 1.71 , 31.6 28.2
0.5 0.60 1.39 2.26 30.8 27.1
0.3 0.59 1.35 3.56 27.6 26.9
0.1 0.53 1.26 6.85 20.4 25.5
0.0 - 1.17 9.69 13.2 13.2

a Calculated from Eq. (13). 
b Calculated from Eq. (14).



488 K.S. Skarma el aL /Journal of Colloid and Interface Science 268 (2003) 482-488

grateful thanks for fluorescence measurements. Lion Cor
poration, Tokyo is also thanked for the gift of the nonionic 
surfactant.

References

[1] C.A. Bunton, L. Robinson, J. Schaqk, M.F. Siam, J. Org. Chem. 36 
(1971)2364.

[2] M.J. Rosen, Chem. Technol. 30 (1993), and references therein.
[3] F.M. Menger, C.A. Littau, Langmuir 115 (1993) 10083.
[4] R. Zana, in: K. Esumi, M. Uneno (Eds.), Structure-Performance Rela

tionship in Surfactants, Dekker, New York, 1997, Chap. 6, p. 255, and 
references therein.

[5] R. Zana, Y. TUrnon, Nature 362 (1993) 228.
[6] F. Devinsky, L. Lacko, T. Iman, 3. Colloid Interface Sri, 143 (1991) 

336.
[7] G. Bai, J. Wang, H. Yan, Z. Li, R.K. Thomas, J. Phys. Chem. 105 

(2001)3105.
[8] Y.P. Zhu, A. Masuyama, A. Kirito, M. Okahaia, M.J. Rosen, J. Am. 

Oil Chem. Soc. 69 (1992) 626.
[9] F. Devinsky, I. Lacko, D. Malybarcik, V. Racanshy, L. Krasnee, Ten- 

side Surf. Deterg. 22 (1985) 10.
[10] L. Perez, J.L. Torres, A. Manresa, C. Solansc, M.R. Infante, Lang

muir 12 (1996) 5296.
[11] K. Kratova, F. Semen, Tenside Surf. Deterg. 31 (1994) 192.
[12] F. Keren, F. Lequeuv, R. Zana, S. Candau, Langmuir 10 (1994) 1714.
[13] R.G. Alargava, LL Kocbijashky, M.L. Sierra, K. Kwetkat, R. Zana, 

J. Colloid Interface Sci. 235 (2001) 119.
[14] R. Zana, H. Levy, K. Kwetkat, J. Colloid Inter&ce Sci. 197 (1998) 

370.
[15] M.J. Rosen, T. Gao, Y. Nakatsuji, A. Masuyama, Colloids Surf. A 88 

(1994) 1.
[16] Li. Fang, M.J. Rosen, S.B. Sultbana, Langmuir 17 (2001) 1037.
[17] E. Alami, H. Levy, R. Zana, A. Skoulions, Langmuir 9 (1993) 940.
[18] M. Frindi, B. Michels, R. Zana, Langmuir 10 (1994) 1140.
[19] D. Danino, Y. lhlmon, R. Zana, Langmuir 11 (1995) 1448.
[20] S. De, V.K. Aswal P.S. Goyal, S. Bhattacharya, J. Phys. Chem. B 100 

(1996) 11664.

[21] S. De, V.K. Aswal P.S. Goyal, S. Bhattacharya, J. Phys. Chem. B 101 
(1997)5639.

[22] S. De, V.K. Aswal PS. Goyal, S. Bhattacharya, J. Phys. Chem. B 102 
(1998)6152.

[23] V.K. Aswal S. De, P.S. Goyal, S. Bhattacharya, R.K. Hetman, Phys. 
Rev. E 57 (1998) 776.

[24] VJC. Aswal, S. De, P.S. Goyal, S. Bhattacharya, R.K, Hennan, 
J. Chem. Soc. Faraday Trans. 94 (1998) 2965.

[25] V.K. Aswal, S. De, P.S. Goyal, S. Bhattacharya, R.K. Hennan, Phys. 
Rev. E 59 (1999) 3116.

[26] R. Zana, M. Benrraou, R. Rueff, Langmuir 7 (1991) 1072.
[27] L.D. Song, M.J. Rosen, Langmuir 12 (1996) 1149.
[28] N.J, Tutro, A. Yekta, 3. Am. Chem. Soc. 100 (1978) 5981.
[29] M. Abe, H. Ochiyama, T. Yamaguchi, T. Suzuki, K. Ogino, J.F. Scarne- 

horn, S.D. Christian, Langmuir 8 (1992) 2147.
[30] K.K. Rohatgi-Mukheijee, Fundamentals of Photochemistry, Wiley 

Eastern, New Delhi, 1992.
[31] K. Kalyanasundratn, J.K. Thomas, I. Am. Chem. Soc. 99 (1977) 2039.
[32] A. Shiloaeh, D. Blankschtein, Langmuir 14 (1998) 7176.
[33] F.M. Menger, J.S. Keiper, Angew. Chem. Int Ed. 39 (2000) 1906.
[34] P. Becher, in: M.J. Schick (Ed.), Nonionic Surfactant, Dekker, New 

York, 1966.
[35] J.M. Coridll J.F. Goodman, S.P. Harrold, Trans. Faraday Soc. 60 

(1964)202.
[36] S.R. Patil, T. Mukaiyama, A.K. Rakshit, 3. Dispers. Sci. Technol. 24 

(2003)659.
[37] G. Paddon-Jones, S. Regismond, K. Kwetkat, R Zana, J. Colloid In

ter&ce Sci. 243 (2001) 496.
[38] M.J. Rosen, Surfactant and Interfacial Phenomenon, Wiley, New York, 

1998.
[39] K. Tsubone, T. Ogawa, K. Mimura, 3. Surf. Deterg. 6 (2003) 39.
[40] D.K. Chattoraj, K.S. Birdi, Adsorption and die Gibbs Sur&ce Excess, 

Plenum, New York, 1984, pp. 10-22.
[41] D.N. Rubingh, in: K.L. Mittal (Ed.), Solution Chemistry of Surfac

tants, Vol. 1, Plenum, New York, 1979, p. 337.
[42] M.J. Rosen, Prog. Colloid Polym. Sci. 109 (1998) 35.
[43] H. Maeda, J. Colloid Inter&ce Sci. 172 (1995) 98.
[44] C.C. Ruiz, 3. Aguiar, Mol. Phys. 97 (1999) 1095.
[45] NJf. Turro, P.-L. Kuo, P. Somasundaran, K. Wong, J. Phys. Chem. 90 

(1986)288.



305

K. Shivaji Sharma and Animesh Kumar Rakshit*
Department of Chemistry, Faculty of Science, The Maharaja Sayajirao University of Baroda, 

Vadodara, 390 002, Gujarat, India

ABSTRACT: Interfacial, thermodynamic, and morphologi
cal properties of decaoxyethylene n-dodecylether [CH3 
(CH2)11(OCH2CH2)10OH] (C12E10) in aqueous solution were an
alyzed by tensiometric, viscometric, proton nuclear magnetic 
resonance (NMR), and small-angle neutron scattering (SANS) 
techniques Dynamic and structural aspects at different tem
peratures in the absence and presence of sugars at different 
concentrations were measured Critical micelle concentrations 
(CMC) were determined by surface tension measurements in 
the presence of ribose, glucose, and sucrose The heat capac
ity (AC ), transfer enthalpy (AHmtr), transfer heat capacities 
(ACprntr), micellization constant {Km}, Setchenow constant 
(Ks™), and partition coefficient (q) were determined and dis
cussed as an extension of the usual thermodynamic quantities 
of micellization and adsorption at the air-water interface An 
enthalpy-entropy compensation effect was observed with an' 
isostructural temperature (Tc) of about 310 Kfor both micel- 
lization and interfacial adsorption SANS measurements were 
taken to elucidate structural information, viz , aggregation 
number (Nagg), shape, size, and number density (Nm) on 
C,2E10 micelles in DzO at different concentrations of sugars

•"To whom conespondencc should be addressed E-mail 
akrakshi@v,ilioo co m
Abbreviations 3X/3S2, cioss-scction per unit volume, y, suiface tension,

, O, Traubc s constant, itrvlK> surface pressure at the CMC, AC[:> m , heat 
capacities of micelle foimauon, AC n , tiansfci heat capacities ol mi- 
tceliizauon, AG*US, activation of micelle foimauon, A G° , Gibbs Flee 
energy of micellization, AG°rf, Gibbs free eneigv of adsoipnon, A 
activation enthalpy, AAPstandard enthalpy o( micellization, A//ji(1, 
standard enthalpy of adsoipnon, A//in , tiansfci enthalpies of nucel- 
lr/ation, rnm, maximum sui face excess, p^,, scauei ing length densit) of 
the panicle, lr|l, mtnnsic viscosity, iy, relative viscosity; AS’^, activation 
entropy, A.S°)0, standaid entropy of micellization, p5, scattering length 
density of the solvent, AS' ri, standard entropy ol adsoi pnon, a, semi- 
majoi axis, A , aggregation number, A( M(-, area per molecule at the 
CMC, AnlIn, limning area per molecule, h = c, senunimot axis, C, can- 
cennalion of surfactant, C|„E10, decaoxyethvlene n-dodecylethci, 
CMC, cutica! micelle concentration, CP, cloud point, CTAB, 
cetvlti imethvlammonium bromide, cl, density of the iKilk.mc at differ
ent temperatures. A’,,,, miccllizaLion constant /A Setchenow constant, 
m , molaruv of the additive M, nioiectilai weight of the solvent, A (, mo- 
lectilai weight of the ii-alkane at diflei cut lempeiatures, Mm nuccllai 
molecular weight, A',, Avogadto’s mnnbci, <V , aggiegation mimbei, 
iVm mimbei density ol micelles, NMR, nuclcal magnetic resonance, 
OE, oxyctlivlene, PSD, position-sensitive detccior, c/, pal luion coeffi
cient; Q, scattering v'ec Lor, A’, hai d-sphei e diameiei of the additives, 
SANS, small-angle neimon scattering, SDS, sodium dodccvl sulfate, '!], 
isosliucuiiai tempeialurc, v, volume of a single suifaeiam monomei at 
a given u-mpeiaturc, volume of alkvl chain lengths m a single C.r,fn 
molecule, ly, volume ol tile liychucarbon coie, Vh, lijdi.ited nuccllai 
volume, l m, micellai volume, V()i, volume ol the palisade l.iyei ol the 
OE mill, A( xl(. CMCcxpiessetl asa mole fiaction
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(0 05, 0 02, 0 3, and 0 5 M) and temperatures (30, 45, and 
6Q°C) Intrinsic viscosity gave the hydrated micellar volume 
(Vh), volume of the hydrocarbon core (Vy, and volume of the 
palisade layer of the oxyethylene (OE) unit (Vgg) SANS, as well 
as rheological data, supported the formation of nonspherical 
micelles with or without sugars By SANS, we also observed 
that at the studied temperature intervals, oblate ellipsoid mi
celles changed into prolate ellipsoids and the number density 
of micelles decreased with an increase in temperature both m 
the presence and in the'absence of sugars and also on in
creasing the concentration of sugars Proton NMR showed a 
change in chemical shift of the OE group of micelles above 
the CMC V7e also studied the phase separation of Cl2E10 by 
sugars in cloud point measurements

Paper no SI 398 in JSD 7, 305-316 (July 2004)

KEY WORDS: Aggregation number, cloud point, critical mi
celle concentration, nonionic surfactant, small-angle neutror 
scattering, viscosity

Surfactant molecules self-assemble into fimte-sized aggregates 
called micelles in aqueous solution These are significant lot 
their numerous uses, including solubilization, dispersion 
emulsification, catalysis, and technological, biological, and 
pharmaceutical applications Such aggregates are formed m 
various shapes, e.g, globular, ellipsoidal, cylindrical, and 
disk-shaped (1). The moiphologv of micelles depends on 
the chemical structure of the surfactant monomer (2) and 
on solution conditions such as concentration, temperature 
co-surfactant, and ionic strength (3,4) Control of the mor
phology of these types of aggregates by the addition of exter
nal additives or by the proper choice of surfactant mixture 
has become increasingly important m recent years, both from 
a theoretical and from an expenmental point of view

To achieve a deep understanding of the phvsicochemica! 
piopemes ol micelles, their dynamic and morphological 
properties must be observed simultaneously (5) No single 
technique is capable ol yielding both types ol information un
ambiguously; thus, there is a need to combine both tvpes ol 
studies to g.uhe; this information The aggregational and sui
face properties ol surfactants in solution are very sensitive 
and are influenced or tuned to the desired range and appli
cation bv altci ing the solvent poku ity and type, temperature 
pressure, pH, and presence of vai icnis foreign substances
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FIG 1 Representative plots of surface tension (7) vs !og10C (molarity) 
in the presence of sugars

use. For analysis of the physicochemical properties, all solu
tions were prepared by using tnple-distilled deionized water 
showing electric conductance of 2-3 pS cm-1 at 303 K For 
the SANS study, 99 4% DyO (Heavy Water Division, BARC, 
Mumbai, India) was used, and for lH NMR, 99.8% D90 
(Merck) was used. D90 was used instead of water when 
preparing solutions for the SANS experiments to provide a 
very good contrast between the micelles and the solvent.

Surface tension measurements Surface tension (y) was mea
sured with a du Nom ring tensiometer (S.C Dey and Co., 
IColkata, India) at different temperatures (308, 313, 318, 
and 323 Iv) and m sugar solutions of various concentrations 
(wt/voi), wz., 0.25, 0 5, 0 75 and 1.0%. Temperatures were 
kept constant (±0.1 Iv) by circulating thermostated water 
through a jacketed vessel containing the solution. Other 
conditions were the same as reported in our recent papers 
(26,27) Representative plots of y vs logI0Cisotherms are 
shown in Figure 1

SANS measwements SANS is well-known as an ideal tech
nique for studying micellar morphology (28,29), and this also 
has been demonstrated for surfactant micelles in the pres
ence of various additives (30-35). SANS experiments were 
performed on the SANS spectrometer at the Dhruva reactor, 
Trombay, Mumbai, India (36) The spectrometer used a BeO 
filter as a monochromator beam and had a resolution 
(A Q/Q) of about 15% at Q~ 0.05 A-1 The scattered neutrons 
were detected in an angular range of 0.5-15° with a linear 
position-sensitive detector (PSD) The accessible wave vector 
transfer, Q (= 4nsm Q/X, where 20 is the scattering angle and 
X is the wavelength of the incident neutrons), in the spec
trometer was 0 02 to 0 32 A-1 The wavelength of neutrons 
used for these experiments was usually between 4 and 10 A. 
The PSD allowed simultaneous recording of the data over the 
full Orange. Each solution was held m a 1.0-cm-pathlength

KS SHARMA AND A K RAKSHIT

(co-solvent) (6-13). The nature of the co-solvent determines 
the direction in which changes m the critical micelle concen
tration (CMC) of the surfactants occur. The co-solvents may 
be distributed between an aqueous and a micellar phase and 
may accumulate both in the palisade layer and inside the mi- 
celie hydrophobic core, thus favoring the stability of the sys
tem Electrolytes generally decrease the CMC (14), whereas 
nonelectrolytes may increase or decrease the CMC (15-17), 
and some organic co-solvents, when present in greater 
amounts, even cause disappearance of the micelles (14)

The effect of sugars, vu., glucose (18-21), fructose 
(18,21), and sucrose (10,12,21,22), on the micellization 
process has been studied However, some aspects warrant 
further investigation Blandamer el al. (19) found that, by 
adding glucose, fructose, and arabinose to the micellar cat
alyzed reaction of 2,4-dinitrochlorobenzene with hydroxide 
ions, the first-order rate constant increased, indicating an 
enhancement of the catalytic action of cetyltrimethylammo- 
nium bromide (CTAB) However, they mentioned that at
tempts to measure the effect of sugars on the CMC of CTAB 
proved unsuccessful.

Most of the publications referenced above address the 
possible effect of sugars on ionic surfactants, whereas few de
scribe the effect on nomomc surfactants (10,12,22,23). Hotv- 
ever, no comprehensive thermodynamic and morphological 
study of decaoxyethylene /i-dodecyiether nonionic surfac
tant, Cj9E10, in the presence of sugars has been identified. 
Sugars were chosen because they are the stuff of life for 
most organisms (24) and are nonionic Consequently, what
ever effects are observed would be mainly chemical m na
ture and not electrochemical. Alkyl polyoxyethylene-type 
nonionic surfactants were chosen because they are widely 
used m detergency', cosmetics, fabric softening; emulsion 
formulations such as shampoos, conditioners, and paints, 
pharmaceutical dosages, and drug delivery systems, and 
their use will continue in the future ow'ing to their higher 
solubility at low temperatures Moreover, the additive effect 
was Expected to cause low CMC values, which would reduce 
the total amount of surfactant, thereby lowering the cost and 
toxicity'

Inteirfacial, thermodynamic, small-angle neutron scatter
ing (SANS), viscosity, cloud point, and 'H nuclear magnetic 
resonance (NMR) properties of a C]2EI0-water-sugar 
ternary system were studied to help m understand the inter
action of nomonic additives w'ith nonionic surfactants

EXPERIMENTAL PROCEDURES

Materials C|,E10 was a commercially available product (Sigma, 
St. Louis, MO) and was used without further purification. 
Owing to polychspersity m the number of oxyethylene (OE) 
units, it w'as not a pure sample, as w'as mentioned by Dorsey 
et al (25) However the surface tension-concentration plots 
at a given temperature did not show any minimum. D-Ribose 
(C5H10O3), D-giucose (C,;HI206), and sucrose (C|9H99On) 
(Merck, Darmstadt, Gennany) were dried m vacuo before
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ultraviolet-grade quartz cell with a tight-fitting Teflon stopper 
that was sealed with Parafilm. The spectra were recorded at 
30, 45, and 60°C (+0,2°) while keeping the quartz cell be
tween metal heaters. The sampie-to-detector distance was 1.8 m 
for all runs The intensities were normalized to an absolute 
cross-section unit. Thus, plots of a cross-section per unit vol
ume (dZ/dQ) vs. scattering vector (Q) were obtained. The 
experimental points were fitted using a nonlinear least 
squares method. Both the semi-major axis (<i) and semiminor 
axis (b - r) were fitting parameters The volumes of the 
monomeric surfactants, calculated from the density and mo
lecular weight of the corresponding hydrocarbon and then by 
dividing the molar volume of the hydrocarbon by Avogadro’s 
number (Nf), were 381.4. 388 2, and 395 3 A'Vmolecule at 
30,45, and 60°C, respecmeh The aggregation number (A;a„g) 
for the micelle was related to the micellar volume (VJ by die 
equation, Ar = Vm/v (37), where Vm = 4/Snalrtmd vis the 
volume of a single surfactant monomer at a given tempera
ture From the calculated \alues of N , the number density' 
of micelles Arw is calculated by the following equation:

N, ,,/cm'
(C - CMC) x 103Af1 

A' [1]

where Cis the concentration of surfactant m mol L~!. It was 
assumed that the micelle had an inner core consisting of a 
hydrophobic part and an outer shell that contained ether 
and the water of hydration Intermiceller interference ef
fects were neglected, and the measured distributions were 
analyzed in terms of the form factor of an ellipsoid

Data treatment SANS data were corrected for back
ground, empty cell-scattering, and sample transmission fac
tors. The corrected intensities were normalized to absolute 
cross-section units; thus, the coherent differential scattering 
cross-section per unit volume, dZ/dQ, vs. Q was obtained. 
The absolute calibration had an estimated uncertainty of 
5%. Experimental data points were fitted using a nonlinear 
least squares routine as described next Comparisons be
tween the experimentally obtained and theoretically calcu
lated cross-sections are shown in Figures 3-6

SANS data analysis For a system composed of monodis- 
persed, uniform, ellipsoidal colloidal particles, the coher
ent differential scattering cross-section per unit volume 
(dZ/dQ.) is given by

dZ/dQ = » (p,- Pj)2 V2 P(Q)S(Q) [2]

where n denotes the number density of particles, and p5are, 
respectivelv, the scattering length densities of the particle and 
the solvent, and Fis the volume of the particle. P(Q) is the 
intraparticle-structure factor and is established by the shape 
and size of the particle. S{Q) is the interparticle-structure fac
tor, which depends on the spatial arrangement of particles 
and is Jiereby sensitive to interparticle interactions For dilute 
solutions, interparticlc interference effects were negligible. 
Measurements were taken at low concentration such that 
S(Q) ~ 1 and P(Q) were calculated for ellipsoidal micelles 
The dimensions of the micelles, aggregation number, and

PROPERTIES OF C12E10 IN THE AQUEOUS SUGAR-RICH REGION

number density of micelles were determined from the 
analysis. The semimajor axis (a) and semiminor axis (l>= c) 
were the parameters used in analyzing the SANS data. We 
found that the experimental SANS intensity best matched 
the values obtained using an ellipsoidal model. In all the 
measurements, the concentration of C12E10 (50 mM) was 
held constant, and the concentration of sugars (0.05, 0.1. 
0 2, 0 3 M) and the temperature (30, 45, and 60°C) were 
varied Further experimental details and theoretical expres
sions for data treatment were identical to those described 
previously (38).

Viscosity measurement. The viscosity of the surfactant solu
tion was affected by the interaction of both the hydrophobic 
core and the hydrophilic outer shell of the micelle with water 
It measured the solute-solvent interaction and the shape and 
size of the micelle. The latter were affected by temperature 
changes Thus, the viscosity of the C^Ejq (50 mM) surfactant 
solution was determined in the absence and presence of sug
ars and at the same temperatures as for the SANS measure
ments The flow time of the surfactant solution and water was 
measured using an Ubbeiohde suspended-level viscometer 
The density of the surfactant solution was determined with a 
pynenometer. Density and viscosity' measurements were car
ried out m a thermostated water bath (+0 1°C). Samples were 
carefully filtered before injection into the viscometer Three 
consecutive flow times agreeing within ± 0.02 s were taken 
and the mean flow time was considered The intrinsic viscos
ity', | q |, was calculated using the relauon,

|q| = lim(q, -1)/C [3]

where the limit to zero concentration indicates that intermole- 
cular interactions were absent and q, indicates the relative vis
cosity of the surfactant solution. Some researchers (39,401 
have taken | q | to be equal to (q, - 1)/C without the condi
tion of limiting the concentration In this article, |q| was cal
culated without taking the zero concentration limit into ac
count as in our previous work (27).

Cloud point (CP). Phase separation of the surfactant solu
tion was studied by determining the CP of C19E,0 (19c 
wt/vol) m the presence of an increasing amount of sugar, 
as described previously (II) The CP was an average of the 
temperature at which clouding appeared and then disap
peared. These temperatures did not differ by greater than 
±0 2°C

NMR measurement. !H NMR measurements of C]9E10-sug- 
ars (1 1 wt/vol) were carried out at room temperature 
(25°C ± 0.5) with a Bruker Advance 300 spectrophotome
ter (Bruker, Karlsruhe, Germany) operating at 300 MHz.

RESULTS AND DISCUSSION

Thermodynamics of muellizalion and inteifacial adsorption oj 
CI2EI0 Interaction with sugais. Surface tension is a fast, non
destructive, and dependable means of determining the 
CMC (41) The CMC values of C,9E10 in the presence ot
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sugars at different temperatures are presented in Table 1. 
At a particular temperature, the CMC value without any ad
ditive was in good agreement with values in the literature 
(9,10,14,42) The CMC values of C|9E!() were found to de
crease with an increase in temperature in the absence of 
sugais, consistent with observations in a previous work (8). 
The presence of sugars had almost the same effect, i.e., 
there was a decrease in the CMC at a lower temperature. 
From the experimental results, it seems two antagonistic 
effects of structure making and structure breaking were 
happening simultaneously m the system m the presence of 
sugars. Sugars are water-structure makers and, owing to 
their larger number of hydroxyl groups, sucrose is a better 
structure maker than ribose or glucose. In the case of OE 
micelles, the head group will be strongly hydrated. In the 
presence of sugars, the sugars may interact witli the surfac
tants or simply replace some of the water molecules of the 
hydrated OE groups, affecting the repulsive interaction be
tween the head groups Under such conditions, the CMC of 
C12E10 increases when the sugar concentration is increased 
In the presence of sugars, the CMC increased with an in
crease m temperature m all cases studied This was ob
served earlier in the presence of different additives (9,10,42). 
For a nonionic surfactant without any additive, the CMC 
decreased with an increase in temperature owing to the de
hydration of the hydrophilic moiety of the surfactant mole
cule caused by a breaking of the water structure. In the 
presence of an additive, however, the reverse was seen, indi
cating that these molecules significantly altered the micel- 
lization process As shown in Table 1, increasing the num
ber of OH groups m the sugars decreased the CMC values, 
particularly at higher temperatures Sugars form mtermoie- 
cular hydrogen bonds with the solvent water molecules and 
thereby promote the water structure, which is also promoted 
by the hydrophobic pans of the surfactant molecule

TABLE 1
Critical Micelle Concentration (CMC) of Decaoxyethylene n-Dodecyl 
Ether (C1ZE10) in the Presence of Sugars at Different Temperatures3
Concentration CMC (uM)
of sugar(%) 308 K 313 K 318 K 323 K

D-Ribose
000 11 8±012 100 ±010 8 9 ± 0 09 7.1 +007
0 25 7 4 ± 0 08 8 3 ± 0 08 8 9 ± 0 09 9 3 ± 0 09
0 50 7 5 ± 0 08 8 1 ± 0 08 91 +009 10 2 ± 0 10
0 75 7 9 + 0 08 8 7 ± 0 09 9 3 ± 0 09 100±010
1 00 79 ±008 8 9 ± 0 09 9 6 ± 0 10 109 + 011

D-Glucose
0 25 7 1 + 0 07 8 1 + 0 08 8 9 ± 009 9 1 +009
0 50 7 3 ± 0 07 8 3 ± 0 08 8 5 + 0 09 9 0 ± 0 09
0 75 7 6 ± 0 08 8 7 ± 0 09 9 5 ± 0 10 100±Q10
1 00 8 1 ± 0 08 89 + 009 98 + 010 100±Q10

Sucrose
0 25 6 7 ± 0 07 7 1 ± 0 07 8 1 ± 0 08 8 9 ± 0 09
0 50 7 1 ± 0 07 7 9 ± 0 08 8 1 ±008 89 ±009
0 75 7 2 ± 0 07 8 1 ± 0 08 89 ±010 9 5 ± 0 10
1 00 7 9 ± 0 08 8 1 ±008 89 ± 0 10 9 3 ± 0 09

“Values represent mean t SO, n = 3
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through hydrophobic interaction. In the presence of additives, 
tire water structure is broken as tire temperature increases, but 
aqueous-sugar structures are formed. Consequently, there is 
overall structure formation and tire CMC increases.

The Gibbs free energy of micelhzation (AG°W) for a non
ionic surfactant is directly proportional to the lnXCMC 
(CMC on a mole fraction scale) at constant temperature by 
the relation (4) AG°m = /?71nA!CVIC. The initial standard 
state is hypothetical, where the surfactant molecules are in 
mole fraction units and behaving as though they are at infi
nite dilution, and the final state is the micelle itself In Table 
2 the AG°m, AH°m, and A5° at the standard state m mole 
fraction units at 45<>C are reported in the presence of vari
ous amount of sugars In the absence of additives, the free 
energy' of micelhzation becomes more negative with an in
crease m temperature That is, tire formation of micelles be
comes relatively more spontaneous at higher temperatures. 
Even in the presence of sugars, the variation is similar, al
though the CMC increases with temperature The reason 
for such an observation has been given previously (10).

The standard enthalpy of micelhzation (AH°m) and the 
standard entropy of micellrzation (AS° ln) were computed 
from the reasonably linear AG° m vs. Tplots, the slope being 
AS°m. The AH° m was then computed by using Equation 4:

A H\ = AG°„, + TAS°m [4]

The process of micelhzation was endothermic, although it be
came exothermic in the presence of sugars The exothermic- 
ity may be due to additive-surfactant attractive interaction (4), 
which results m the stability of the system The exothermic 
and endothermic characteristics of micellization are specific 
to the surfactant, the additive, and the temperature of mi
cellization, although they were independent of temperature 
m the present system. The entropy of micelhzation (AS°m) 
was positive, indicating that the micelhzation process was 
somewhat entropy-dominated m the absence of sugars. How
ever, it should be noted that the micellization process was 
exothermic in these systems, therefore, the formation of mi
celles was very much favored in the presence of sugars. 
Rosen (8) stated that the presence of hydrated OE groups 
of the surfactant introduces structure in the liquid phase, 
and that the removal of the surfactant via micellization re
sults m an increase m the overall randomness and hence an 
increase in entropy Micelle formation also frees water mole
cules due to the absence of hvdrophobic interaction and re
lease of the so-called “iceberg” water

A linear correlation between AH" and AS°m was ob
served in ail these svstems (Fig. 2) Such a relationship was 
suggested by Lumry and Rajender (43) The slope of the 
line, i.e , the compensation temperature (T), was found to 
be 318 K m aqueous medium, higher than the expected 270 
tc 294 K (43) The small variations observed here and m an 
earlier work (15) may be due to the difference in the bulk 
suuctural property of the solution compared with water 
However, deviations from such a linear relationship are well 
known As mentioned bv Krug et al. (44), erior m the data
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TABLE 2
Thermodynamic and Transfer Heat Parameters of Micellization of C12E10 Aqueous Solution in 
the Presence of Sugars at 45°Ca

Concentration 
of sugar (%)

-AG°m 
{kJ mob1) (kJ mol"1)

AS°m
(J mol"4 K~

^pra
(J mol"1 K“1) (kJ moi~’)

ACp m tr
(J mol-’ K-’>

D-Ribose
000 404 20 95 196 -0120
0 25 41 4 -12 6 904 -0003 33 6 0117
0 50 41 3 -16 8 77 0 -0001 37 8 0119
0 75 41 3 -12 8 89 6 -0003 33 8 0117
1 00 41 2 -17 2 75 2 -0006 38 2 0114

D-Glucose
0 25 41 4 -14 0 86 4 -0005 35 0 0115
0 50 41 5 -109 96 0 -0.001 31 9 0119
0 75 41 2 -15 0 82 6 -0 002 36 0 0118
1 00 41 1 -11 9 92 2 -0005 32 9 0115

Sucrose
0 25 • 41 6 -16 5 78 8 -0002 37 5 0118
0 50 41 6 -15 6 81 6 -0012 36 6 0108
0 75 41 4 -10 6 97 2 -0001 31 6 0 119
1 00 41 4 -9 5 100 2 -0002 30 5 0118

aThe error in the data is <2% Abbreviations AG°m, Gibbs free energy of micellization, AHyn, standard en
thalpy of micellization, A5°m. standard entropy of micellization, ACp m, heat capacities of micelle formation, 
AHm v, transfer enthalpies of micellization, ACp m Ir, transfer heat capacities of micelle formation, for other 
abbreviation see Table 1

may also lead to compensation. This tvpe of relationship was 
discussed m an earlier publication (45;

The heat capacities for micelle formation (ACp m ) were 
also evaluated from the plot of i\Hm vs.'7’, the slope being 
ACp m (Table 2). The tanation m heat capacities with con
centration of the additives did not show regularity m any of 
the assessments. The transfer enthalpies (AHm ) and trans
fer heat capacities (ACp m tr) of micelles from water to the 
aqueous solution were obtained using the relation

A Hmlr = A//„,(aq. additive)-A/f,„(aq.) [5]

AC|!I1U, =ACp„, (aq.a<fdiave)-ACpni(aq.) [6]

The transfer enthalpies of micelles were found to be 
negative (Table 2) Negative transfer enthalpies also were 
reported for the transfer of NaC! and amino acids from 
water to an aqueous urea solution (14,46). This shows that 
the transfer of hydrophilic (OE) groups from water to the
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aqueous-sugar solution was exothermic, whereas that of the 
hydrophobic group was endothermic. The strong OE-sugar 
interaction was the predominant cause. The transfer heat 
capacities of micelhzation ACp m tr for the transfer of mi
celles from water to the additive-containing solution were 
positive, suggesting increased hydration of the micelles at
tributable to increased hydrogen bonding between OE and 
the sugars present in the solution. The ACp m tI values re
mained more or less constant over all systems, suggesting 
no obvious sti uctural transition.

Sulthana et al (9) showed that for dilute solutions of 
polar additives in an aqueous surfactant solution at CMC, 
the following general form of the classical Setchenow equa
tion was well obeyed:

log CMC,,,/CMCII)+jll — K.yiu [7]

where CMCW and CMC^^ are the CMC values of a surfac
tant m the absence and in the presence of additives, KM is a 
micellization constant, and m' is the molarity of the addi
tive In a dilute solution with respect to a polar additive, the 
constant KM takes the form

Km = X [ksN + qM / 2.303 x 1000] [8]

where ksN is the Setchenow constant or salting-out constant, 
q is the ideal partition coefficient of the solute between the 
micelle and water, and M is the molecular weight of the sol
vent. The salting-out constant is calculated by the empirical 
relationship

/t,'v = 0 637 -0.014?i(CH2) -0.1461? [9]

where »(CH9) is the number of methylene groups in the lin
ear hydrocarbon chain and R is the hard-sphere diameter 
of the additives calculated from van der Waals volumes. The 
R values for D-ribose, D-glucose, and sucrose were calculated 
as 6.06, 6.56, and 8 04 A3, respectively (47).

The kfN values calculated for all three additives were 
negative, indicating a salttng-in effect m the aqueous sur
factant solution The KM values obtained at all ratios of 
sugars are given in Table 3 The ideal partition coeffi
cient, q, obtained using the KA[ and ft -x values tended to
ward zero for all systems. Such a Rvalue suggests that the 
additives did not penetrate the micelle, i.e , the additives 
were not partitioned between the micelle and the solvent. 
Therefore, the variation m the CMC with the addition of 
these solutes can be entirely ascribed to the effect of these 
additives on the bulk solvent properties The solvent mol
ecules induced a shift m the equilibrium between the mi-

TABLE 3
Micellization Constant, Km (L moi"1), for C12E10 in the Presence 
of Sugars at Different Temperatures3
Sugar 308 K 313 K 318 K 323 K

D-Rjbose ~0 64 -0 73 -0 65 -1 18
D-Glucose -1 36 1 03 > -1 25 -1 21
Sucrose -3 04 -2 53 -2 26 -1 19

The error in She data is <2% For other abbreviation see Table 1

celles and the surfactant monomers in favor of the latter 
by their interaction with both the surfactant monomers 
and the solvent molecules. Since these additives did not 
penetrate, they can probably be assumed to have located 
themselves at the micelle-solvent interface. In other words, 
a large amount of the additive was present in the solvent, 
which was m contact with the hydrophilic group of the mi
celle. These results were supported by NMR and SANS 
data, as discussed later

The air-water interface of a surfactant solution is well pop
ulated by tire adsorbed molecules. The maximum surface ex
cess (Tmax) is an effective measure of adsorption at the 
air-water interface and was calculated by tire Gibbs adsorp
tion equation (8). FmaK was calculated from limiting area per 
molecule (Amin) values (26). The slope of the tangent at the 
given concentration of they vs logCpIot (i e., dy/dlogC) was 
used to calculate Fmax by fitting a curve to a polynomial of the 
form, y = ax? + bx + c in Microsoft Excel. The regression coeffi
cient (R~) value for the fit was between 0.9673 and 0.9996. 
The T increased with an increase in temperature (Table 4). 
This resulted from a decrease in the hydration of the ethoxy 
segment of the nonionic surfactant as the temperature in
creased, hence, the tendency to locate at the air-water inter
face was higher The magnitude of AJnm was much lower than 
1.5 nm2 (data not given), suggesting that the air-water inter
face was closely packed and the orientation of the surfactant 
molecule was almost perpendicular to the surface.

The effectiveness of a surface-active molecule was mea
sured by surface pressure (Jtc_\ic) at the CMC, i.e , 7tCMC = y0 
- yCMC, where y0 and yCMC are the surface tension of pure 
water and the surface tension of the surfactant solution at 
CMC, respectively. The value of the free energy of adsorp
tion at the air-water interface (AG°ad) was calculated using 
the relation (8,9) ,

AC°ad = RT ln CMC - AfacMcA.m [10]

Table 5 presents the thermodynamic parameters of adsorp
tion, i.e , AG°ad, A/7°acl> and AS°ad, of C12E10 in the presence 
of sugars at the air-water interface at 45°C. The AG1’ad val
ues were negative throughout, indicating that the adsorp
tion of the surfactant at the air-water interface took place 
spontaneously in the presence or absence of sugars. The 
standard entropy (AS°ad) and enthalpy (Ajtf’ad) of adsorp
tion were obtained from the slope of the AG°ad - Tplot. As 
expected, AG°ad values were more negative than their cor
responding AG°m, indicating that when a micelle was 
formed, work had to be done to transfer the excess surfac
tant molecules present in the monomeric form at the sur
face to the micellar stage through the aqueous medium 
Under this condition, the interface was saturated with 
monomeric surfactant molecules

became more negative with an increase in temper
ature (data not shown) m either the presence or absence of 
additives, suggesting that the adsorption at higher tempera
tures was more facile A/TJ;t(j in a pure aqueous solution was 
positive, as was AH°m. However, m the presence of sugars,
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TABLE 4
Maximum Surface Excess (rma!t) and Traube's Constant (x 1CT7) of C12E10 in the Presence of Sugars at Different Temperatures3

Concentration 
of sugar {%)

rmaxx10,0(molcm-2;1

D-Rcbose o-Glucose Sucrose

308 K 313 K 318 K 323 K 308 K 313 K 318 K 323 K 308 K 313 K 318 K 323K

000 23 24 33 36 — — _ — — — — —

(5 5) (68 6) (125) (19 0)
0 25 39 4 1 37 36 22 22 26 43 42 55 25 28

(7 3) (101) (6 7) (10 5) (7 3) (1 8) (3 9) (3 4) (4 2) (5 9) (7 5) (5 6)
0 50 26 25 1 8 1 6 29 23 2.6 23 28 30 26 28

(21) (8 9) (57 8) (25 7) (117) (3 3) (91) (5 2) (8 2) (8 3) (129) (12 2)
0 75 27 27 44 24 25 2.5 36 32 36 42 29 23

(14 8) (9 0) (5.3) (164) (15 4) (4 6) (100) (6.9) (4 3) (4 3) (12 9) (10 1)
100 28 28 43 4 1 24 31 21 24 28 23 33 36

(7 6) (5 2) (39) (4 6) (24 9) (101) (134) (17 0) (7 7) (7 7) (81) (6 7)

aValues in parentheses are Traube's constant (x 10 7) The error in the data is <2% For other abbreviation see Table 1

the results did not follow a regular trend. This suggests that 
these additives interacted with the hydrophilic group of the 
surfactant, which was exothermic, as was shown earlier for 
NaCl bt Jha and Ahluwalia (46). The A5° l{1 in a pure aque
ous solution and m the presense of sugar additives was posi
tive. This may be ascribed to a larger freedom of motion of 
the hydrocarbon chain at the interface and also to the mix
ing of surfactant monomers with additive molecules A lin
ear correlation between A//°ad and AS0^ was observed in 
all systems having a Tc of 304 K (Fig. 2). However, one must 
remain conscious of the limitations of this observation, as 
has just been discussed.

Weiner and Zografi (48) suggest that
A G°a[1 =-RT In a [li]

where o is known as Traube’s constant (6) and is defined by 
the relation

<7 = Ojc/9C)c_t0=-Oy/dC)c_0 [12]

This means a is the rate of change of the surface pressure 
per unit of concentration change at an infinite dilution. The 0 
values are given m Table 4, One can note that the a of the pure 
Cj9E10 given in Table 4 is similar to the data of Ueno el al (49) 
thereby suggesting that the adsorption data were reasonable 
When the effect of different sugars on a was computed, little 
difference m o values was observed as a function of sugats. 
probably because the sugar concentrations were not very high

SANS studies of CnEI0. Effect of sugms and iempeiatuie on 
the C19Ej0 micellar structure The experimental and theoteti- 
cally fitted results of SANS for C19E10 micellar solutions are 
shown in Figures 3-6, and the estimated structuial paiame- 
ters, i e., aggregation number (N^), sennmajor (a) axis 
semiminor (b = c) axis, axial ratio (a/b), and number dcnsm 
of micelles (Nm) are given in Table 6 One can see that the 
effect of temperature on size parameters was significant

TABLE 5 1
Thermodynamics of Adsorption and Structural Effect of Sugars on Micellization and Adsorption Parameters of i
C12E10 Aqueous Solutions at 45°C3

Concentration 
of sugar (%)

-*G°3d
(kJ mol"1)

AH°,d
(kJ mol"1)

AS°ad
(J mol"1 K~15

AG°ra-AG°ad
(kJ mol"1)

AHVA H°ad
(kJ mol"1)

T(AS°m-A S°ad) 
(kJ mol"1)

o-Ribose
0 00 54 5 81 0 426 14 1 -60 0 -73 1
0 25 46 9 • 27 5 234 55 -401 -45 7
0 50 52 5 139 3 603 11 2 -1561 -167 3
0 75 46 3 148 192 50 -27 6 -32 6
1 00 45 5 -13 7 100 43 -3 5 -7 9

o-Glucose
0 25 45 5 -8 9

:

115 41 -51 -91
0 50 47 7 -86 123 62 -2 3 -8 6
0 75 48 0 -11 1 116 68 -3 9 -10 6
1 00 48 7 28 162 76 -14 7 -22 3

Sucrose
0 25 47 2 32 6 251 56 -49 1 -54 7
0 50 48 6 41 1 283 70 -56 7 -64 0
0 75 48 6 65 2 358 7 2 -75 8 -83 0
1 00 47 4 38 161 60 -13 3 -19 2

"The error in the data is <2% Abbreviations AG°ad, Gibbs free energy of adsorption, AB°ad, standard enthalpy of adsorption, 
AS°ad' standard entropy of adsorption, for other abbreviations, see Tables 1 and 2
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TABLE 6
Micellar Parameters of 50 mM C12E10 at Different Temperatures and in the Presence of Sugars3

Micellar system

Semtmajor

axis
a (A)

Semiminor

axis
b = c(A)

Axial ratio 
a/b

Aggregation
number

Micellar
density

Nm (cm-3 x 1016)

C,2E10 (°C)
30 41 5 ± 2 1 26 8 ± 1 3 1 5 ± 0.08 327 + 16 9 2 ± 0 46
45 72 2 ±3 6 26 6 ± 1 3 27 ±014 551 + 28 5 5 ± 0 28
60 101 1 ±51 28 9 ± 1 4 35+018 895 ± 45 34 + 017

C12E10 + 0 3 M D-giucose (°C)
30 44 5 ± 2 2 26 2 ± 1 3 1 7 ±009 336 + 17 8 9 ± 0 45
45 80 5 ±40 26 9 ± 1 3 30 + 015 629 ± 31 4 8 + 0 24
60 1229 ±6 1 28 6 ± 1 4 43+022 1066 ±53 28 + 014

C.,E10 + D-glucose (M) at 30°C
0 05 31 1 ± 1 6 266 ± 1 3 1 2 + 006 242 ± 12 124 + 062
02 37 9 ± 1 9 26 4 ± 1 3 1 4 + 007 290 + 15 104 ± 0 52
03 44 5 ± 2 2 26 2 ± 1 3 1 7 ±009 336 ± 17 8 9 ± 0 45
05 48 7 ± 2 4 25 2 ± 1 3 1 9 ±0 10 340 ± 17 8.9 + 045

C12E10 + 0 3 M sugar at 30°C
D-Ribose 41 7 ±21 25 2 ± 1 3 1 7 + 009 291 + 15 103 ±052
D-Glucose 44 5 ± 2 2 26 2 ± 1 3 1 7 ±009 336+ 17 89 + 045
Sucrose 43 1 ± 2 2 24 6 ± 1 2 1 8 ±009 287 ± 14 105 ±053

aFor other abbreviation see Table 1

Conversely, temperature was nearly independent of the ad
dition of sugars Table 6 shows that, on increasing the tem
perature from 30 to 60°C, the semiminor axis remained al
most constant (-26 A), whereas the semtmajor axis 
increased by 2 5-fold and jV,„„ increased by threefold This 
indicated a twofold lateral association at 45°C and a three
fold association at 60°C. The micelles were ellipsoid at 
30°C, however, they likely aggregated laterally and became 
rodlike with double and triple aggregation numbers. The 
-X,.™- were high (8); however, there may have been some 
voicls m the micelle structure. Higher temperatures may 
have caused more \oids Hence, the arrangement of the mol
ecules m the micelle was not compact but rather loose, with 
consequent voids. The formation of micelles in the presence 
of sugars was therefore reasonably complex. In the presence 
of D-glucose at different temperatures, both the axial ratio 
and the N weie different from those of pure C,9E10, indicat
ing thatsugai molecules interfered with micelle formation, 
probably by being at the micelle-water interface.

The axial ratio and N increased when the concentra
tion of D-glucose was increased. At the same concentration 
(0 3 M), N was not significantly affected by any additive 
and was the same as for pure CI9E,0, whereas the axial 
ratio remained more or less constant. The micellar growth 
in both size and iV(tT(r also was observed by Kumar el al. 
(31) They observed the effect of quaternary ammonium 
bromide, R^NBr, on sodium dodecyl sulfate (SDS) mi
celles and found that the /V of 0 3 M of SDS in 0 3 M ol

‘‘nn
CjHqNBr gate 3-40, with an axial ratio of 6.06 Robson and 
Dennis (33) investigated the geometry of the nonionic sur
factant Triton X-100 by intrinsic viscosity and by SANS 
studies and showed tliat Triton X-100 formed both oblate 
and piolate ellipsoid micelles We also found oblate ellip
soid micelles at 30°C, which become prolate ellipsoids (or

rods) at 60°C. Recently, Pal el al. (50) analyzed the effect 
of hydrotropes on CTAB micelles by using SANS and viscos
ity measurements, and observed Ntotr values >500 with

' “oil

axial ratios of >7. The authors concluded that the micellar 
shape changed from spherical to ellipsoidal depending on 
the additive.

As illustrated m Figures 3 and 4, no correlation peaks 
were observed in the low (up to 0.025) Q region, but ab
solute intensities were increased hv ca. 1.5 times at high tem
peratures, showing the absence of spatial correlation among 
the nearest neighbors A rise in temperature resulted in the 
dehydration of both the core and corona of the aggregates, 
thereby systematically elongating the semimajor axis (a), in
creasing the aggregation number, and even decreasing the 
Nm of the micelles. A look at column six in Table 6 reveals 
that the elongation along the major axis of the aggregates 
systematically increased the N and decreased the Nm at 
elevated temperatures, both in the presence and in the ab
sence of sugars The increase in suggests that more sur
factant molecules had been added into the space created by 
the expulsion of water, probably from both the core and 
corona portions of the micelles The increase in size of the 
micelles should decrease the number density of aggregates 
in a unit volume (Nm), which was also observed

CP CP is the manifestation of solvation/desoivation phe
nomena m a nonionic surfactant solution The desolvation of 
the hydrophilic group of the surfactant leads to the formation 
of clouding All three sugars studied decreased the CP of 
C,,jE1() (Fig 7) As already mentioned, sugars can form a struc
tured solvent, and sucrose is probablv a better structure maker 
than nbose and glucose because it has more hydroxyl groups 
This suggests that, in its presence, there aie fewer water mole
cules surrounding the micelles and, consequently, it is easier 
for the micelles to approach each other. The CP of C,<,E10
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Q(A-1)

FIG. 3. Small-angle neutron scattering (SANS) distribution for 50 mM 
of decaoxyethylene n-dodecyl ether (C12E,q) at different tempera
tures Solid lines are theoretical fits, symbols are expei.mental values

FIG. 4. SANS distribution for 50 mM of C12E10 ln t^le presence of 0 3 M 
of D-glucose at different temperatures Solid lines are theoretical fits, 
symbols are experimental values For abbreviations see Figure 3

(1 % wt/\ ol) is 88°C (11). We dtcl not study the system by using 
SANS or viscosity measurements around this temperature 

Viscosity. The intrinsic viscosity I r| I decreased with an 

increase in temperature, indicating pronounced micellar 
dehydration (Table 7) That the viscosity of a liquid de
creases with a rise in temperature is well known. An in
crease in random movements of the solute surfactant 
molecules also occurs on increasing the temperature be
cause of the increase in kinetic energy The micelles be
come compact with an increase in temperature owing to 
dehydration ol the OE chains. In the presence of sugars, 
similar behavioi has been observed with respect to temper
ature However, I q I increases because of co-solubiliaauon 

when the concentration of sugars is increased Among

PROPERTIES OF C12E10 IN THE AQUEOUS SUGAR-RICH REGION

FIG. 5. SANS distribution for 50 mM of C12E10 in the presence of D- 
glucose at different concentrations at 30°C Solid lines are theoretical 
fits, symbols are experimental values Distributions were shifted by 0, 
1, 2, 3 units in a vertical direction, respectively For abbreviations see 
Figure 3

Q(A-')

FIG. 6. SANS distribution foi 50 mM of C12E)0 in the presence of D- 
ribose, D-g|ucose, and sucrose at 30°C Solid lines are theoretical fits, 
symbols are experimental values Distributions were shifted by 0, 1, 2, 3 
units m a vertical direction, respectively For abbreviations see Figure 3

the sugars considered, the variation is in the order of su
crose > D-glucose > n-i lbose The hydrated micellar vol
umes (V!t) were computed from the mtiinsic \iscosm b\ 
the relation \'h = I q I Mm/2 3A?^, where Mm (= A A/) is 

the micellar molcculai weiglu, A is the aggregation 
number obtained by SANS studies (taken from Table 6) 
and M is the molecular weiglu ol C|MEI() The volume ot 
the hvdiocaibon core (E) and the volume of the pal
isade lavei ol OE units (E^) were calculated using the 
following equations (10)-

V, = AtlV - \0~A AttM(/dN [13]
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perature, Vc should increase, and that was observed. The varia
tion in the VqE/ Vh ratio with temperature was a function of the 
size and nature of tire addiuve.

The thermodynamic activation parameters for a viscous 
flow were evaluated by using die Frenkel-Eynng equation (51)

In (T) V/Nh) = ~ ^

where V, N, h, and R are the molar volumes, Avogadro’s

78

75
0.2 0 4 0.6 0.8

Sugars (%)

1.2

FIG. 7. Variations in the cloud point of Cl2E10 (1%) with weight per
centage of sugars For abbreviations see Figure 3

and
VoK=Vb~Vt [14]

where V is die volume of alkyl chain lengths m a single C12En 
molecule, M( is the molecular weight (170), and d is die density 
of the corresponding liquid n-alkane at different temperatures, 
as already mentioned. Tire calculations for several systems on 
which SANS studies were performed are presented in Table 7. 
The Vh, Vc, and Vot units increased as the concentration of D- 

glucose increased (Table 7). This may have resulted from the 
interaction of the OH moiety of sugars with die OE part of the 
nomonic surfactant at tire micelle-water interface. Both l^and 
TqF increased as the temperature increased This occurred be
cause the of the micelle increased, which we attributed to 
a lateral joining of micelles Obviously, with an increase in tem

number, Planck s constant, and the universal gas constant, 
respectively. From the slope and intercept of the straight 
line obtained by plotting ln(TjV/iV/t) agamst 1/T, the activa
tion enthalpy (AH\a) and activation entropy (AS°X1S) for a 
viscous flow were calculated.

The thermodynamic activation parameters for the system 
are presented in Table 8 AG#us was positive in all these sys
tems, indicating a nonspontaneous flow, and it increased 
with an increase in the concentration of sugars m the order 
of- sucrose > glucose > nbose Avalues indicated that 
the viscous flows were endothermic AS* were positive, in
dicating that the nnceilar systems were not very well struc
tured, either m the absence or presence of sugars

JVMR measmement The !H NMR spectroscopy study of the 
micelle-rich solution in the presence of sugars was conducted 
to determine the electronic atmosphere around the protons 
and the additive effects on the atmosphere Peak assignments 
were calculated for CH3-CpH2-(CH2)n-CotH9-(OCPI2 
CH,)]0-OH (9,52), with the 3.69 ppm peak corresponding *o 
the OE (OCH2CH2)m moiety, 3 45 for C0H2, 1.57 for CpH2, 
0.88 for CH3, and 1.29 for the methylene protons (CH,)n The 
changes in chemical shifts attributable to the addition of sug
ars were monitored, and the change m chemical shift of the 
OE units was downfield from 3.69 to 3 71 ppm. This result 
shows that these hydrophilic molecules were interacting with 
micelles through intermolecular hydrogen bonding The

TABLE 7
Rheological Parameters of 50 mM C12£l0 at Different Temperature and in the Presence of Sugars3

Micellar system
Ini

(cm3/ g)
Vh

(xio4A3) (x 104 A3)
^OE

(x io4A3)

Ci2E10(°Q
30 6 60 89 7 125 77 2 0 94
45 6 02 137 9 21 4 1165 0 84
60 3 99 148 5 35 4 1131 0 76

C12E10 + 0 3 M D-glucose (°C)
30 10 67 149 9 128 136 2 091
45 9 83 257 1 24 4 232 6 0 91
60 9 13 404 6 42 1 362 5 0 90

C12E10 + D-glucose (M) at 30°C
0 05M 7 12 71 6 9 23 62 4 0 87
0 2M 8 63 104 1 11 1 93 0 0 89
0 3M 10 67 149 9 128 136 2 0 91
0 5M 14 38 203 2 130 190 3 0 94

C,2E10 + 0 3 M sugars at 30°C
D-Ribose 9 19 111 8 11 1 100 7 0 90
D-Glucose 10 67 149 1 128 136 3 0 91
Sucrose 16 60 198 1 110 187 1 0 94

The error in the data is <5% Abbreviations I n l, intrinsic viscosity, Vh. hydrated micellar volume, Vc, volume of the hydrocar
bon core, V0E, volume of the palisade layer in the oxyethylene (OE) unit, for other abbreviation see Table 1
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TABLE 8
Thermodynamic Activation Parameters of the Viscous Flow of C12E10 {50 mM) in 
the Presence of Sugar3
Concentration 
of sugar (M) (kj mol“ ) at 45°C

AH*
VIS ,

(kj mol-1}
AS*

VIS
0 mo!"1 K-1}

D-Rtbose
00 915 169 24 3
0 1 9 23 16 1 21 5
03 9 37 155 193
05 9 46 155 191

D-Glucose
0 1 9 26 158 20 6
03 9 45 158 200
05 967 158 193

Sucrose
0 1 9 37 158 20 2
03 9 76 166 21 6
05 102 175 22 7

aThe error in the data is <5% Abbreviations AG*VIS, activation of micelle formation, AHSVIS, 
activation enthalpy, AS#VIS, activation entropy, for other abbreviation see Table 1

extent of intermolecular H-bonding was decreased by dilution 
with a nonpolar solvent and with an increase m temperature. 
This effect was seen m the viscosity' data No change was ob
served m tire chemical shift of the sugar proton These results 
show that the surfactant aggregates grew m size The main OE 
signals became broader and split when the sugars were added 
in a 1.1 ratio The NMR results suggest that the sugars were af- 
fecung the hydrophilic group, l e., OCH2CH2, by interacting 
with it, probably at the micelle-water interface, and that the 
electronic atmosphere of the OE group at the interface was 
also affected, but not strongly.
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Abstract

Nonionic surfactants are useful in the formation of emulsions. The aqueous solutions of these surfactants show 
complex phase behaviour including liquid-liquid phase separation at higher temperature. Addition of foreign 
substance to surfactant solutions does change the temperature at which the clouding phenomena occurs. In this article, 
we report the effect of electrolytes as well as nonelectrolytes on the cloud point (CP) of a series of nonionic surfactants 
of the poly(oxyethylene)ether type C^E,, (n = 6,9,10). It was observed that Nal and KI have different effect on the CP 
from that of NaCI, NaBr, KQ and KBr. Tetra butyl ammonium iodide (TBAI) acts differently on the CP from the 
Tetra methyl ammonium bromide (TMAB). Overall the electrolytes and nonelectrolytes have a large amount of effect 
on CP of nonionic surfactants, because of their effect on water structure and their hydrophilicity.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Nonionic surfactants; Cloud Point; Electrolytes; Nonelectrolytes; Hydrophilicity

1. Introduction

Nonionic surface active agents are prepared by 
reacting a water insoluble material, such as an 
alkyl phenol with ethylene oxide to give a product 
which has an oil soluble group attached to a water 
soluble polyoxyethylene chain. The high water 
solubility of polyoxyethylene chain is due to 
hydrogen bonding between the solvent and the 
ether oxygen atoms in the chain. Since hydrogen 
bonding is temperature sensitive phenomenon, for

* Corresponding author. Tel.: +91-2652795552.
E-mail addresses: rakshitak@indiatimes.com, '

akrakshi@yahoo.co.in (A.K. Rakshit).

each nonionic emulsifier molecule, there exists a 
temperature at which the degree of hydration of 
the hydrophilic portion is just insufficient to 
solubilize the remaining hydrocarbon portion, 
which is called the ‘Cloud Point’ [1]. At this 
temperature, surfactant is no longer soluble in 
water and solution becomes hazy or cloudy. This 
instant separation of nonionic surfactant upon 
heating into two phases, one surfactant rich and 
other aqueous, containing surfactant close to cmc 
at that temperature is the characteristic of non
ionic surfactant which differentiates it from ionic 
surfactant. Nonionic surfactants are widely used 
as solubilizers, emulsifiers and detergents in many 
industrial processes. Therefore, the cloud point 
data are of considerable practical interest. For

0927-7757/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved. 
doi:10.1016/S0927-7757(03)00012-8
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Fig. 1. Cloud point of Ci2E10 as a function of wt.% of CnEio in 
solution.

Carboxy methyl cellulose (M.W. ~ 100,000) and 
PEG-4000 (M.W. 4000) were obtained from Suvi- 
dinath Laboratories, Baroda, India. Doubly dis
tilled water was used to prepare sample solutions.

Cloud points of surfactant solutions were de
termined visually by noting the temperature at 
which the turbidity was observed. The temperature 
at which the turbidity disappeared on cooling was 
also noted. Cloud points presented in this article 
are averages of the appearance and disappearance 
temperatures of the clouds. These temperatures 
did not differ by more than 0.4 °C.

3. Results and discussion

In Fig. 1 the variation of CP as a function of 
C12E10 concentration are shown. For Ci2E10 (1% 
w/v) solution the CP is 88 °C {2,34]. The cloud 
point increases as concentration decreases from 
dilute to very dilute solution (less than 1%, inset in 
Fig. 1). However CP decreases as the concentra
tion becomes greater than 1% up to about 10% (w/ 
v). Above 10% (w/v), the CP increases with 
increasing concentration (Fig. 1). A number of 
studies of CP of aqueous nonionic surfactants are 
reported but most of them are limited to reason
ably dilute solutions [1]. The decrease in CP with 
increase in C12E10 concentration is due to increase 
in micelle concentration. The phase separation 
results from micelle-micelle interaction. However,

instance, the stability of O/W emulsions solubi
lized by nonionic surfactant has been related to CP 
[3-5]. In preparing emulsions, the CP is very 
important in selection of the most suitable surfac
tant for a given oil [3,6,7]. Moreover, pharmaceu
tical dosage forms consist of nonionic surfactant 
as stabilizer [8]. Several factors have been con
sidered to be responsible for the CP phenomenon 
like structure of surfactant molecule, concentra
tion, temperature and a third component (addi
tive). CP is very sensitive to the presence of 
additives in a system, even at a very low concen
tration. The additives modify the surfactant- 
solvent interactions, change the cmc, size of 
micelles and phase behavior in the surfactant 
solutions [9]. Many efforts have been made to 
investigate the effect of various additives e.g. 
inorganic electrolytes [10,12-20], organic com
pounds [7,8,11,21-25], ionic surfactants [10,24- 
29], cationic surfactants [24,29] and zwitterionic 
surfactants on the cloud point of a nonionic 
surfactant. Some authors have also reported the 
CP of ionic surfactants [30-32]. This paper pre
sents experimental results of the effect of various 
additives like inorganic electrolytes (NaX, KX, 
Ca(N03)2 where X is halide ion) and nonelectro
lytes (PEG-4000, carboxy methyl cellulose, glu
cose, sucrose) on the cloud points of aqueous 
solutions of a series of C12E„ (n = 6, 9, 10) 
nonionic surfactants. We have also determined 
the cloud point of C12E9 and Ci2Ejo in presence of 
Triton X-100 (TX-100), which is widely used as a 
detergent in molecular biology [33].

2. Materials and methods

Hexa oxyethylene monododecylether, C^Ee*- 
[CH3(CH2)ii(OCH2CH2)60H], and nona oxyethy
lene mono dodecylether, C12E9- 
[CH3CH2)ii(OCH2CH2)9OH], of Lion Corpora
tion, Tokyo, Japan were used as received. Deca 
oxyethylene ’ monododecylether, - 'C12Eio- 
[CH3(CH2)1i(OCH2CH2)1oOH], and Triton X 
100 of Sigma, USA were used without further 
purification. The electrolytes used in all experi
ments were of analytical grade; Glucose and 
sucrose were obtained from Qualigens, India.
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Fig. 2. Cloud point of C12E9 and CnB.o (1% w/v) in presence of NaX.

at higher concentration ( > 10%) the CP increases. 
This is because, at high surfactant concentration, a 
structured water surfactant system is present 
[10,35]. With increase in temperature, this struc
ture breaks, though the molecules are not free of 
the surfactant effect. That is, some water mole
cules are not attached to a micelle in particular, 
but to micelle system in general, forming buffers 
between micelles. It has been suggested earlier that 
in polyglycol ether surfactant systems, the water 
molecules are available for total tenside molecules 
[36]. Thus higher temperature is required to 
remove these ‘floating’ water molecules which are 
barriers for micellar interaction. Thus CP is a 
higher temperature and at this temperature the 
bridge water molecules are released [10].

In Fig. 2, the effects of NaF, NaCl, NaBr and 
Nal on the cloud point of Ci2E9 and C12Eio (1% 
w/v) are reported. NaF, NaCl and NaBr decrease 
the cloud point of both surfactants, whereas Nal 
increases the cloud point. In the lyotropic series, it 
is expected that the effect of F~ > Cl- > Br~ > 
I- on the decrease in CP, because the ionic sizes 
increase along the group consequently decreasing 
the formal charge density on anion, thus lowering 
the attraction on anion and thereby lowering the 
attraction of water. However, Nal is considered as 
water structure breaker, resulting in an increase in 
CP. Similar results for Ci2E6 were observed earlier

also [37]. However, there is not much difference in 
the CPs of Ci2E9 and Q2E10 both in the presence 
and absence of electrolytes. This is probably 
because of the polydispersity in these surfactants. 
The error in CPs being less than 2%.

Fig. 3 represents the change in cloud point, ACP 
(°C) of C12E6, and Ci2Eio (1% /v) in presence of 
KC1, KBr and KI. These electrolytes also had 
similar impact on the CP as did NaF, NaCl, NaBr 
and Nal had on Ci2E6, C^Eg, and Ci2Ei0. NaX 
has more pronounced effect than KX, baring an 
exception of KBr, which decreased the CP to a 
large extent compared to NaBr.

Figs. 4 and 5 represent the effect of tetra butyl 
ammonium iodide (TBAI) and tetra methyl am
monium bromide (TMAB) on the cloud points of 
Ci2E„ (n = 6, 9, 10), respectively. It is clear from 
Fig. 4 that CP of Ci2E„ increases with increase in 
concentration of TBAI. The cloud point increase 
in this case is attributed to the mixed micelle 
formation of TBAI with nonionic surfactant pre
dominating over water structure formation. Thus 
the mixed micelles with their cationic components 
have greater intermicellar repulsions and stronger 
interaction with water and consequently higher 
cloud point than the corresponding POE nonionic 
micelle [16]. TMAB however, decreases the CP of 
all three surfactants. TMAB is water structure 
former, thereby decreases the availability of non-
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Fig. 4. Cloud point of Q2E„ (1% w/v) in presence of tetra butyl 
ammonium iodide.

associated water molecules to hydrate the ether 
oxygens of the POE chain [2] and thus lowering 
the cloud point.

In Fig. 6, the cloud point of Ci2E„ (1% w/v) 
solution in presence of glucose, sucrose and 
Ca(N03)2 is illustrated-. It is clear that, glucose 
and sucrose both decrease the cloud point, 
whereas Ca(N03)2 has negligible effect on the CP 
of Ci2E„. This indicates that glucose and sucrose 
remove nearby water molecules surrounding the 
micelle and helping the micelles to approach each

Conoentrafion ofW© (M>
Fig. 5. Cloud point of C^E* (1% w/v) in presence of tetra 
methyl ammonium bromide.

other easily. It was suggested by Kjellander and 
Florin [38] that, appearance of cloud point is 
entropy dominated. The ethylene oxide group of 
POE nonionic surfactant is highly hydrated. When 
the additives (glucose and sucrose) are added, the 
water of hydration of the micelles decreases, as 
these additives compete for water molecules asso
ciated with the micelle. Thus with two relatively 
less hydrated micelles approaching each other, the 
hydration spheres overlap and some of the water 
molecules are freed to increase the entropy of the 
system. At the cloud point, the water molecules get 
totally detached from the micelles. However, some 
researchers [3] have suggested that the hydropho-
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20
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Fig. 7. Cloud point of C^Eu/TX-lOO (1:1,1% w/v) in presence 
of electrolytes.

30-

80

80

100

making more water molecules available to interact 
with POE chain.

We have also determined the CP of CnE? and 
C12E10 mixed with TX-100 i.e. nonionic-nonionic 
surfactant system. Also.the CP of C12E10/TX-IOO 
(1:1, 1% w/v) mixture in presence of NaX and KX 
(Fig. 7) were determined.

The cloud points of C12E9/TX-IOO (2% w/v) as 
well as C12E10/TX-IOO (2% w/v) mixed in various 
mole ratios are presented in Table 2. It is clear 
that, the CP of mixed surfactant system at all mole 
fractions in both the systems are intermediate

—X— Glucose

—I—Sucrose 

-X-Ca{N03)2 

—A—Glucose 

—•—Sucrose 

—Ca{N03)2 J 

—A—Glucose 

—O—Sucrose 

—O—Ca(N03}2

C12E6

C12E9

C12E10

Fig. 6. Cloud point of CS2E„ (1% w/v) in presence of different additives.

bic and hydrophilic parts of the micelle interact 
with water differently where temperature depen
dent interaction parameters come in to play. At 
CP the hydrophobicity has relative dominance 
over hydrophilidty and complete removal of water 
may not be necessary. With our study it is difficult 
to make a choice between the two ideas. In any 
case the overall entropy is high and hence the free 
energy change is relatively more negative and the 
appearance of cloud point is facile [39].

In Table 1, the cloud points of Ci2E6, C12E9 and 
C12E10 (1% w/v) as function of concentration of 
KSCN are presented. It is evident that, thiocya
nate anion being a very soft lewis base and water 
structure breaker increases the cloud point by

Table 1
Cloud point for Ci2E</rX-100 and Ci2Eu/TX-100 (2% w/v) as 
a function of mole fraction of TX-100

Ntx-ioo Cloud point (°C)

CnE/IX-lOO c12e10/tx-ioo

0.0 84.2 88
0.1 82.4 84
0.3 80 80.4
0.5 77.2 77
0.7 73.6 72.5
0.9 72.8 70
1.0 65.4 65.4
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Table 2
Cloud point of C12E„ in presence of KSCN

Concentration of KSCN (M) Cloud point (°Q

CnEs C12E9 C12E10

0.0 46.5 85 88
0.1 48 87.2 89
0.2 50.6 89 91
0.3 518 90.2 92.5
0.4 54.2 91.6 93.3
0.5 55.4 92.8 94

between either of the pure surfactant. From Fig. 7, 
it is evident that the cloud point of C^En/TX-lOO 
mixed surfactant system in presence of NaX and 
KX (where X = C1_, Br“) decreases CP whereas 
in presence of Nal and KI the CP increases. This is 
expected, because the mixed nonionic-nonionic 
micelle formed by adding TX-100 to CnEio is 
chargeless similar to that of a pure nonionic 
surfactant. Thus the addition of NaX and KX 
will have similar effect on the CP of mixed 
nonionic-nonionic surfactant system, as it had 
on pure nonionic surfactants. Reasons for such 
behaviour have been described earlier in this 
article.

We also investigated the effect of carboxy 
methyl cellulose and PEG-4000 on the CP of 
Ci2E„ (1% w/v) solution (Table 3, Fig. 8a and 
b). It was suggested earlier that the solutes, which 
get solubilized in the POE mantle of the micelle 
decrease the cloud point [40]. Hence we believe 
that, both carboxy methyl cellulose and PEG-4000 
do enter the core of the micelle, consequently 
decreasing the doud point. Similar result for TX-

Tabie 3
Cloud point (°C) of Ci2E„ in presence of CMC and PEG-4000

114 on addition of PEG-200, -300 and -400 has 
been reported earlier [10]. However, as carboxy 
methyl cellulose and PEG-4000 are expected to be 
reasonably hydrated it is difficult to visualize these 
molecules in core of the micelle which is oil type 
but may be present at the palisade layer. More
over, they will affect the water structure as well as 
the number of water molecules available for POE 
groups of the surfactants to be hydrated and hence 
the CP decreases (cf. discussion of the effect of 
glucose, sucrose etc., Fig. 6).

Clouding phenomenon is dependent on the 
structure of poly oxyethylenated nonionic surfac
tant. The results reported in this article also 
support the above-mentioned hypothesis. We 
have studied the effect of various foreign sub
stances on the CP of C^Eg, C12E9 and C12E10. 
That is, the hydrophobic group is same, only the 
ethylene oxide content is changing (n = 6, 9, 10). 
Higher the percentage of oxyethylene (hydrophilic) 
group, higher will be the cloud point, though the 
relation between oxyethylene percentage and cloud 
point is not linear. Hence the decreasing order of 
cloud point of CP is C12E10 > Ci2E9 > Ci2E6 [2].

4. Conclusion

The effects of various electrolytes and none
lectrolytes on the cloud points of C12E6, C12E9 and 
C12E10 were studied. The CP of C12E10 showed a 
minimum in variation with concentration. Su
crose, glucose, KC1, KBr, NaCl, Nal, (CH3)4NBr 
and (CjHg^NI do change the cloud point to a 
large extent. Water structure breaking property of

CMC (% w/v) Cloud point (°C) PEG-4000 (% w/v) Cloud point (°Q

c12e6 c,2e» Cj2Eio c,2e« c12e. Ci2Eio

0.0 46.5 85 88 0.0 46.5 85 88
0.1 41.4 83.8 85 0.01 37.4 82.4 87
0.2 41.4 83.4 84.5 0.02 34.2 81 86.4
0.3 41.4 83 84 0.03 29.6 80.4 86
0.4 41.2 82.6 83 0.04 24 79.8 85.7
0.5 41 81.4 82.5 0.05 18.8 78.8 85.4
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Fig. 8. (a) Cloud point of Ci2E„ in presence of CMC; (b) cloud point of Ci2Eb in presence of PEG-4000.

Nal and KI makes its effect different from that of 
NaCl, NaBr as well as KC1 and KBr. (C^Hg^NI 
has different effect on CP than (CH3)4NBr, 
because of mixed micelle formation of (GjH^UNI 
with nonionic surfactant predominating over 
water structure formation. Mixed nonionic-non
ionic surfactant system shows clouding phenom
enon at temperatures, which are intermediate to 
that of corresponding pure surfactants.
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The interfacial and micellization properties of nomonic surfactant, polyoxyethylene (10) lautyl ether [CoE^, CHj 
(CHJiKOCHjCHiJioOH] at different pHs and temperatures have been investigated from surface tension measurements. The 
surface excess (F) and the corresponding interfacial quantities have been evaluated The Gibbs, free energy, enthalpy and 
entropy of micellization (AG°m, AW°m, AS°m), and of adsoiption at the air/water interface (AC°dlj, AA5“,,d) Itave also 
been computed Both micellization and adsorption processes have been found to be endothermic at all pH An enthalpy- 
entropy compensation effect has been observed with an isostiuctuial temperature of 300 K foi both the micellization and 
interfacial adsorption piocesses The cloud point of CiiEmis not much affected by pH

The interfacial and thermodynamic properties of sur
factant m solution, both in presence and absence of 
additives, provide a wealth of information about sol
ute-solute and solvent-solute interactions. Additives 
have significant effect on surfactant self- 
organization1. They can influence solvent structure 
and polarity and can also undergo direct interaction 
with the surfactants. Recently, there has been a rapid 
growth in commercial application of nonionic surfac
tants and the progress in basic research2 Hence, in 
continuation of our interest mi the properties of non
ionic surfactants3'3, we extended our work to study the 
interfacial and micellization properties of poly 
oxyethylene (10) lauryl ether at different pHs to un
derstand how acidity/alkalinity affect the behaviour of 
the surfactant in aqueous solution. The effects of 
change of pH on stability, aggregation number and 
titration properties of dodecyldimethylamine oxide 
(DDAO) surfactant has been studied extensively6. The 
effect of pH on other surfactants like cationic7 hexa- 
decyltri methyl ammonium bromide (HTAB) and am- 
photenc-amonic8 N,N-dimelhyl N-Iauroyl lysine 
(DMLL)-sodiumdodecyl sulphate (SDS) has also 
been studied. Herrann9 showed that dimethyl dodecyl 
amine oxide (DDAO) behaves as nonionic at pH > 7, 
as cationic (DDHA+) at pH < 3 and as a nonionic- 
cationic mixture between pH 3 and 7. However to our 
knowledge, no study dealing with the effect of pH on 
nonionic POE type surfactant has been clone so far

We report herein the effect of pH on surface excess 
(F), minimum area per molecule (Aram), surface pres
sure (Jtcmc) and thermodynamics of micellization and 
adsorption of C12E10 at the air/water interface at dif
ferent temperatures. The study of the effect of pH on 
micellization is important because of increasing use of 
nomonic surfactants in drug delivery systems and also 
in emulsion formulation e.g. shampoo.

Materials and Methods
Nonionic surfactant, polyoxyethylene (10) lauryl 

ether, C12E10, [CH3 (CH2),, (OCH.CH.Jio OH], molai 
mass = 626.85 (Sigma, USA) was used without any 
fuither purification. The surface tension vs concentra
tion plot did not show any minimum. All solutions 
were, prepared using doubly distilled water having 
electric conductance 2-3 pScm'1. A digital pH meter 
of Weltronix CM-100 was used, following calibration 
using buffer solutions of pH 4.0, 7.0 and 9.2 obtained 
from Qualigens Fine Chemicals, Glaxo, India In the 
working solution, HC1 was used to adjust the acidic 
pH, while the alkaline pH was adjusted by usin 
NaOH solution. The HC1 and NaOH used were c 
analytical grade (Suvidhtnath Lab., Baroda, India).
Critical micelle concentration

The critical micelle concentration (cmc) was de
termined by the surface tension (y) measurermlnt us
ing a du-Nouy ring tensiometer (S. C. Dey and Co 
Calcutta, India); measurements were taken at

1 f
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temperatures 308, 3 i 3, 318 and 323 K. The tempera
tures were maintained within ± 0.1 K by circulating 
thermostated water through a jacketed vessel con
taining the solution. Surface tension (y) decreased 
with increasing surfactant concentration and reaching 
a plateau. The concentration of solution was varied by 
adding aliquots of a stock solution of known concen
tration with a Hamilton microsyringe to the known 
volume of solution taken in the jacketed vessel. For 
each set of experiments, the ring was cleaned by 
heating it in alcohol flame. The standard deviation of 
the mean in y was ±0.5%. The measured surface ten
sion values were plotted as a function of the logarithm 
of surfactant concentration and the critical micelle 
concentration (cmc) was estimated from the break 
point in the resulting curve10. The reproducibility of 
the surface tension concentration curve was checked 
with duplicate runs. The reproducibility in the cmc 
was found to be within ±1.0%.

The required pH was maintained by adding aque
ous HC1 and NaOH for acidic and alkaline solution 
respectively. The pH of solution was determined be
fore and after the completion of each run. It was 
found that there was a very small decrease in pH in all 
solutions except water (pH 6.8) in the presence of the 
surfactant. The change was of the order of 0.2 pH 
units within the experimental time span (~ 90min) and 
was thus neglected. However, it is not very clear why 
this small change in pH occurred.

Cloud point (CP) measurement
The cloud points of polyoxyethylene (10) lauryl 

ether in all pH were determined. The total surfactant 
concentration was 1% (w/v). The experimental proce
dure was same as reported earlier11. The cloud points

Table 1 —Critical micelle concentration (cmc) of 
polyoxyethylene (10)lauiyl ether (C^E^) in aqueous solution 
as a function of pH, different temperatures and its cloud point 

at different pits

pH of the Critical micelle concentration Cloud
solution (cmc)/|im at poini/’C

308 313 318 323K
2 60 5.9 5.4 4.3 86.9f
3 95 „ 7.4 7.0 4.5 87. V
4 10.0 8 1 79 5.0 87.3t
5 n.o 93 8.9 7.0 87.4+
6 8* 11.8 10 0 8.9 7.1 87.5f
V 13.1 11.2 11.0 10.9 88 4
11 14 I 13 1 11.2 11.1 89 0

*■ Ref 3
' These values are almost same. An average of 87 2 °C ± 0.1 can 
be taken as cp for these systems

are presented in Table 1. These are the averages of the 
appearance and disappearance temperatures for the 
clouding, the maximum difference was not greater 
than 0.4°C. It can be hence seen that the CP is not 
much affected by the change of pH in the acidic 
range. The error in CP is 0.5%.

Results and Discussion
Surface tension is a dependable and elegant method 

for the determination of cmc12. The cmc values of 
Ci2E10at various pHs and at different temperatures are 
presented in Table 1. It can be seen from the table that 
the critical micelle concentration values of poly
oxyethylene (10) lauryl ether decrease with an in
crease in temperature at all pH, which is generally 
seen in case of nonionic surfactant. It is observed that 
at constant temperature, cmc increases with the pH of 
the solution, low pH favours the miceilization of the 
surfactant.

The formation of micelle is controlled by hydro- 
phobic interaction13, and the London dispersion 
force14. In the case of nonionic surfactants without 
any additive, the cmc decreases with increasing tem
perature due to the dehydration of the hydrophilic 
moiety of the surfactant molecules and also due to 
breaking of water structure15. The ether linkages in 
CnEio chain can be protonated at low pH, making it 
positively charged to behave as a pseudo ionic sur
factant. At alkaline or around neutral pH, this surfac
tant is expected to remain nonionic.

From Table 1, it is seen that with decreasing [H+], 
the cmc increases. Also lowering of temperature in
creases the cmc. Both H+ and OH can form hydrogen 
bonds with wailer molecules and thereby promote 

water structure, \Vhich is also promoted by the hydro- 
phobic group of the surfactant molecule. On increas
ing the temperature, the oxyethylene groups get dehy
drated with decrease in hydrophilicity or increase in 
hydrophobicity causing lowering of cmc The resul
tant cmc is governed by the effects of various factors, 
synergetic and/or antagonistic.

The Gibbs free energy of miceilization (AG°m) for a 
nonionic surfactant is related to the cmc (expressed in 
mole fraction scale) by the following relation16

AG°m=/?7Tn cmc .••(!)

The initial standard state being the hypothetical 
ideal solution of unit mole fraction though behaving 
as if at infinite dilution and the final state being the 
micelle itself. In Table 2, the Gibbs free energy, en-
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thalpy and entropy of miceihzation AG°m, AH°m and 
AS°ra respectively at the standard state of unit mole 
fraction are reported. The free energy of micellization 
is relatively more negative with increasing tempera
ture indicating relative spontaneity of the micelliza
tion process as temperature increases.

The AS°m was computed from the slope of the rea
sonably linear AG°m vs. T plots. The AH°m was then 
calculated from the equation16,

AH°m=AG°m + TAS°m ...(2)

The entropy of micellization (AS°„,) values are all 
positive and large indicating that the micellization 
process is entropy controlled. The micellization 
process is endothermic in nature. High entropy 
changes are generally associated with a phase-change. 
The pseudophase micellar model is thus preferred 
over the mass action model. Rosen17 has stated that 
the presence of hydrated oxyethylene groups of the 
surfactant introduces structure m the liquid phase and 
that the removal of the surfactant via micellization 
results in an increase in the overall randomness18 and 
hence an increase in entropy The hydrated surfactant 
molecules release the water molecules during micelli
zation on the consequence of which the entropy of the 
process increases

A good linear correlation between AH°m and AA°m 
values has been observed. On a general basis, such a 
compensation has been suggested by Lumry and

Table 2—Thermodynamic parameiers of micellization of C,jEio 
at different pHs and teinpeiatures

pH of -AC°m / kJmof1 at A WV A S°m/
solutio 308 313 318 323K kJinoF Jmor'K'

2 41 0 41 8 42 7 44.0 20 1 198
3 39.9 41 2 42 0 43 8 37 2 250
4 39 8 41 0 41 7 43.6 34 8 242
5 1 39.5 40 6 41 4 42.7 24 6 208
68 39 3 40 4 41 4 42 6 27.8 218
9 39.0 40 l 40 8 41.5 11.4 164
11 38.9 39.7 40 7 41.4 13.5 170

Rajender19. The slope of the line i.e. the compensation 
temperature has been found to be 300 K, close to the 
expected values between 270 and 294K in aqueous 
medium19. Thus, the micellization is a function of the 
bulk structure of the solvent. The small variations, 
observed here as well as those observed earlier20 may 
be due to the difference in the bulk structural property 
of the solution from that of water. However, devia
tions from Lumry et al. observation are well known. 
As mentioned by Krug et al.2i error in the data may 
also lead to such compensation.

The air/water interface of a surfactant solution is 
well populated22 by the adsorbed amphiphile mole
cules. The Gibbs surface excess (F) for dilute solution 
of a nonionic surfactant is given by the adsorption 
equation23

F = (-1/RT) (dy/dlnC) ' ...(3)

where F, y, R, T and C are the surface excess, surface 
tension, gas constant, absolute temperature and con
centration, respectively. The slope of the tangent at 
the given concentration of the y vs. log C plot has 
been used to calculate F by using curve fitting to a 
polynomial equation of the form, y=ax2+bx+c in mi- 
crosoft excel program. The R2 (regression coefficient), 
value of the fit lies between 0.9583 and 0.9957. The 
surface excess is an effective measure of the molecu
lar adsorption at the air/liquid interface. The F values 
are presented in Table 3.

The surface excess increases with increase in tem
perature (at pH 6 8) due to the dehydration of the sur
factant molecule. This has not been observed at lower 
and higher pH. In some cases (pH 2, 5 and 9) a mini
mum has been observed. At pH 4 and 11 there has 
been only a slight decrease with temperature. The ef
fect of temperature on F at different pH is a complex 
phenomenon. This is guided by the interaction of H+ 
and OH ions with water as well as with the surfac
tant. The nature of interaction is not straightforward.

pH of solution

3
4
5

6.8
9
11

Table 3—- Suiface excess and area per molecule of al different pHs and temperatures

308
P x 10la / mol cm'3al 

313 318 323K 308
Amm^ ^0”
313

/ nnrat
318 323K

28 2 0 1 8 3.7 59 3 83 0 92.2 44.9
2.5 4 1 2.2 2 3 66 4 40.5 75.5 72 2
2.6 2.9 3 1 3.6 64 6 56.6 54.4 45 4
40 1 o, 1.7 48 41 5 166 0 97 6 34.6
23 2 4 33 36 72 2 (,'9 2 50 3 46.1
42 2.9 3.3 44 40 0 [7.2 50 3 37.7
28 2.8 23 28 58 3 58.9 72 2 59.3
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From the surface excess quantity, it is possible to 
calculate the minimum area per molecule (Amm), by 
the relation,

Amm (nm2) = 10u/iV Fmax ...(4)

where N is the Avogadro number. The magnitudes of 
Amtn are of the order of 1.0 x 102 nm2 or less, suggest- 
ng that the surface is a close packed one which 
means that the orientation of the surfactant molecules 
is almost perpendicular to the surface24. The Ama val
ues of C'iiEio at cmc are also presented in Table 3.The 
effectiveness of a surface active molecule is measured 
by the surface pressure (7tcmc). at the cmc i.e. (jtcrac = 
Yo-Yanc where y0. and Ycmc are the surface tension of 
solvent and the surface tension of surfactant solution 
at cmc respectively. The value of free energy of ad
sorption at air/water interface (AG°ad) has been calcu
lated using the relation25,

AG°ad = R T In cmc - N ncmc Am,„ (5)

The standard state for adsorbed surfactant here is a 
hypothetical monolayer at its minimum surface 
area/molecule but at zero surface pressure. As ex
pected, the free energy of micellization, AG°m was 
less negative than the free energy of adsorption, AG°ad 
values at air/water interface at all temperatures, indi
cating that when a micelle is formed, work has to be 
done to transfer the surfactant molecules in the 
monomeric form at the surface to the micellar stage 
through the aqueous medium. In jTable 4, the thermo
dynamic parameters of adsorption i.e. AG°ad, AH°ai 
and AS°ad of Ci2E|0 at the air/solution interface at 
various pH are presented. The standard entropy 
(A5°ad) and enthalpy (AH°ad) of adsorption have been 
obtained from the slope of the reasonably linear AG°ad

Table 4—Thermodynamic parameter of adsorption of 
polyoxyethylene (10) lauryl ether at different pHs and 

temperatures

pH of 
solution

-AG°ad / Mmol'1: at A H°J 
■ kJmol’1

ASV 
Jmor1 

K-1308 313 318 323K

2 46 2 44 5 50 4 46 6 2 1 142
3 48.1 44 6 46 7 49.5 11.2 186
4 44.5 45 2 46 9 46.9 10 3 178
5 42.3 46 9 47.1 46 0 25 7 226
6.8 42 7 43.7 43.8 44.8 -3.4 128
9 43.9 45 1 45.5 463 2.8 152
11 44.8 45 7 46 8 47 4 10.0 178

Vs T plot. The AH°ad has been obtained from the 
thermodynamic relation (Eq.2). It can be seen from 
Tables 2 and 4 that the derived enthalpy and entropy 
quantities have irregular relationship with pH. The 
error associated with these quantities is ±7%. It is dif
ficult to say from the available data as to whether ir
regularity is due to this error or genuine. Hence, no 
reasoning is preferred. Direct measurement would 
give better answer. However, as mentioned in an ear
lier paragraph adsorption at air/water interface in 
these systems seems to be very much a complex phe
nomenon.

Like the micellization process, the adsorption at the 
air/water interface has been found to be also endo
thermic. The endothermic character of micellization 
and adsorption are specific to the surfactant, the addi
tive and the temperature4,5’ 26, 27. The compensation 
temperature has been found to be 284K, somewhat 
different from 300K obtained for micellization phe
nomenon, but within the expected range for aqueous 
systems (270-294K)19.

The cloud points are the manifestation of the sol- 
vation/desolvation phenomena of the nonionic sur
factant m solution. The desolvation of the hydrophilic 
groups of the surfactant leads to phase separation i.e. 
clouding in the surfactant solution. It is seen that the 
pH has mild effect on the cloud point of C!2E!0, it in
creases only by 2°C for a change of pH from 2 to 11 
(Table 1), and at the acidic region there is no effect at 
all.
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Abstract. Micellar solution of nonionic surfactant n-dodecyloligo ethyleneoxide surfac
tant, decaoxyethylene monododecyl ether [CH3(CH2)n(OCH2CH2)xoOHj, C12E10 in D2O 
solution have been analysed by small-angle neutron scattering (SANS) at different tem
peratures (30, 45 and 60°C) both in the presence and absence of sugars. The structural 
parameters Uke micelle shape and size, aggregation number and micellar density have 
been determined. It is found that the micellar structure significantly depends on the tem
perature and concentration of sugars. The micelles are found to be prolate ellipsoids at 
30°C and the axial ratio of the micelle increases with the increase in temperature. The 
presence of lower concentration of sugar reduces the size of micelles and it grows at higher 
concentration of sugar. The structure of micelles is almost independent of the different 
types of sugars used.

Keywords. Small-angle neutron scattering; nonionic surfactant; micellar aggregation 
number.

PACS Nos 61.12.Ex; 82.70.Uv

1. Introduction

Surfactant molecules self assemble into aggregates in aqueous solution to form mi
celle above a concentration called critical micelle concentration (CMC) where their 
properties are different from those of the non-aggregated monomer molecules. The 
micelles are formed in various shapes such as globular, ellipsoidal, cylindrical and 
disc-like [1]. The structure of micelles depends on the chemical structure of surfac
tant molecule [2] and the solution conditions such as concentration, temperature 
and ionic strength. The study of these systems is a matter of common scientific 
and technological interest from both theoretical as well as experimental points of 
views.

The aggregations! and surface properties of surfactant in solution are very sen
sitive and are influenced or controlled by solvent polarity and type, temperature,
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pressure, pH and presence of various additives (cosolvent) [3-7]. The nature of 
cosolvent decides the direction of the changes in the CMC of the surfactants. They 
may be distributed between aqueous and micellar phase and may accumulate both 
in palisade layer and inside the micelle hydrophobic core, thus favoring the stabil
ity of the system. In this paper we have undertaken small-angle neutron scattering 
(SANS) studies of n-dodecyloligo ethyleneoxide type surfactant, C^Em-aqueous- 
sugars ternary system, to know the interaction of nonionic additives with nonionic 
surfactants. It is well-known that SANS is an ideal technique to study the micellar 
structure of surfactants [8,9] and this has also been demonstrated for surfactant 
micelles in the presence of various additives [10].

2. Experimental procedures

Materials. The C12E10 was purchased from Sigma and used as supplied. D-Ribose 
(C5H10O5), D-glucose (C6H12O0) and sucrose (C12H22O11) (Merck, AR) were dried 
in vacuum before use. Solvent D2O (99.4 atom D %, supplied by Heavy Water 
Division, BARC, Mumbai) was used for SANS experiments. The use of D2O instead 
of water for preparing solution provides a very good contrast between the micelles 
and solvent in SANS experiments.

2.1 SANS measurement

Small-angle neutron scattering experiments were performed on the SANS instru
ment at the Dhruva reactor, Mumbai [11]. The mean wavelength of the incident 
neutron beam is A = 5.2 A with a wavelength resolution of approximately 15%. The 
scattered neutrons are detected in an angular range of 0.5-15° using a linear position 
sensitive detector (PSD). The accessible wave vector transfer Q(= (4tt/A) sin 6/2, 
where 9 is the scattering angle) range of instrument is 0.018-0.30 A-1. In all the 
measurements the concentration of C12E10 was constant (50 mM) and the concen
tration of sugars was varied in the range 0.05 to 0.3 M. The effect of temperature 
was studied in the range of 30 to 60°C. The measured data have been corrected 
and normahzed to a cross-section unit, using standard procedure.

2.2 SANS data analysis

In SANS experiment one measures the coherent differential scattering cross-section 
per unit volume (dS/dO) as a function of wave vector transfer Q. For a system of 
monodisperse particles, it is given by [8,11]

|§«) = n (pP - Pa)2 V2P(Q)S(Q), (1)

where n is the number density of the particles, pp and ps are, respectively, the scat
tering length densities of the particle and the solvent, and V is the volume of the 
particle. P(Q) is the intraparticle structure factor and is decided by the shape and 
size of the particle. S(Q) is the interparticle structure factor, which depends on
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0.20

Figure 1. SANS distributions for 50 mM C12E10: (a) absence and (b) pres
ence of 0.3 M D-glucose at different temperatures. Solid lines are theoretical 
fits and symbols are experimental values.

the spatial arrangement of particles and is thereby sensitive to interparticle interac
tions. In case of dilute solutions, interparticle interference effects are negligible, and 
S(Q) ~ 1. We have carried out the measurements at low concentration such that 
S(Q) ~ 1 and P(Q) has been calculated for ellipsoidal micelles. The dimensions of 
the micelles, aggregation number and number density of micelles have been deter
mined from the analysis. The semimajor axis (o) and semiminor axis (b = c) are the 
parameters in analysing the SANS data. The aggregation number is calculated by 
the relation N = 4irab2/3v, where v is the volume of the surfactant monomer. Then 
the number density of the micelles is determined from the surfactant concentration 
(C) as nm (cm-3) = (C'-CMC)NAl(r3/N.

1 a

dX
fd

n 
(e

m
1)
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0.K 0.19

QfA-1)
Figure 2. SANS distributions for 50 mM C12E10. (a) In the presence of 
D-glucose at different concentrations and (b) in the presence of D-glucose, 
D-ribose and sucrose at 30° C. Solid lines are theoretical fits and symbols are 
experiment values. For clarity, the distributions are shifted vertically by 0,1, 
2 and 3 units in the vertical direction, respectively.

3. Results and discussion

Results of SANS experiments on C12E10 are shown in figures 1 and 2. The various 
structural parameters of C12E10 micelles as obtained from the fit using eq. (1) to 
the data are given in table 1. In figure la, it is seen that the scattering intensity 
increases in the low Q region as temperature increases. The fall of the scattering 
curve is expected to be more for the large-sized particles. This indicates that the
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liable 1. Micellar parameters of 50 mM C12E10 at different temperatures and 
in presence of different sugars at various temperatures.

Micellar system
C12E10 (50 mM)
Temp. (°C) 0 (A) 6 = c (A) Nagg

nm
(cm-3 x 1016)

30 41.5 ± 2.1 26.8 ± 1.3 327 ± 16 9.2 ± 0.46
45 72.2 ± 3.6 26.6 ± 1.3 551 ± 28 5.5 ± 0.28
60 101.1 ± 5.1 28.9 ± 1.4 895 ± 45 3.4 ± 0.17
4- 0.3 M D-glucose
30 44.5 ± 2.2 26.2 ± 1.3 336 ± 17 8.9 ± 0.45
45 80.5 ± 4.0 26.9 ± 1.3 629 ± 31 4.8 ± 0.24
60 122.9 ± 6.1 28.6 ± 1.4 1066 ± 53 2.8 ± 0.14
+ D-glucose (M) at 30° C
0.05 31.1 ± 1.6 26.6 ± 1.3 242 ± 12 12.4 ± 0.62
0.2 37.9 ± 1.9 26.4 ± 1.3 290 ± 15 10.4 ± 0.52
0.3 44.5 ± 2.2 26.2 ± 1.3 336 ± 17 8.9 ± 0.45
0.5 48.7 ± 2.4 25.2 ± 1.3 340 ± 17 8.9 ± 0.45
+ 0.3 M sugar at 30° C
D-Ribose 41.7 ± 2.1 25.2 ± 1.3 291 ± 15 10.3 ± 0.52
D-Glucose 44.5 ± 2.2 26.2 ± 1.3 336 ± 17 8.9 ± 0.45
Sucrose 43.1 ± 2.2 24.6 dt 1.2 287 ± 14 10.5 ± 0.53

size of the micelles increases with increase in temperature: The analysis of SANS 
data in table 1 shows that while the semiminor axis of the micelles almost remains 
the same, the semimajor axis increases 2.5 times as temperature is increased from 
30 to 60°C. This also suggests the increase in the aggregation number and decrease 
in the number density of the micelles with increase in temperature.

Figure 2a shows the effect of addition of D-glueose on the C12E10 micelles at 
30° C. It is seen from table 1 that with the addition of 0.05 M D-glucose the size of 
the micelles decreases. For example, the aggregation number decreases from 327 to 
242 with the addition of glucose. When the concentration of D-glucose is increased 
beyond 0.05 M, the micelle size increases with the increase in the concentration of 
D-glucose. However, we observe that this effect of increasing size of the micelle at 
higher D-glucose concentrations is much less pronounced to that of increasing the 
temperature, ffb understand the above effect of addition of D-glucose, it seems that 
at low concentrations molecules of D-glucose prefer to remain in the bulk water, 
and only start to interact with micelles at higher D-glucose concentrations.

The temperature effect on 50 mM C12E10 in the presence of 0.3 M D-glucose is 
shown in figure lb. It is seen that the features of scattering data in this system 
are similar to that of increasing temperature in pure C^Eio micellar solution. 
The aggregation number and the semimajor axis of the micelles increase with the 
increase in temperature.. A comparison of C12E10 micelles with and without D- 
glucose suggests that the semimajor axis or aggregation number is larger in the 
presence of D-glucose than without the D-glucose. It seems that the effect of the 
above two factors is additive.
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The effect of different sugars on C12E10 micelles is shown in figure 2b. The 
sugars that have been used along with D-glucose are D-ribose and sucrose. The 
data are shown for the fixed C12E10 (50 mM) and fixed sugar concentration (0.3 
M) at 30°C. The structural parameters in these systems (table 1) suggest that the 
micellar structure of C12E10 is almost independent of the variation in the nature of 
sugar.

4. Conclusions

The small-angle neutron scattering studies on micellar solution of C12E10 in aqueous 
solution have been performed at different temperatures both in the presence and 
the absence of sugars. There is a growth of the micelles and the number density 
of the micelle decreases with increase in temperature. In the presence of sugar, 
the micelle size decreases initially for the lower sugar concentration and afterwards 
increases at higher sugar concentrations. It seems the effect of the presence of sugar 
and increasing temperature is additive. The micelle structure of C12E10 is found 
to be independent of the variation in nature of the sugar.
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Physicochemical Studies of Nonionic Surfactants, 
C12E12 and C12E15: Effect of pH and NaCl
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and ANIMESH K. RAKSH1T’
Department of Chemistry, Faculty of Science, The Maharaja Sayajirao University of Baroda, 
Vadodara-390 002, Gujarat, India

Abstract- Aqueous micellar solutions of nonionic n-dodecyloligo ethyleneoxide surfactants, dodeca 
and pentadeca oxyethylene n-dodecylether, C12E12 and C12E15 [CH3 (CH2)10 CH2 (OCHjCH^j^jj 
OH] have been investigated at different pH (acidic to alkaline) and in the presence of NaCl at 
different temperatures. The interfacial and micellization properties have been studied from surface 
tension measurements using du Nouy tensiometer. The cmc shows maximum value at neutral pH. 
With increase in the concentration of NaCl and also with the increase of temperature (35-50°C), 
the cmc decreases. Apart from the thermodynamic quantities of micellization as well as adsorp
tion at air/water interface, the heat capacity (AC ^ transfer enthalpy (AHmtr), transfer heat ca
pacities (ACpmtr), and Traube (a) constant have been evaluated and discussed. Both micellization 
and adsorption processes have been found to be endothermic at all pH and in the presence of NaCl. 
An enthalpy-entropy compensation effect has been observed with an isostructural temperature from 
299-315 K for both the micellization and interfacial adsorption processes. The CPs of C12Ej2 and 
Cj2Ej5 were significantly affected by the presence of NaCl but variation in pH does not have much 
effect. The micelle aggregation number (Nagg) has been measured by using steady state fluorescence 
quenching method at a total surfactant concentration ~ 10 mM at 30°C. The micropolarity and the 
binding constant (Ksv) for C!2E}2 and C12EJ5 in the presence of increasing concentration of NaCl 
(0.1, 0,25, 0.5, 0.75 and 1.0M) were determined from the ratio of the intensities of the first and 
the third vibronic peaks (Ij/I3) of pyrene fluorescence emission spectrum. The micellar interiors 
were found to be reasonably polar.

Keywords : Critical micelle concentration, nonionic surfactant, pH, aggregation number.

INTRODUCTION

The interfacial and micellar properties of nonionic surfactants are governed by a delicate

♦Author for correspondence : e-mail: akrakshi@yahoo.co.in (A K. Rakshit).
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balance of hydrophobic and hydrophilic properties of the surfactant molecules. These 
properties of a surfactant are very sensitive and are influenced or controlled by the type 
of solvent and its polarity, temperature, pressure and also by presence of various foreign 
substances (cosolvent) [1-8]. They provide a wealth of information about solute-solute 
and solvent-solute interactions in aqueous solution, both in absence as well as in presence 
of additives. Additives have significant influence on surfactant self-organization [I]. They 
can influence solvent structure and polarity and can also undergo direct interaction with 
the surfactant.

Nonionic surfactant of the alkyl polyoxyethylene (POE) type are widely used in 
detergency, cosmetics, fabric softening, emulsion formulations like shampoo, paints, etc. 
as well as in pharmaceutical dosages and in drug delivery systems, which are pH sensi
tive phenomena. So we were interested to study the interfacial and micellization proper
ties of POE surfactants at various pH to understand how acidity/alkalinity affect the be
haviour of these surfactants in aqueous solution. The hydration of POE chains of these 
surfactants leads to the aqueous solubility of the molecules; their temperature induced 
dehydration is chiefly responsible for the inverse relationship between aqueous solubil
ity and temperature, observed in these amphiphilic compounds. Maeda [9] emphasized 
the formation of hydrogen bonds between the cationic-nonionic and cationic-cationic spe
cies, where they studied the effect of change of pH on stability, aggregation number and 
titration properties of dodecyldimethylamine oxide (DDAO) surfactant. Herrmann [10] 
showed that DDAO behaved as a nonionic surfactant at pH 5 7, a cationic (DDHA+) at 
pH 5 3 and a nonionic -cationic mixture between pH 3 and 7. The deinking of printed 
film by surfactant also depends on the pH [11]. Nonionic surfactant is effective above 
the cmc at very basic (~ pH 12) condition [11], The effect of salinity on the phase be
haviour in microemulsion can be counter balanced by adjustment of pH [12,13]. The ef
fect of pH on solutions of other surfactants like cationic cetyltrimethylammonium bro
mide (CTAB) [14], amphoteric-anionic N,N-dimethyl N-lauryl lysine (DMLL), anionic 
sodium dodecyl sulphate (SDS) [15] and fatty acid soap [16] were also studied. How
ever to our knowledge, no study dealing with the effect of pH on nonionic POE type 
surfactant has been done so far. We report herein the effect of pH and salt on cmc, mini
mum area per molecule (A^) and thermodynamics of micellization and adsorption at the 
air/water interface, of n-dodecyloligoethylene oxides C,2E12 and C,2E15 at different tem
peratures. We also determine the aggregation number of both the nonionic surfactants in 
the absence and in the presence of NaCl of different concentrations.

EXPERIMENTAL

Materials : CI2EI2 and C,2E1S, [CH3 (CH2)n(OCH2CH2)12/15 OH], MW 714 and 846 
-respectively were obtained from Lion Corp. Tokyo, Japan andused without any further 
"purification. The surface tension vs concentration plot did not show any minimum. All
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solutions were prepared by using doubly distilled water having specific conductance 2- 
3 jiS cm-1. HC1, NaOH and NaCl used for experiments were of analytical grade 
(Qualigens, India). Cetyl pyridinium chloride (Loba Chemie, Baroda, India) was 
recrystallized twice from benzene. Pyrene (Fluka, Germany) was recrystallized from 
cyclohexane.
Methods : The critical micelle concentration (cmc) was determined by the surface ten
sion (y) measurement using a du-Nouy ring tensiometer (S. C. Dey and Co. Kolkata, In
dia) at different temperatures, viz., 35, 40, 45 and 50°C. The temperature was maintained 
within ± 0.1°C by circulating thermostated water through a jacketed vessel containing the 
solution. Other conditions were the same as reported in our recent papers. [5,17-19]. 
Representative plots of surface tension (y) against Log10 C (C in molarity) are shown in 
Fig. 1 and 2. The reproducibility in the cmc was found to be within ± 1.0%.

A digital pH meter of Weltronix CM-100, India was used, which was calibrated

-5.5 -5 -4.5 -4 -3.5 -3

Logl0C

Fig. 1. Representative plots of Surface tension (y) vs. logarithm of molar concentration (C) of 
CjjEjj at different pHs. ...............
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Fig. 2. Representative plots of Surface tension (y) vs. logarithm of molar concentration (C) of 
CjjEjj at different pHs and in the presence of NaCl

by using buffer solutions of pH 4.0, 7.0 and 9.2 obtained from Qualigens Fine Chemi
cals, India prior to pH measurements [20]. In the working solution, HC1 was used to 
adjust the acidic pH while the alkaline pH was adjusted by using NaOH solution. The 
pH of solution was noted before and after the completion of each ran, a negligible change 
in pH was observed at the end of each experiment which lasted for more than an hour.

The micellar aggregation number (Nagg) of surfactant solutions was determined by 
steady state fluorescence quenching measurements. Pyrene was used as the probe and cetyl 
pyridinium chloride as the quencher. The fluorescence emission spectra of pyrene 
monomers in the surfactant solutions were determined with a Shimadzu RF-5301 PC 
spectrofluorimeter at the excitation and emission wavelengths, 335 and 385 nm respec
tively. Excitation and emission band pass were 3 and 1.5 nm respectively. Each spectrum 
had five vibronic peaks from shorter to longer wavelengths (Fig. 3). All fluorescence 
measurements were carried out at room temperature, (~ 30 °C).

An aliquot of the stock solution of pyrene in ethanol was transferred into a flask
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Wavelength / nm

Fig. 3. Representative fluorescence (emission) spectra of 10-5 M pyrene in aqueous micellar 
solution of C12E12 in presence 0.25 M NaCl at various quencher concentrations. From top to 
bottom A (zero), B (1.8 * 10"5 M), C (3.3 x 10“5 M), D (4.6 x 10“5 M), E (5.7 x 10"5 M), F 
(6.6 x 10”5 M) and G (7.5 x 10 5 M) respectively.

and the solvent was evaporated with nitrogen. The surfactant solution (10 mM) was added 
and pyrene concentration was kept constant at 10~* M. The quencher concentration was 
varied from 0 to 8 x 10_5M.

The micellar aggregation number (Nagg) was deduced from the equation [21,22],

.-In I = In Ig - -
(Naeg [QD

([S]-cmc)
- (1)
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where [Q] and [S] are the concentrations of the quencher and the total surfactant respec
tively. The ratio of the intensities of the first (I,, 375 nm) and the third (I3, 395 ran) 
vibronic peaks, i.e.,!,/^ of the monomeric pyrene fluorescence emission spectrum in pres
ence of surfactants is considered to be the index of micropolarity of the system, i.e., it 
gives an idea of the microenvironment in the micelle. A low value of this ratio (I,/I3 < 
1) is generally taken as the pyrene having nonpolar surroundings whereas higher value 
(I;/I3 > 1) suggests that pyrene has polar surroundings [23],

The CP of surfactant concentration (1% w/v) in presence of NaCl (0.5-4.0 M) and 
at all pH were determined. The experimental procedure was the same as reported earlier 
[8]. The CP presented here are the averages of the appearance and the disappearance tem
peratures of the cloud. The experiments were repeated twice and the error was about 
0.5%.

RESULTS AND DISCUSSION 

Critical micelle concentrations

Effect of pH : Surface tension is a dependable and an elegant method for the 
determination of cmc [24]. The cmc values of C12E12 and C12E13 at various pH and in 
presence of NaCl of different concentrations at different temperatures are presented in 
Table 1. It is evident from the Table 1 that, the cmc values of these POE surfactants de
crease with an increase in temperature at all pH, which is expected for nonionic 
surfactants of POE class. This is due to the dehydration of the hydrophilic moiety of the 
surfactant molecules and also due to the breaking of water structure [5]. As the dielec
tric constant of water decreases with temperature, hydration of POE chains diminishes 
when the solution is heated. It is observed that at a given temperature, the pH vs. cmc 
plot shows a maximum at pH ~ 7. As the hydrophilicity of POE nonionic surfactant 
(number of POE units) increases, die cmc increases, thus C12E15has higher value of cmc 
than C12E12 at neutral pH. The formation of micelle is controlled by hydrophobic 
interaction and the London dispersion forces [25]. The ether linkages in C12E12 and 
Ci2E1s chain can be protonated at low pH, and thus the surfactants acquire a weak 
cationic character and behave as a pseudo ionic surfactant. At alkaline or around neutral 
pH these surfactants are expected to remain nonionic.

It is seen that in the acidic region with decreasing [H+], the cmc increases. With 
increase in alkalinity the cmc decreases. Also lowering of temperature increases die cmc. 
Both H+ and OH~ can form hydrogen bonds with water molecules and thereby promote 
water structure, which is also promoted by the hydrophobic group of the surfactant 
molecule. On increasing die temperature, the oxyethylene groups get dehydrated, i.e., there 
is a decrease in hydrophilicity or an increase in hydrophobicity causing the lowering of 
cmc. The resultant cmc is governed by the-effects-of various factors, synergistic and/or 
antagonistic. It is however obvious that the presence of excess H+ or OH- induces early
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TABLE 1
Critical micelle concentrations of C12E12 and C,2E15 in aqueous solution as a function of pH and 
different concentrations of NaCl at various temperatures.

Critical micelle concentration * 105 M

C 12E12 C12E15

pH 35 40 45 50°C 35 40 45 50°C

1.0 8.3 7.9 70.0 6.6 5.4 4.4 ‘ 4.1 5.2

3.0 8.3 8.1 7.9 7.6 9.1 8.70 8.1 7.2

5.0 9.9 9.3 8.6 8.2 9.8 7.41 6.0 6.66

6.8 10.2 9.8 9.1 8.5 12.8 10.2 9.5 8.5

9.0 8.3 7.6 6.9 6.3 7.4 4.7 5.4 4.9

11.0 7,4 5.9 6.3 5.8 6.5 5.7 5.4 5.2

NaCl / M C F12n12 C12E15

0.10 7.9 7.0 6.0 5.8 6.5 5.2 4.9 4.5

0.25 7.0 6.0 6.0 5.2 . 4.9 4.4 4.0 3.7

0.50 5.8 5.5 4.8 3.8 4.5 3.8 4.1 2.8

1.00 4.8 4.0 4.6 3.3 4.1 3.3 2.9 2.7

micellization probably because of more structured solvent.

Effect of Salt: The effect of salt on the erne’s of the POE nonionic surfactants are ex
pected to be less complicated, due to the absence of charge-charge interactions. However, 
such studies have been less systematic and the nature of the effect has been attributed 
to various phenomena. The erne's of C,2E12 and Ci2E15 also decreased by the added NaCl. 
Various interpretations have been proposed for the observed effects. According to Shinoda 
etal [26], toe change in cmc is due to the degreased hydration of the surfactant result
ing in an increase in their effective concentration. This is due to the amount of added salt, 
and their hydration. Hsiao et. al [27] attributed the lowering in cmc to the decrease in 
hydration of the EO chain, caused by added electrolytes, and probably due to the break
ing of hydrogen bonds. Becher [28] first interpreted the lowering of the cmc due to de
crease in the water activity, but later discounted this possibility. Schick [29] attributed 
the effect to the salting out of the EO chains. However, Mukeqee [30] concluded that 
the salting out of the hydrocarbon moiety of the surfactant is responsible for the lower- 

_ ing of cmc and not of the hydrophilic head group as proposed by. Schick [29]. However 
we feel that probably both Schick's and Mukeijee’s suggestions hold good. This is be-
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cause NaCl is certainly going to affect the amount of water available for the surfactants. 
The hydrophilic group will therefore have less amount of water though the iceberg struc
ture around the hydrophobic groups will be completely devoid of water, both resulting 
in an early micelle formation.

Thermodynamics of micellization and adsorption

The Gibbs free energy of micellization (AG®,) for a nonionic surfactant is related 
to die cmc (expressed in mole fraction scale) by the following relation [31],

AG® = RT In cmc (2)

the standard state being the hypothetical ideal solution of surfactant at unit mole fraction. 
Standard free energy of micellization, AG®,, thus evaluated from eqn. 2 are presented in 
Table 2. It is evident from Table 2 that the free energy of micellization is relatively more

TABLE 2
The free energy (AG^,), enthalpy (AH®,) and entropy (ASjJ,) of micellization of C12EI2 and C12E1S 
at different pHs and different concentrations of NaCl.

C 12E12 C12E15

-AG®
m

kJmor1

AH®
m

kJmor1

AS®
in

jmor'Kr1

-AG®
in

kJmor1

AH®
m

kJmor1

AS®,
mJmor'Kr1

pH 35 40 45 50°C 35 40 45 50°C

1.0 34.4 35.1 35.9 36.6 12.9 153 35.4 36.6 37.3 37.3 3.73 128

3.0 34.3 34.9 35.5 36.3 4.3 125 34.1 34.8 35.5 36.4 12.8 152

5.0 34.0 34.6 35.4 36.1 9.4 141 33.9 35.2 36.3 36.6 22.6 184

6.8 33.8 34.5 35.2 36.0 11.2 146 33.2 34.4 35.1 35.9 20.9 176

9.0 34.3 35.1 35.9 36.8 15.4 161 34.6 36.4 36.6 37.4 18.0 172

11.0 34.6 35.8 36.2 37.0 22.9 186 34.9 35.9 36.6 37.3 13.7 158

NaCl
(M)

0.1 34.4 35.3 36.3 37.0 18.2 171 34.9 36.1 36.8 37.7 21.1 182

0.25 34.8 35.7 36.3 37.3 15.3 163 35.7 36.6 37.4 38.2 15.4 166

0.5 35.3 36.0 36.9 38.1 18.6 174 35.9 36.9 37.3 38.9 19.4 *80

1.0 35.8 36.8 37.0 38:5 21.7 186 36.1 37.3 38.2 39.0 25:6 200



Physicochemical Studies of Nonionic Surfactants 97

negative with increasing temperature, indicating relative spontaneity of the micellization 
process as the temperature increases. The free energy of micellization, AG^ values are 
more negative in presence of NaCl of different concentrations as compared to that in pure 
water, suggesting that the micellization of both the surfactants is more favoured in 
presence of NaCl.

The standard entropy of micellization (AS®,) and enthalpy of micellization (AH®,) 
were computed from the slope and the intercept respectively of linear AG®, vs. T plots. 
The entropy of micellization values are all positive and large indicating that the 
micellization process is entropy controlled. Overall micellization process for both the 
surfactants at different pH and in presence of NaCl is endothermic in nature. High entropy 
changes are generally associated with a phase-change; the pseudophase micellar model 
is thus preferred over the mass action model and has been used by us. Rosen [4] has 
stated that the presence of hydrated oxyethylene groups of the surfactant introduces 
structure in the liquid phase and that the removal of the surfactant molecules via 
micellization wherein the hydrated surfactant molecules release the water molecules 
resulting in an increase in overall entropy of the system.

Linear correlation between enthalpy and entropy, i.e., enthalpy-entropy 
compensation phenomenon for micellization process is observed for both the surfactants 
(Fig. 4). Such a compensation was suggested by Lumry and Rajender [32] and the slope 
of the line, i.e., the compensation temperature was found to be 300 K for micellization, 
which is close to the expected values between 270 and 294K in aqueous medium [32]. 
The observed value is a little higher than the suggested value and this may be due to the 
effect of additives. Moreover, the small variations, we observe here as well as those 
observed earlier [7] may be due to the differences in the bulk structural property of the 
solution from that of water.

The heat capacities for the micelle formation (ACpm) were also evaluated from the 
plot of AHmvs T, die slope being ACpm (Table 3). The variation of heat capacities with 
both pH and concentration of NaCl did not show any regularity; this was observed earlier 
in calorimetric studies [33]. The transfer enthalpies (AH mtr) and transfer heat capacities 
(AC „) of micelle from water to aqueous solution were obtained using the relations 
[34],

AHm tr = AHm (aq.additive)- AH^, (aq.) (3)

ACpm.tr. = AC^ (aq. additive)- ACpjn. (aq.) (4)

The transfer enthalpies of micelle were found to be negative (Table 3) but few are positive 
also. Such transfer enthalpies were also reported for the transfer of NaCl and amino ac
ids from water to aqueous urea solution by Ahluwalia et. al [33b]. It shows that trans
fer of hydrophilic (OE) groups from water (pH 6.8) to acidic or basic.solution is. 
exothermic, whereas that of hydrophobic group is endothermic. The transfer heat capaci-
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Fig, 4. Enthalpy-entropy compensation plot for micellization and adsorption taking all systems 
together.

ties of micellization ACp m te for the transfer of micelle from water (pH 6.8) to acidic or 
basic solution are negative indicating increased hydration of micelles due to greater extent 
of hydrogen bonding between OE and additives present in the solution. The ACpmtr 
values remain more or less constant throughout for all the systems indicating no obvious 
structural transition.

The air/water interface of a surfactant solution is well populated [33] by the 
adsorbed amphiphile molecules. Hie surface excess concentration, T^, of the surfactant 
molecules in the surface layer compared to the bulk and the area per molecule, Amin in 
the surface monolayer were calculated by the standard procedure [4,34], The slope of the 
tangent, at a given concentration of the y vs. Log10C plot has been used to calculate Tmjy, 
by fitting a curve to a polynomial equation of the form, y = ax2 + bx + c in Microsoft 
excel. The regression coefficient (R2) value of the fit, lies between 0.9645 and 0.9968. 
The effect of temperature on T^ at different pH did not show any regular variation (data 
not given), thus the interaction seems not to be straightforward. This may be guided by
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TABLE 3
The heat capacities (ACp m) and the transfer enthalpies (AHmtr) and heat capacities (ACpjptr) 
of Micellization of C12E12 and C12Ej5 in Aqueous Solutions of various pH and NaCl concentrations 
at 45°C.

c,2e15 C12E1S

pH AC
p.m

(Jmor’KT1)
AH ,rm,tr

(kJmor1)

^p.m.tr

(Jmor'KT1)
AC

p.m
(jmor'Kr1)

AH™*in.tr
(klmol-1) (JmoHKT1)

1.0 0.005 1.52 -0.001 -0.062 -17.47 -0.048

3.0 -0.007 -6.98 -0.013 0.012 -8.03 0.026

5.0 -0.001 -1.79 -0.007 -41.056 1.33 -0.042
6.8 0.006 0,0 0.0 -0.014 0.0 0.0

9.0 -0.005 4.07 -0.011 0.028 -2.78 0.042

11.0 0.034 11.72 0.28 -0.024 -7.43 -0.01

NaCl (%)

0.10 0.001 6.85 -0.005 -0.008 0.29 0.006

0.25 0.001 4.3 -0.005 -0.004 -5.48 0.01

0.50 -0.012 7.2 -0.018 -0.008 -0.93 0.006

1.00 0.02 10.92 -0.014 -0.01 4.53 0.004

(The error in the data is <2%)

the interaction of H+and OH- ions with water as well as the surfactant. The increase in 
the temperature (in presence of H+ or OH~) hinders the adsorption of surfactants at air/ 
water interface. This is because of (i) the changed nature of water due to presence of H+ 
and OH~ ions and (ii) the possibility of interaction between the surfactant and the H+ ions, 
due to the presence of unpaired electrons on the oxygen of oxyethylene groups.

The Amin. values of C12E12 and C12E15 at cmc are presented in Table 4. The 
magnitudes are of the order of ~1.Q nm2 or less, suggesting that the surface is a close 
packed one which means that the orientation of the surfactant molecules is almost 
perpendicular to the surface [35]. The effectiveness of a surface active molecule is 
measured by the surface pressure (7Ccmo) at the cmc, i.e., 7tcna. = y0 - ycmc where y0 and 
Ycmc are the surface tension of pure solvent and the surface tension of the surfactant 
solution at cmc respectively.

• - The value of free energy of adsorption of the surfactant at the air/water interface
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TABLE 4.

Minimum area per molecule Amm of C12E12 and C12E15 at different pHs and different 
concentrations of NaCl.

System Ci?E12 c12e15

pH 35 40 45 50°C 35 40 45 50°C

1.0 0.58 0.90 0.83 0.99 0.62 0.74 0.53 0.84

3.0 0.75 0.79 0.85 0.84 0.73 0.69 0.84 0.92

5.0 0.60 0.66 0.83 0.76 0.70 0.80 0.76 0.51

6.8 0.82 0.89 0.98 0.83 0.71 0.72 0.80 0.89

9.0 0.71 0.98 0.73 0.70 0.85 0.52 0.69 0.63

11.0 0.86 0.89 1.03 1.03 0.73 0.58 0.68 0.66

NaCl / M

0.10 1.03 1.11 1.11 1.20 0.77 0.84 0.83 0.78

0.25 1.03 0.90 0.92 1.08 0.83 0.84 0.83 0.76

0.50 1.40 1.09 0.70 0.80 0.90 0.85 0.77 0.80

1.00 1.14 0.87 1.14 1.03 0.81 1.10 1.10 1.00

(AG“d) was calculated using the relation [36],

AG»d = RT In cmc - NrrcmoAmin (5)

The standard state for the adsorbed surfactant here is a hypothetical monolayer at its 
minimum surface area/molecule but at zero surface pressure.

As expected, the free energy of micellization, (AG®,) was less negative than the 
free energy of adsorption, AG®d values at air/water interface at all temperatures, suggesting 
that when a micelle is formed, work has to be done to transfer the surfactant molecules 
in the monomeric form at the surface to the micellar stage through the aqueous medium. 
In Table 5, the thermodynamic parameters of adsorption, i.e., AG®d, AH®d and AS®d of 
CI2Ej2 and C12E15 at the air/solution interface, at various pHs and in NaCl solutions of 
different concentrations are presented.

The standard entropy (AS®d) and enthalpy (AH®j) of adsorption were obtained from 
the slope and intercept respectively of the reasonably linear AG®d vs T plot. The AS®j 
values are all positive and greater than those of AS®, values, reflecting greater freedom



Physicochemical Studies of Nonionic Surfactants 101

TABLE 5

The free energy (AG®d), enthalpy (AH^) and entropy (AS®d) of adsorption and Traube's constant 
(x 10~7) C12Ej2 and C12E15 at different pHs and different concentrations of NaCl.

C12E12 c!2e12

pH -AG®dktool 1

35 40 45 50°C

^ad

ktool-1
ASad

Jmor1 K"1

~AG°, ktoor1

35 40 45 50°C

AG°ad

ktoor1
AGad

toor1 KT1

1.0 48.3 53.4 53.7 57.1 114.8 532.2 42.8 44.6 43.8 49.4 74.7 380
(15.5) (81.6) (66.2) (172) (1.81) (2.78) (1.6) (9.8)

3.0 51.1 51.9 54.8 53.9 20.1 231.4 41.1 43.1 43.4 44.6 25.1 216
(46,4) (45.9) (100) (52.1) (0.93) (1.6) (1.4) (1.6)

5.0 45.8 47.0 53.9 52.9 127.3 561.6 42.3 45.7 45.9 46.0 26.3 226
(5.87) (6.98)(71.4)(35.9) (1.49) (4.2) (3.5) (2.8)

6.8 47.3 53.5 58.0 53.0 83.3 431.2 41.9 43.1 44.9 45.7 39.4 264
(10.5) (84.8) (337) (37.3) (1.28) (1.6) (2.4) (2.5)

9.0 47.6 54.7 52.0 51.3 35.6 271.3 46.5 44.9 47.8 49.0 18.6 208
(11.8) (135) (34.8) (19.8) (7.7) (3.1) (7.1) (8.4)

11.0 48.0 52.1 56.1 55.5 113.3 526.8 44.0 42.1 44.9 45.5 1.9 146
(13.8) (49.5) (164) (94.5) (2.9) (1.1) (2.4) (2.3)

NaCl
(M)

0.10 42.2 54.8 60.0 62.6 173.5 717.4 45.5 49.0 50.0 50.9
(1.44) (140) (718) (1330) (5.2) (15.1)(16.3)(17.0; 59.7 344

0.25 57.5 54.1 55.5 59.2 125.0 570.0 46.4 46.7 47.4 50.2 28.7 242
(565) (107) (131) (375) (7.4) (6.2) (6.1)(13.1)

0.50 47.7 565 52.8 53.1 61.8 355.4 49.5 47.3 50.5 47.7 62.6 44
(12.3) (269) (47.1) (38.7) (24.8) (7.8) (19.7)(5.18;

1.00 59.4 60.1 62.2 58.4 26.5 279.0 50.5 53.5 58.0 54.2
(1190)(1070)(1650)(278) 36.7 84.8 337 58.3 44.4 312

*The values in the parentheses are Traube's constant

of motion of the hydrocarbon chain at the planar air/water interface compared to that in 
the cramped interior beneath the convex surface of micelle [36]. It is evident from Tables 
2 and 5 that the derived enthalpy and entropy quantities have irregular variation with pH. 
However, in the presence of NaCl, the enthalpy and entropy of micellization increase 
while for adsorption of surfactant at air/water interface, the corresponding values decrease
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on increasing the concentration of NaCl. The error associated with the values of these 
quantities is ±5%.

Like micellization process, the adsorption of surfactant at air/water interface has 
also been found to be endothermic in nature. The endothermic character of micellization 
and adsorption are specific to the surfactant, the additive and the temperature of 
micellization [37-41], The AH®d vs AS®j compensation plot of the adsorption phenomenon 
is observed for both the surfactants and is illustrated in Fig. 4. The compensation 
temperature is observed to be 305 and 315K for C12E12 and €i2E15 respectively, slightly 
different from 300K obtained for the micellization phenomenon, but around the expected 
region for aqueous systems (270-294K) [32].

It has been suggested by Weiner and Zografi [41] that,

AG®d = -RT In a (6)

where ‘o’ ‘is known as Traube’s constant and is defined by the relation

o = (a^C)c^=-0y/3C)MO (8)
This means o is the rate of change of surface pressure per unit concentration change at 
infinite dilution. The a values are given in Table 5. It can be noted that the a of the pure 

C12Ei2/,5 is similar to die data given in Table 4 of Meguro et,al [42] thereby suggesting that our adsorption data are reasonable. We computed the effect of different pH and NaCl 
concentration on a where unfortunately, no regularity was observed.

Micellar aggregation number (Ntgg)

The micellar aggregation numbers of and C,2E,5 evaluated using steady 
state fluorescence quenching measurements with varying NaCl concentration are tabulated 
in Table 6. It is evident that, the Nagg of C,2E12 is higher than that of C12E1S. However, 
in presence of NaCl, though the Nagg changes, there is no regular change with increasing 
NaCl concentration. A minimum is observed for both the surfactants, though at different 
NaCl concentrations. However, at higher concentration of NaCl, the Nagg increases due 
to the decrease in the steric hindrance between ethylene oxide moieties of the 
polyoxyethylene chain due to the presence of NaCl. Table 6 also illustrates die intensity 
ratio of the first and the third vibronic peaks (I2/I3) in the monomeric pyrene fluorescence 
emission spectrum, which is sensitive to the local polarity around the probe (pyrene). It 
is evident that, all the values of I/Ij are > I suggesting polar environment around pyrene. 
However Ij/Ij values are almost constant (Ij/I3 ~ 1.30) for both the surfactants irrespective 
of NaCl concentration in the present study. This indicates that by die presence of NaCl 
tiiere is no significant change in polarity around pyrene.
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Fig. 5. Cloud point vs NaCl concentration plot for C12E12 and C12E15 surfactants.

TABLE 6

Aggregation number (N) and micropolarity (Ij/Ij) of C12E12 and C12E1S in the presence of NaCl 
at 30°C.

Concentration of

NaCl / M

Aggregation number (Nara)

C12EI5 C>2E,S

0.00 74 ± 4 (1.30) 51 ±3 (1.30)

0.10 51 ±3, (1.30) 46 ± 2 (1.31)

0.25 33 ± 2 (1.31) 57 ± 3 (1.30)

0.50 46 ± 2 (1.31) 56 ± 3 (1.31)

1.00 53 ±3 (1.30) 58 ± 3 (1.31)

Micropolarity values are given in in parentheses

Cloud points

Cloud points are the manifestation of the solvation/desolvation phenomena in 
nonionic surfactant solution. The desolvation of the hydrophilic groups of the surfactant
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leads to the formation of cloud in the surfactant solution. It is seen that pH does not have 
any effect on the cloud points of C12E,2 and C12E,5 but NaCl being a water structure 
maker; lowers the CP of POE surfactants by decreasing the availability of water molecule 
to hydrate the ether oxygen of the POE chain (Fig 5). Similar results were also observed 
with other C12EB (n=9,10) surfactants [43]. However, it has been stated that when 
temperature dependent interaction parameters exist, the hydrophilic and hydrophobic parts 
of micelles interact with water in different ways [44]. Clouding of surfactant is thus 
dependent on balance of hydrophobicity and hydrophilicity. Hence at CP, hydrophobicity 
is more dominating than hydrophilicity and the complete removal of water from the 
molecule is not essential. Therefore we can say that the H+ and Cl“ ions affect the 
hydrophobicity or hydrophilicity to the same extent but in opposite direction which is also 
true for Na+ and OH- ions. Hence the CP does not change on changing the pH. However 
the effect of Na+ and Cl- are not of same magnitude and hence there is a change in CP.
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