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Abstract

An electrode originally sensitive to dodecyltrimethylammomum ions (DTA+) was proven to be sensitive to tetradecyltrimeihylammomum 
ions (TTA+) and was used for determination of critical micelle concentration of tetradecyltrimethylammonium bromide (TTAB) in water. 
Moreover the response of the electrode was tested in presence of non-aqueous polar solvents i.e dimethyl formamide (DMF) and dimethyl 
sulphoxide (DMSO) in water and was observed to be Nemstian within the concentration range studied (up to 40% v/v of DMF and DMSO) 
The validity of this electrode, for electrochemical measurements, was checked by comparing the critical micelle concentration values of 
TTAB obtained by using the electrode, with those obtained by conductivity measurements in mixed polar solvents The effect of solvent on 
the micellization of TTAB has been discussed 
© 2004 Published by Elsevier B.V.
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1. Introduction

Surfactants are important in various phenomena of interfa
cial science and continue to be critical in many applications 
in agrochemicals, emulsion polymerization, paper manufac
turing, water treatment, oil recovery, fire fighting and plastic 
manufacturing [1], Handling of surfactants for use, formu
lation or production needs simple and reliable analytical 
technique to determine their quantity in reaction media [2]. 
Hence ion selective electrodes for surfactants have been de
veloped in the last three decades [3-6] and have been used to 
study biomolecule-surfoctant interactions [7], The principle 
of these electrodes is based on a selectively permeable mem
brane between two electrolyte phases across which only a 
single ion can penetrate. Polymeric membranes are easy to 
handle and also prevent rapid loss of expensive electro active 
material dissolved in a plasticizer. Complextng agents hav
ing selectivity towards ions of interest are dissolved in it, and 
they provide the mechanism for selective charge transport 
across the boundaries of the membrane. Different associa-
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tive behavior of surfactants in water and other solvents have 38 
stimulated the interest to elucidate how solvent properties in- 39
fluence aggregation and many studies have been performed 40 
to gam information on the role of solvent in the aggregation 41 
process [8]. Hence, in order to understand (a) the behavior 42 

of polymeric membrane electrodes in aquo-organic medium 43 
and (b) the role of solvent on aggregation of surfactant, we 44 

determined the critical micelle concentration (CMC) of a 45 

cationic surfactant, tetradecyltrimethylammonium bromide 46
(TTAB), in II2O/DMF as well as in II2O/DMSO medium 47 

using the cationic surfactant ion selective electrode (ISE). 48 
We have also compared the CMC values of TTAB ob- 49 
tained by electrochemical measurements using ISE with so 
those obtained by conductivity measurements at the same 51 

temperature to determine the response nature of surfactant 52
electrode m mixed aquo-otganic medium. 53

2. Experimental 54

2.1 Materials 55

Tetradecyltrimethylammonium bromide procured from 56
Lancaster, UK was recrystallized thrice in acetone prior to 67 
use. Dimethyl formamide (DMF), tetrahydrofuran (THF) 58
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(Qualigens, India) and dimethyl sulfoxide (DMSO) (E, 
Merck, India) were purified as per standard methods re
ported m the literature [9]. Dodecyltrimethylammonmm 
bromide (DTAB) obtained from Acros Organics was recrys- 
tallized twice from methanol and then dried under vacuum 
at room temperature. Sodium tetraphenylborate (NaB<}>4) 
was obtained from E. Merck, Germany and used as received. 
Dioctyl phthalate (plasticizer) was purchased from Suvid- 
math Laboratories, India. Doubly distilled water, having 
conductivity <6p.Scm_1 was used in all the experiments. 
The structures of TTAB and DTA+ are presented below.

(a) Tetradecyltrimethyiammonium bromide (TTA+ Br-)

<?H3
C14H29—-ijj---- CH3 Br

CH3

(b) Dodecyltrimethylammonmm ion (DTA+)

CH3

C-I2h25—------CH3

oh3

2.2. Methods

2.2.1. Electrochemical measurements 
The cationic surfactant ion selective electrode was pre

pared in our laboratory as detailed below. Membranes were 
made from low molecular weight poly (vinyl chloride) 
(PVC) 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 until PVC was completely soluble (Solution 
A). DTAB4>4 was used in order to have B<]>4- ion as mobile 
anionic site in the membrane for TTA+ detection, which 
was prepared by mixing equimolar aqueous solutions of 
two salts: dodecyitrimethylammonium bromide and sodium 
tetraphenylborate (NaB<j>4). The solution obtained was ex
tracted three times in dichloromethane. After evaporation 
of solvent, the precipitate was recrystallized twice from 
ether-methanol mixture. A HP2 M solution (Solution B) of 
DTAB4>4 in THF was made. Three milliliters of Solution A 
was mixed with 0.2 mL of Solution B and the clear solution 
was spread on clean and clear glass surface of a flat dish, 
which lost THF by evaporation at room temperature form
ing the membrane in the form of thin film (~0.1 mm thick).

If the plasticizer (i.e. dioctyl phthalate) exceeded 1.2 g, the 
resultant membrane used to be too much flexible, sticky, 
having low mechanical strength and thus very difficult to 
handle. Whereas, if the DOP content was lower than 1.2 g, 
the resultant film was stiff, less flexible and it was difficult 
to fix up on the narrow end of the glass tube Even if such 
membrane was glued at the end of the narrow glass tube, 
it used to leak and thus unfit for experimental purpose. 
Thus the method mentioned above at the beginning of the 
paragraph incorporates the optimized contents of various 
ingredients required for preparation of the membrane suit
able for the electrochemical measurements. The membrane 
was removed and cut into small pieces and fixed on the 
open end of a narrow glass tube of l mm diameter using 
PVC-THF paste as glue. The membrane was conditioned 
with the reference solution (very dilute solution of TTAB) 
prior to electrochemical measurements. The experimental 
setup for electrochemical measurements is as shown m 
Scheme 1.

The reference electrode of the KCl-saturated calomel was 
protected from amphiphile diffusion by a saline agar-agar 
gel made of saturated KC1. Moreover, to limit the diffusion 
speed of surfactant, the gel was contained in a Teflon cap
illary tube. Aliquot addition of known concentration of sur
factant solution to a fixed quantity of solvent [water/DMF 
or water/DMSO mixture (max. 40% v/v)] was done and the 
corresponding emf values were recorded.

The aquo-DMF and aquo-DMSO solutions were neutral 
to 0.001 M aquo-NaOH solution. Stable emf values (mV, 
±2%) were recorded at regular interval of 3 min after each 
aliquot addition. The emf values thus obtained were plot
ted as a function of logarithm of surfactant concentration 
and the break in emf-log concentration of surfactant pro
file was considered as the critical micelle concentration 
(CMC) of the surfactant (Fig. 1). Total duration to com
plete 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 ±4%. The mem
brane showed good resistance and stable electrochemical 
response in aquo-organic solvent and was unaffected by 
the solvent medium [water/DMF or water/DMSO mixture 
(max. 40% v/v of DMF or DMSO)]. No leaching/leakage of 
the polymeric membrane was observed and the polymeric 
film remained intact throughout the experimental duration 
(~3 h and more). The same electrode was used for at least 
six times or more covering 3 days or more with prior rins
ing followed by conditioning with reference solution before 
each experimental ran. However our attempt to work with
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5 6 7 8
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Fig 2. Representative conductivity vs concentration plots at 35 °C for various systems

-42 -4 -38 -36 -34 -32 -3 -2.8 -26 -24 -2.2 -2 -18 -16
log10 Concentration (M)

Fig l Representative emf vs log [TTAB] plots at 35 °C for various systems

141 water-ethylene glycol mixed solvent was unsuccessful at
142 any concentration of ethylene glycol. In the DMF-water
143 and DMSO-water medium, the lower limit of detection of
144 cation was found to be 1 x 10-5 M, accuracy of detection
145 of cation was ±4%, the emf versus logic C plot was linear
146 although from lower limit of 1 x 10-5 M to desired higher
147 concentration. The thermodynamic background of such
148 electrode has been discussed in detail by Turmine et al. [10].

2.2.2. Conductivity measurements 149
The conductance (k) measurements were done with Well- 150 

tronix (India) conductivity bridge. A dip type cell of cell 151 
constant 1.01 cm '1 was used. The conductance of differ- 1S2 

ent solutions, which were obtained on aliquot addition of a 153 
known concentrated surfactant solution to a given volume 154 
of the thermostated solvent, was measured. Conductance (k) 1S5 
versus concentration of surfactant (mol/L) plots are shown
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Table 1
Critical micelle concentration (raM) values of tetradecyltnmethylammomum bromide at 35 °C using different methods

Organic solvent (% v/v) Critical micelle concentration (mM)

DMF DMSO

Conductance Potentiometry Conductance Potentiometry

0 3 80 ± 0 04 3 70 ± 0.03 3 80 ± 0 04 3 70 ± 0 03
10 6.65 ± 0 13 6 45 ± 0 13 5 20 ± 0 10 5 01 ± 0 07
20 8.50 ± 0 22 8 32 ± 0.24 6.10 ± 0 16 6 02 ± 0 14
30 11.10 ± 0.27 10 96 ±0 26 8 80 ± 0 19 8 91 ± 0.22
40 14 30 ± 0.31 14 40 ±0 36 12 50 ± 0 29 12 58 ±0 26

in Fig. 2, for TTAB. The break in conductance-concentration 
profile was considered as the critical micelle concentration
[ii].

3. Results and discussion

The critical micelle concentration is probably the simplest 
means of characterizing the colloid and surface behavior 
of a surfactant, which in turn determines its industrial use- 
fiilness and biological activity and also gives a measure of 
solute-solute interactions [12], Electrochemical measure
ments were earned out to study the micellization of the 
cationic surfactant in aquo-organie medium using ISE selec
tive to a surfactant ion, as this will be then an additional tool 
of charactenzation of micellar aggregates m aquo-organic 
medium, besides the existing conventional techniques (sur
face tension, conductivity, etc.). Potentiometric measure
ments were earned out with ISE sensitive to TTA+ ions 
using a Systromcs, India, multimeter. The EMF values were 
reproducible and had ±0.5 mV stability. Fig. 1. shows the 
representative potentiometric curve obtained for TTAB in 
aqueous as well as aquo-organic medium at 35 °C. Initially 
the potential response was linear, however as the concentra
tion of surfactant increased, a break corresponding to critical 
micelle concentration of TTAB was observed. The potential 
response of this membrane was equal to (59 ± 3 mV) per 
decade indicating a reasonably good Nemstian slope.

The CMC values of TTAB obtained in aquo-organic 
medium (containing varying amount (% v/v) of DMF and 
DMSO by electrochemical as well as conductivity measure
ments are reported in Table 1. It is evident from Table 1, 
that the critical micelle concentration value of TTAB in 
aqueous medium is lower than that in presence of DMF 
and DMSO. The micelle formation is dependent on the 
hydrophobic effect and London dispersion forces [13,14], 
The increase in CMC values of TTAB in presence of DMF 
and DMSO, can be attributed to the increase tn solva
tion of the hydrocarbon chains of the surfactant by DMF 
(e = 36.7) and DMSO (e = 46.6). Thus lowering of hy
drophobic effect—the driving force for micellization leads 
to higher values of CMC in presence of DMF and DMSO 
and in aquo-DMF medium more than in aquo-DMSO. We 
observed that the electrode potential (mV) plotted against

the logio C of the ion (i.e. [TTA+]) gave a straight line of 
gradient 23RT/z,F, where z, and F are the charge of ions 
(i.e. TTA+) and Faraday constant, respectively. This means 
that the response of the electrode for the studied system in 
aquo-organic medium is Nemstian. Though the electrode 
showed Nemstian response, it lost its sensitivity at higher 
concentrations of DMF and DMSO in the solvent [>40% 
v/v], and could not be used for CMC determination using 
electrochemical measurements. Also the membrane made 
of DTAB64 could be successfully used for the detection of 
TTA+ ions in water, suggesting the possibility of their use 
as cation selective electrode irrespective of the chain length 
of the cation as well as in aquo-organic medium.

4. Conclusions

A surfactant ion selective electrode originally sensitive 
to dodecyltrimethylammonium 10ns (DTA+) was proved 
to be sensitive towards tetradecyltrimethylammonium ions 
(TTA+) and successfully employed for evaluation of criti
cal micelle concentration of tetradecyltrimethylammonium 
bromide. The electrode was also used for determination of 
critical micelle concentration of tetradecyltnmethylammo- 
nium bromide 111 aquo-organic medium i.e. water/dimethyl 
formanude and water/dimethyl sulfoxide mixture, up to 
40% v/v of the organic liquid. The validity of this ISE, 
for electrochemical measurements, was substantiated by 
comparable values of critical micelle concentration of 
tetradecyltrimethylammonium bromide obtained by using 
this electrode, with those obtained by conductivity mea
surements in aquo-organic media. The ISE showed good 
resistance towards the mixed solvent system (within the 
concentration range studied) and hence it can prove to be an 
important tool for studying the self-aggregation of cationic 
surfactants in aquo-organic medium.
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a-Sulfonato Palmitic Acid Methyl Ester-Hexaoxyethylene 
Monododecyl Ether Mixed Surfactant System: 

Snterfacial, Thermodynamic, and Performance Property Study
Sandeep. R. Patil3, Tsuneharu Mukaiyamafa, and Animesh Kumar Rakshit3'*

department of Chemistry, Faculty of Science, The Maharaja Sayajirao University of Baroda, Baroda 390 002, India, and 
household Research Laboratories No 1, Household Products Division, Lion Corporation, Tokyo 132, Japan

ABSTRACT: Interfacial, thermodynamic, and performance 
properties of aqueous binary mixtures of a-sulfonato palmitic 
add methyl ester, C14H29CH(S03Na}C00CH3 (PES), and hexa- 
oxyethylene monododecyl ether, CH3(CH2)11(OCH2CH2)6OH 
(C12E6), were investigated with tensiometric, conductometric, 
fluorimetric, and viscometric techniques. The critical micelle 
concentration (CMC), maximum surface excess, minimum area 
per molecule of surfactant at the air/water interface, and the 
thermodynamics of micellization and adsorption were deter
mined. The CMC was very low for mixed systems, indicating 
probable use as a detergent with less effect on the environment 
because of surfactant biodegradability and less amount in the 
environment. The interaction parameter fim, computed by using 
the theory of Rubingh and Maeda, indicated an attractive inter
action (synergism) between the surfactant molecules, which was 
also confirmed by proton nuclear magnetic resonance studies 
in the mixed micelle The micellar aggregation number (Nagg), 
determined by using a steady-state fluorescence quenching 
method at a total surfactant concentration of about -10 mM at 
25°C, was almost independent of the surfactant mixture com
position. The micropolarity and the binding constant {K$v) for 
the’C52E6/PES mixed system were'determined by the ratio of 
the intensities (/]//3) of the pyrene fluorescence emission spec
trum, and the local microenvironment inside the micelle was 
found to be polar. The viscosity of the mixed system at all mole 
fractions suggested that mixed micelles are nonsphencal in na
ture. The cloud point of oxyethylene group-containing surfac
tants was increased by the addition of PES Foaming was tem
perature dependent, and a VI mixed system showed minimum 
foaming. All performance properties were composition depen
dent.

Paper no. S1349 in JSD 7, 87-96 (January 2004)

KEYWORDS: Foaming, interaction parameter, micellization,
mixed surfactant, viscosity

*To whom correspondence should be addressed.
E-mail rakshitak@mdiatimes com, akrakshi@yahoo co in 
Abbreviations" a, degree of micelle ionization, dCMC> area per molecule 
at CMC, Amm, limiting surface area per molecule, p"* 1 *, interaction param
eter; y, surface tension, maximum surface excess; C12E6, hexa- 
oxyethylene monododecyl ether, CMC, critical micelle concentration, 
CP, cloud point; e, dielectric constant,/,, acuvity coefficient of surfactant
1 (PES) in the micelle; TJ, intrinsic viscosity, n,, relative viscosity, AAy, 
Stera-Volmer binding constant, Ai,gg, micellar aggregation number;
NMR, nuclear magnetic resonance, /vPES, stoichiometric mole fraction
of PES in mixture, PES, a-sulfonato palmitic acid methyl ester; 0, 
Traube’s constant, X,, mole fraction of ionic surfactant in the mixed mi
celle; A/,,,., CMC expressed as a mole fraction

The association of surfactant molecules into finite-sized molec
ular aggregates such as micelles in aqueous solution is signifi
cant for their use in solubilization, catalysis, dispersion, and 
technological, biochemical, and pharmaceutical formulations 
(1,2). Mixed surfactants exhibit performance superior to that 
of single surfactants, and composition as well as concentration 
can be optimized for a particular application (3). Synergistic 
interactions between surfactant molecules in mixed surfactant 
systems may be exploited to reduce the total amount of surfac
tant used in a particular application, which ultimately can lead 
to a reduction in cost and environmental impact (4). Because 
of their distinctive behavior compared to single surfactants, 
mixed surfactant systems, such as nonionic-nonionic (5,6), 
nonionic-anionic (7,8), nonionic-cationic (9), andanionic- 
zwitterionic (10) combinations, have attracted attention in 
both theoretical studies and practical applications (11). Deter
mination of various physicochemical properties of surfactant 
mixtures can provide a means to optimize their properties.

We have studied the physicochemical properties of a-sul- 
fonato palmitic acid methyl ester (PES), an anionic surfactant, 
in the presence of hexaoxyethylene monododecyl ether 
(CI2E6), a nonionic surfactant. Besides their ready availability 
from renewable plant material and good biodegradability, PES 
have superior detergency for fabrics and a high tolerance 
against calcium ions (12), indicating it can possibly be used in 
hard water. Moreover, the mixed system is expected to have low 
CMC values; hence, the amount required for use will be low. 
We are also interested in comparing properties of derivatives of 
various fatty acids-(e.g.,' mynstic, palmitic, and stearic acids) in 
mixed systems with C12Eg to determine which mixture will be a 
better detergent and to optimize biodegradability and mini
mize toxicity.

Physicochemical properties of binary mixtures of PES and 
c!2e6 at different temperatures are reported here, including 
foaming, viscosity, and cloud point Rubingh’s regular solution 
theory (13) is used to estimate the composition of mixed ag
gregates, activity coefficients, and interaction parameters of 
the surfactants.

EXPERIMENTAL PROCEDURES

Materials. C!2E6 and PES were obtained from Lion Corpora- 
don (Tokyo, Japan). PES was recrystallized from dry alcohol.

JOURNAL OF SURFACTANTS AND DETERGENTS, VOL 7, NO 1 (JANUARY 20041COPYRIGHT © 2004 BY AOCS PRESS



X (nm)
FIG. 1. Representative emission fluorescence spectra of 10"* M 
pyrene in aqueous micellar solutions of C12E6/PES (5 5) at various 
quencher concentrations From top to bottom (A) zero, (B) 1 8 x 1CT5 
M, (C) 4 0 x 1CT5 M, (D) 6 6 x 1CT5 M, (E) 8 6 x 1CT5 M, (F) 10 x 1CT5 M, 
(G) 12 x 10~s M C12E6, hexaoxyethylene monododecyl ether, PES, a- 
sulfonato palmitic acid methyl ester

SR PATILETAL

Cetyl pyridinium chloride, procured from Loba Chemie 
(Baroda, India), was recrystallized twice from benzene 
Pyrene (Fluka, Buchs, Switzerland) was recrystalhzed from 
cyclohexane. All solutions were prepared using doubly dis
tilled water.

Surface tension measmements. Surface tension (y) was mea
sured by the ring method using a duNouy tensiometer (S C. 
Dey & Co ) at 30, 35, 40, and 45°C. Temperatures were main
tained within ±0.1 °C by circulating thermostated water 
through a jacketed vessel containing the solution.

Conductance measurements. Conductance measurements were 
made with a Welltromx (India) Conductivity Bridge. A dip-type 
cell of cell constant 1.01 cm-1 was used. Aliquot additions of 
stock surfactant solutions to given volumes of thermostated sol
vent, were made to prepare solutions for measurement.

Cloud point (CP) measurement. The CP of C12E6 (1% wt/vol) 
m the presence of increasing amounts of PES was determined 
as described earlier (14). The CP are averages of die temper
atures at which clouding appears and then disappears. These 
temperatures did not differ by more than 0.4°C.

Fluorescence measurements. The micellar aggregation num
ber (N ) of surfactant solutions was determined by steady- 
state fluorescence measurements. Pyrene was used as probe 
and cetyl pyridinium chloride as quencher. Excitation and 
emission wavelengths were 335 and 385 nm, respectively. All 
measurements were earned out at room temperature 
(~25°C) with a Hitachi F-4010 fluorescence spectrophotome
ter. Excitation and emission bandpasses were 3 and 1.5 nm, 
respectively. The scan speed was 60 nm mm-1. Each spectrum

had five vibronic peaks in the range 350-430 nm (Fig. 1) 
Each trace represents a different quencher concentration.

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 (10 mM) was added and 
the concentration of pyrene was kept constant at 10-b M. The 
quencher concentration was varied from 0 to 12 x 10-3 M 
Nags was deduced from the following equation (15):

lnTHn/o-A4ffi[0/(M-CMC) [1]

where [Qj and [51 are the concentrations of quencher and 
total surfactant, respectively. I0 and /are the fluorescence in
tensities in the absence and presence of quencher. IQ and I 
values also can be used to calculate the Stern-Volmer bind
ing constant Kgy by using the following relation (16):

/„//= 1 + [QJ [2]

where is a product of lt?, the bimolecular quenching re
action constant, and x, the lifeume of the fluorescence mole
cule. High v values indicate that the quenching process is 
the result of binolecular collision and not a first-order decay.

The ratio of the intensity of the first and third vibronic 
peaks (/j/If) of the pyrene fluorescence emission spectrum 
in the presence of surfactants is an index of the micropolar
ity of the system and provides an idea of the microenviron
ment in the micelle (17).

NMR measurement. Proton NMR measurements were car
ried out m deutenum oxide (D20, 99.9 atom% D; Aldrich, 
Milwaukee, WI) at room temperature (~25°C). The mixed 
solutions of PES and C12E6 with concentrations of 0.05 M 
each were prepared for PES mole fractions of 0.0, 0.1, 0.3, 
0.7, 0.9, and 1.0. Proton NMR spectra were recorded with 
Broker Avance 300 spectrophotometer operating at 300 
MHz. ‘H NMR chemical shifts were referred to internal 
tetramethylsilane.

Viscosity The interaction of water with both the hydropho
bic core and the hydrophilic outer shell of the micelles con
tributes to the viscosity of a surfactant solution (18). Viscosity 
is a measure of solute-solvent interaction as well as the shape 
and size of the micelle. The latter are affected by tempera
ture changes. Thus, we determined the relative viscosity val
ues of 5% (wt/vol) Cj2Eg/PES mixed surfactant solutions b\ 
using a Ubbelohde suspended level viscometer at 30, 35, 40. 
and 45°C, in order to understand the effect of temperature 
on the geometry of micelles and the interactions within the 
micellar core. The intrinsic viscosity iq! can be calculated 
with the relation

Iqi =iun(n,-l)/C [3]

where limit C—> 0 suggests that intermolecular interactions are 
absent and qr indicates the relative viscosity of the surfactant 
solution Some researchers (19.20) have taken Iql to be equal 
to (T| - 1)/C without tiie condition of limiting concentration
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1 r) I has been defined as the shape factor and is expected to 
have a value between 2.5 and 4 cm3 g-1 for globular particles, 
it becomes very large for elongated particles (21). In this arti
cle we calculated Itj | without taking the zero concentration 
limit as we did earlier (14).

Foaming. Foam height was measured with a variation of the 
Ross-Miles method (22). Two hundred milliliters of surfac
tant solution (5.8 mM) was allowed to fall freely into 50 mL 
of the same solution through a 90-cm-long tube (1.5 cm in
ternal diameter). The reproducibility of initial foam height 
values was ±2%. Normal statistical procedures were used in 
the data treatment.

RESULTS AND DISCUSSION

Surface tension. Representative values for surface tension (y) 
vs. surfactant concentration (log,0C) are shown in Figure 2. 
Reproducibility of surface tension measurements was ±0.1 
dyn/cm. The plot of surface tension vs. concentration did 
not show any minimum.

Conductance. Conductance vs. surfactant concentration 
(mol/L) plots are shown in Figure 3 for pure PES only. No 
break in conductance vs. concentration plots was observed in 
any of the mixed surfactant systems.

CMC. Intramicellar interactions in surfactant mixtures are 
studied at their CMC, where their effect on mixed micelle 
formation can be measured (23). The CMC of pure and 
mixed surfactant systems were determined at different tem
peratures (Table 1). The CMC values of C12Eg decreased with 
increasing temperature. The CMC values at 30 and 35°C (71 
and 62 pM, respectively) are reasonably close to 67 and 72 
pM, respectively, obtained by two different earlier workers

t/s
%
S’
oo
CDD
wo’
3

av:3
O'
3

log,0C
FIG. 2. Representative plots of surface tension (y) vs. log concentra
tion (log Q of surfactant (□) 3 7, C12E6/PES at 40°C, (A) 9 1, 
C12E6/PES at 45“C, (•) 1 9, C12E4/PES at 45°C

FIG. 3. Representative plots of conductance vs PES concentration 
For abbreviation see Figure 1

(see citations in Ref. 24). Moreover, at 20°C, there are varia
tions in CMC values of C12E6 in the literature. However, for a 
given batch of C19Eg, which we are using, the CMC decreases 
with increasing temperature. This is because the literature 
data vary from 60 to 100 pM and at 25°C from 69.9 to 90 pM 
(24,25). Rosen (22) noted a CMC of 87 pM for C12E6 at 20°C. 
With an increase in temperature, the hydration of the hy
drophilic group in C12E6 decreases, which results in an in
crease m hydrophobic interaction and consequently the 
CMC decreases. However, CMC values of PES increased with 
increasing temperature. This may be due to the disruption of 
structured water around the hydrophobic group with an in
crease in temperature, which opposes micellization (26). For 
the C12E6/PES mixed system, CMC values were evaluated by 
surface tension measurements only, because conductance vs. 
concentration plots did not show break points. CMC values 
of PES obtained by surface tension were different from those 
by conductance measurements (Table 1). Variauons in CMC 
values as a function of the method of determination have 
been reported before (27-29). We have no explanation for 
the discrepancy observed here. The reproducibilities of CMC

TABLE 1
Critical Micelle Concentration (CMC) (mM) Values of C12E4/PES 
Mixed Surfactant Systems in Aqueous Media 
at Selected Temperatures”

WPES

Temperature

303 K 308 K 313 K 318 K

0.0 0071 0 062 0051 0047
01 0040 0 038 0 035 0 034
03 0 060 0057 0 060 0 060
05 0069 0 065 0 072 0 072
07 0087 0 077 0095 0097
09 0 131 0 151 0158 0165
1 0 0 588 0616 0 691 0 724

074b 0 76 0 83 088
(0 66)c (0 64)c (0.66)c (0 7Q)C

aC12E6, hexaoxyethylene monododecyl ether, PES, a-suifonato palmitic 
acid methyl ester, NpES, mole fraction of PES in mixture 
^Values m parentheses are the degree of ionization of micelle (a) of PES o 
values can range between 0 and 1
CCMC values were determined from conductivity measurements
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by conductance and surface tension measurements are less 
than 1%. This was determined by at least two measurements.

Thermodynamics of micelhzation and interfadal adsorption. The 
value of the CMC of a surfactant in an aqueous medium has 
been widely used to determine the free energy of micelhzation 
of die surfactant. The standard free energy of micelhzation for 
a nonionic surfactant is given by the relation (26)

&Gm° = RTlnXcuc [4]

where is the CMC as a mole fraction, whereas for an 
ionic surfactant

AGm°=(2-«)ffrin^MC [5]

The degree of micelle ionization (a) was computed from the 
ratio between the slopes of the postmicellar and premicellar 
regions of the conductance vs. concentration profile of PES 
(30). We did not observe a break point in the conductance 
vs. concentration profile for the C12Eg/PES mixed surfactant 
system and hence treated the mixed system as nonionic. The 
AGm° values are presented in Table 2, where all AGm° values 
are negative and become increasingly negative with an in
crease in temperature. The standard enthalpy AHJ1 and ASm° 
of micellization were evaluated from a AGm° vs. Tplot. The 
slope and intercept gave ASm° and Arespectively. The 
maximum errors in AGm°, AHJ, and ASm° were 0.034 kf-mol-1, 
2.4 kf-mol-1, and respectively. The micelliza

tion process was exothermic for PES and for most of the mole 
ratios of the two surfactants, whereas it was endothermic for 
Cj2E6 and when the mole fraction of PES in the mixture 
(iVpES) was 0.1. For almost all nonionic surfactants, CMC 
decreases as temperature increases, i.e., thermodynamically 
the system is endothermic (26). For ionic surfactants, both 
exothermic and endothermic properties are temperature 
dependent. A plot of CMC vs. temperature generally shows a 
minimum around 30°C. In the present case, as more and 
more PES was added, the micellization process changed from 
endothermic to exothermic. Moreover, the AHm° vs. compo
sition plot was reasonably linear, particularly when the two 
pure surfactants were not considered. This linear variation 
means a regular change in the mixed micelhzation process 
from endothermic to exothermic.

The surfactant molecule-water and water-water interac
tions both change continuously as the composition of the 
mixed micelle changes. The AHm° values declined as the 
mole fraction of PES in the mixed system increased (Table 
2). This implies a change in the environment surrounding 
the hydrocarbon chain of the surfactant molecules (5). The 
exothermic and endothermic characteristics of micellization 
are specific to a surfactant and the temperature of micelliza
tion (31,32), particularly for ionic surfactants. For mixed sur
factant systems this also seems to be true. In practical applica
tions, the use of mixed surfactants is preferred over pure sur
factants because the CMC values are very low and, because 
less is needed to accomplish the same task, the cost is not

TABLE 2
Thermodynamic Parameters of Micellization of C12£6/PES Mixed Surfactant Systems at Four Temperatures3

^PES 303 K

-AG„

308 K
f (kJ-mol-1) at

313 K 318 K

AHm°
(kj-mol-1)

*sm°

g mor’-r1)

00 . 34 2 351 361 36 9 21 182
01 35 6 36 3 37 1 37 8 9.2 148
03 34 6 35 3 35 7 36 3 -1 3 110
05 34 3 350 35 3 35 8 -5 3 96
07 33.7 34.5 34 6 350 -9 6 80
09 326 328 33.2 33.6 -11.9 68
1 0b 37 9 39 38 7 38 -69.9 -100
The correlation coefficient was -0 99 for all plots. For abbreviations see Table 1 
bin the plot of AGm“ vs T, the point at temperature 303 K was dropped

TABLE 3
Maximum Surface Excess (rmax) and Limiting Surface Area per Molecule (Amin) of C12Ed/PES Mixed 
Surfactant Systems3 at Selected Temperatures

npes

rmxio' 0 mol cm-2 at Am,„(nm2)

303 K 308 K 313 K 318 K 303 K 308 K 313 K 318 K
00 2 48 2 71 2 86 2 98 0 67 0 61 0 58 0 55
01 3 46 , 318 342 3 22 0 48 0 52 0 48 0 51
03 2 40 2 40 2 80 2 84 069 0.69 0 59 0 58
05 2 96 3 12 344 3 42 0 56 0 53 0 48 048
07 3 04 2 90 3 34 3 01 0 55 0 57 0 50 0 55
09 2 90 282 346 3 14 0 57 0 59 0 48 0 53
1 0 1 23 1 18 1 13 1 03 1 35 14 1 47 1 61
aFor abbreviations see Table 1
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high. The biodegradability of PES and the nontoxicity of 
Cj 2Eg are therefore very useful as a combination that will pro
vide the required condition for use. All values of entropy of 
miceliization are positive, suggesting micellization is entropy 
dominated except in the pure PES system, where a AGm° vs. 
Tplot shows a minimum.

The maximum surface excess (Tmax) is an effective measure 
of adsorption at the air/liquid interface. The rmax and limit
ing surface area per molecule (A^J values calculated using 
Gibbs adsorption equation (33) are presented in Table 3. The 
slope of the tangent at the given concentration of yvs. log10C 
plot, i.e,, dy/dlog Q, was used to calculate rmax by fitting a 
curve to a polynomial of the form y = ax2 + bx+ c in Microsoft 
Excel. The regression coefficient (i?2) for the fit was between 
0.9922 and 0.9999. The lower values of in a mixed system 
can be related to closer packing at the interface owing to 
decreased repulsion between the oriented headgroups in a bi
nary combination.

The thermodynamic parameters of adsorption of surfac
tants at the air/water interface were evaluated using the rela
tion (34,35)

30

10
O
E

a -io

-30

-50
0 50 100 150 200

A S,„° (J-mor'-K-')

FIG. 4. Enthalpy-entropy compensation plot of micellization of a 
C12E6/PES mixed surfactant system. For abbreviations see Figure 1

with the monomeric surfactant. It has been suggested (36) 
that

A<-'ad° - AGm° -^cmc/Emc [63

where N, itCMC, and ACMC are Avogadro’s number, the sur
face pressure at the CMC (y0 - Ycmc)> an<^ area Per molecule 
at the CMC, respectively. The second term in Equation 6 rep
resents surface work involved in changing from zero surface 
pressure to the surface pressure at CMC (ttCMC) at a constant 
minimum surface area per molecule. AGad° values are pre
sented in Table 4. A straight-line relation with temperature 
was not obtained. The AGad° values in Table 4 suggest that ad
sorption of surfactants at the air/water interface is more 
spontaneous than the micellization process and that micel
lization occurs only after the interface becomes saturated

TABLE 4
Free Energy of Adsorption8 and Traube's Constant*1 for
Ci2E6/PES Mixed Surfactant Systems* at Selected Temperatures

WPES

-AGad° (kJ mol ’) at

303 K 308 K 313 K 318 K
00 445 447 45 3 45 5

(4.7 x 107) (3 8x107) (36x107) (3 Ox 107)
0 1 43 9 441 443 45 3

(3 4x107) (30x 107) (25x107) (36x 107)
03 45 5 45 46 6 461

(7 Ox 107) (4 3x107) (60 x 107) (49x107)
05 42 7 - - 42 42 9 43

(2 Ox 107) (1 3 x 107) (1.4x 107) (1 5 x 107)
0.7 43 3 43 7 431 44

(2 9 x 107) (26x107) (1 5 x 107) (2 2 x 107)
09 39 9 424 407 42 2

(07x 107) (1 5 x 107) (06 x 107) (1 1 x107)
1 0 58 3 55 8 58 7 60 3

(1 1 x 1010) (2 9x1010) (62x109) (8.0 X109)

AGad° = -RTln a (7]

where a is Traube’s constant (37) as defined by the relation

0=(ftt/3Qc_o=-(dy/3Qc^o [8]

This means a is the rate of change of surface pressure per 
unit concentration change at infinite dilution. The a values 
are given in parentheses in Table 4. The calculated values for 
Cj2Eg compare favorably with literature values (38). A plot of 
cr vs. Tfor pure C12E6 gives a reasonably straight line with a 
negative slope, although for the other systems a minimum is 
observed near 310 K. A linear correlation between ASm° and 
AHm° (Fig. 4) ,-as suggested by Lumry and Rajendar (39), is 
observed for this system. The compensation temperature was 
316 Kfor micellization. This implies that at 316 K, the micel
lization process is independent of structural changes m the

TABLE 5
Interaction Parameter (pm) Values of C12E6/PES Mixed Surfactant 
Systems in Aqueous Media at Different Temperatures

Temperature
npes 303 K 308 K 313 K 318 K
01 -6 68/-6.37 -6.42/-615 —6.11/—5 88 -5 967-5 72

(0 244)fa (0228) (0204) (0191)
03 -405/-3 75 -3.797-347 -2.48/-2 26 -1 83/-1 61

(0.245) (0.223) (0137) (0 092)
05 -3 87/-3.54 -3 74/-3.44 -2 53/~2 3 -218/-1 95

(0304) (0286) (0210) (0 173)
07 -3 8S/-347 -4 04/-3.7 -2.637-2 37 -2 327-2 05

(0 385) (0.364) (0 296) (0 268)
09 -4 28/—3 82 -3.48/-3 07 -303/-2 7 -2 767—2 42

(0.488) (0 472) (0 441) (0 423)
‘’Error is less than 1%
Values in parentheses are Traube's constant So), which is defined as 
0jt/3C)c_,o = -(3y/3C)c_,0, i e , change in surface pressure (or surface ten
sion) at infinite dilution

aData following the slash {/) were calculated by using the CMC of PES by 
surface tension measurement
Values in parentheses are X,, i e, the mole fraction of PES For abbrevia
tions see Table 1
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system and dependent only on enthalpic factors (40) as pre
viously reported (41).

Composition of mixed, mtcelk and tnlermicellar interaction. The 
interaction parameter (pm), a measure of interaction be
tween the surfactant molecules m the mixed micelle, was 
evaluated using Rubmgh’s equation and method (131; data 
are presented in Table 5. The anionic surfactant PES mixed 
with C|2E6 shows a stronger interaction in the mixed micelle 
as indicated by negative p” values Nonionic surfactants of 
the poly(ethylene oxide) class have a weak cationic character 
resulting either from oxonium ion formation with protons 
from water or die sharing of the hydrogen in water by hydro
gen bond formation. Thus, the attractive interaction is prob
ably between this weak cation and the anionic surfactant 
(PES) (42). It is clear from Table 1 that the CMC values of 
PES differ depending on whether surface tension or conduc
tance mediods are used for the determination. We used both 
methods of deriving CMC data for PES to calculate Pm. The 
calculated Pm values do not differ much (maximum about 
10%), and the interaction is always attractive. The composi
tion of the micelles remains unperturbed. The maximum dif
ference m the X, (mole fraction of ionic surfactant m the 
mixed micelle) values obtained using different CMC values 
(conductance or surface tension) was ~5%, although in most 
cases it was less than 3%. This suggests the composition of 
mixed micelles is determined without much error. The activ
ity coefficient values also were evaluated using the relations 
(22)

In/^p^fl-Xp2 [9]
ln/^P’”^)2 [10]

where X, is mole fraction of surfactant 1 (i.e., PES) in the mi
celle, and /, and /2 are the activity coefficients of surfactants 1 
and 2, respectively, in the mixed micelle. The f and Rvalues 
are tabulated in Table 6. The mole fraction of PES (XPES) in 
the micelle is rather low compared to the stoichiometric 
mole fraction (JVPES) in the case of the mixed surfactant sys-

TABLE 6
Activity Coefficient (f, and f2) Values of C12E6/PES Mixed 
Surfactant Systems in Aqueous Media at Different Temperatures

Activity coefficient (f,) 
of anionic surfactant (PES)a

nks 303 K 308 K 313 K 318 K
01 0 022 0 021 0 021 0 020

(0 671) (0 716) (0 775) (0 804)
03 0 099 0 101 0157 0 220

(0 784) (0 828) (0 955) (0 984)
05 0153 0148 0 206 0 229

(0 699) (0 92) (0 894) (0 933)
07 0 220 0195 0 271 0 288

(0 586) (0 585) (0 794) (0 846)
09 0 325 0 379 0 387 0 398

(0 360) (0 460) (0 554) (0 610)
aValues in parentheses are f2, i e , the activity coefficient of the nonionic 
surfactant (C12E^) For abbreviations see Table 1

terns m Table 5. The activity coefficient values of PES are low, 
and although activity coefficient values of C,2Eg (J2) are 
higher, they are not close to unity, indicating that C,2Egand 
PES in the mixed micelle are not in the standard state, p"1 de
termined by regular solution theory explains the long-range 
electrical interaction in the mixed micelle. However, Maeda 
(43) and Ruiz and Aguiar (44) have indicated there are 
chain-chain interactions present in a mixed system in addi
tion to headgroup-headgroup interactions. Therefore, an
other interaction parameter (11,), encompassing the hydro
carbon chain-cham interactions, also could be responsible 
for the stability of the mixed micelle. The free energy of mi- 
cellization is given by the relation (43)

&Gmic/RT=B0 + B!X: + B2Xi2 [11]

where B0 - In C, (C, is the CMC of the nonionic surfactant),

B, + £, = lnC2/C, [12]

where C2 and X, are the CMC and mole fraction of the ionic 
surfactant, respectively, in the micelle, and B,2 is equal to 
-Pm.

Calculated B1 and B2 values are presented in Table 7. The
values are all negative, indicating that chain-chain interac

tion contributes to the stability of the mixed micelle. The ionic 
surfactant has a hydrophobic chain of 14 carbons, whereas the 
nonionic surfactant has 12 carbon atoms. Therefore, chain- 
cham interactions should improve the stability of the micelle. 
However, the headgroups are hydrated, and if the water mole
cules of one hydration shell are also the part of another hydra
tion shell, i.e., the water molecules act as a bridge between sur
factant molecules just below the water-micelle interface, then 
the attractive interaction will also ensue. Muketjee (45) also 
suggested the existense of an attractive interaction between 
hydrocarbon and fluorocarbon surfactants m the mixed 
micelle by what is termed as “contact hydrophobic interac
tion ” Such contact hydrophobic interaction also may be the 
reason for attractive interaction in the present system. The free 
energies of miceliization calculated from Equations 4 and 11 
are almost equal, suggesting the countenon bindings are very 
high in the system and that is why no break point was obtained 
in the conductance-concentration plot.

TABLE 7
B0, B1( and B2 Values for C12E6/PES Mixed Surfactant Systems3
npes 60(avg! -8, (avg) B2 (avg)
0 1 3 62 6 29
03 0 59 282
05 -13 78 044 3 08
07 0 57 321
09 0 63 3 38
a80 = In C-, the CMC of the nonionic surfactant, 8, + B2 = In 07 Cv where 
C2 is the CMC of the tonic surfactant in the micelle For other abbrevia
tions see Table 1
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cular decay constant. Also, is the product of the rate 
constant of the quenching process, and T is the actual lifetime 
of the probe in the absence of bimolecular quenching (18) 
Thus, from the values of ii^v, we can assume that quenching 
is efficient and also that the lifetime of the pyrene m C,9E6 
and most of the mole ratios in the mixed micelle are higher 
if we assume that k{/ for all systems are of similar magnitude.

The dielectric constant (e) of the medium (in this case, 
the pyrene environment inside the micelle) was evaluated by 
using the relation (46)

/,//s = 0.0116e+l 01798 [14]

We evaluated the apparent e of the pure and mixed micelles
FIG. 6. Change in downfield shift of oxyethylene proton signal (AS) vs 
mole fraction of RES (Np.r) For abbreviation see Figure 1
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FIG. 5. Plot of micellar aggregation number (Nagg) vs mole fraction 
of PES (NPES) at room temperature (~25°C).

The excess free energy of mixing (AGe) can be calculated 
by using the activity coefficient data as follows:

tsGe = RT\n (/j) + RT\n (f2) [ 13]

The calculated AGe values are all negative, indicating rela
tively more stable mixed micelles.

lYagg determined by steady-state fluorescence mea
surements at different mole ratios of the binary C]2E6/PES 
mixture are presented in Figure 5. The JVagg values of mix
tures are larger than those of pure PES but are in general 
lower than that of C12E6. Such behavior may be due to the 
presence of C12Eg in the mixed micelle, resulting in screen
ing of headgroup interactions, compared to pure PES.

Microenvironment The ratio of the first and third vibronic 
peaks, /j/Zj, m a monomeric pyrene fluorescence emission 
spectrum is sensitive to local polarity around the probe (17). 
Figure 1 represents seven plots of intensity against wave
length (emission) of the binary combination of surfactants 
to yield ij/J3 values. Zj//3 values that are >1 suggest a polar 
environment in the micelle interior. The Ksv values calcu
lated from Equation 2 are presented in Table 8 is the 
rauo of the bimolecular quenching constant to the unimole-

TABLE 8
Micropolarity (/./y, Binding Constant (Ksv) and Apparent 
Dielectric Constant (e) for C12E6/PES Mixed Surfactant Systems3

nPes Wk
x ter4

{L mo!-1} Eexp Ecai

0 1 17 1 6 13.1 131
01 1 16 1 8 12 24 1086
03 1 13 1 08 965 10 85
G5 1 12 080 879 10 58
07 1 10 079 7 07 9 51
09 1 08 1 14 534 8 52
1 0 1 05 007 276 2 76

'’For other abbreviations see Table 1

from the experimental /j//3 data. The e inside the mixed mi
celle can be computed from the following equation:

e-EX.e, [15]

In Table 8, the experimentally determined and the calculated 
apparent dielectric constants are presented The experimen
tal values differed from the calculated values. We believe this 
difference results from attractive interaction between the sur
factants inside the micelle.

NMR measurement. Proton NMR spectroscopy also was used 
to study C12Eg/PES mixed surfactant behavior. The peak as
signments were made for C12E6 (47,48) with the 3.577 ppm 
peak corresponding to the oxyethylene moiety, 0.787 ppm to 
CH3, and 1.19 ppm to methylene protons [(CH2)9], The 
changes in chemical shifts were monitored with the change 
in surfactant proportions, and the shift due to oxyethylene 
showed a significant change compared to other peaks.

The polyoxyethylene signal showed a downfield ,shift in 
the presence of PES, and the extent of the downfield shift 
increased as the mole fraction of PES m the mixed system 
increased (Fig 6). This downfield shift indicates an attrac
tive interaction between C12Eg and PES. This observation 
is in agreement with the negative values of the interaction
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FIG. 7. Cloud point (°C) of C12E6 (1 % wt/vol) in the presence of PES 
For abbreviations see Figure 1

parameter (fSm) obtained by the regular solution theory of 
Rubingh (13).

CP. In a number of earlier studies, the CP of the nonionic 
surfactant was found to increase with addition of ionic sur
factant (14,49,50). The CP of 1% CI2E6 is 47°C [literature 
value 52°C (51)]. The CP of C12E6 (1% wt/vol) solution in
creased on addition of PES (Fig. 7), even though the concen
tration of PES was very low. Such behavior may be due to the 
formation of charged mixed micelles. This would result in re
pulsion between micelles and hinder their aggregation, 
thereby raising the CP. It is unclear why conductance showed 
no break point as a function of concentration of surfactant, 
although, as we mentioned earlier, there may be less ioniza
tion of the mixed surfactant.

Viscosity, The relative viscosity (T|r) values of the C12E6/PES 
(5% wt/vol) mixed surfactant system (Fig. 8) showed a nega
tive deviation from linearity. The revalues of C12E6 were 
much higher than those of PES. The |r|t values of the 
CijEg/PES mixed surfactant system at all mole fractions indi-

FIG. 8. Plot of relative viscosity (qj vs mole fraction of PES (Nres) For 
abbreviations see Figure 1

TABLE 9
Intrinsic Viscosity Data (cm3/g) for C12E6/PES 
Mixed Surfactant Systems
Npes 303 K 308 K 313 K 318 K
00 41 648 97 2 134 4
01 14 6 21.7 27 9 35 3
03 119 11 8 11 2 11 2
05 11 9 11 7 11 2 11 1
07 11 1 11 109 109
09 11 1 10 7 106 104
1 0 98 9.7 96 94
aFor abbreviations see Table 1

cated that mixed micelles were nonspherical, i.e., for spheri
cal systems, It) i should be between 2.5 and 4.0 cm3*g“1 (21). 
The lowest In I in this system was 9.4 cm3-g~1 (Table 9). The 
viscosity of C12E6 (1% wt/vol) in the presence of PES de
creased, but not to such an extent that micelles became 
spherical. Temperature had no significant effect on the vis
cosity of PES or of the mixed surfactant system at a higher 
PES ratio. For C12E6 (1% wt/vol) and A7pES = 0.1, the reval
ues increased with increase in temperature. For C12E6, at 
higher temperatures dehydration took place, which led to a 
decrease of the effective area per polar group, which in turn 
led to an increased tendency for aggregates to grow in size 
(52). Thus, the micelle size increased with increase in tem
perature, and micelles were nonspherical. This behavior was 
also reported for Triton X-100 (14).

Foaming. Nonionic surfactants are known to have lower 
foaming, whereas ionic surfactants have higher foam-forming 
capability. A mixture of ionic and nonionic surfactants could 
be used to adjust a surfactant mixture to the users’ require
ments. Foaming efficiency of a surfactant also depends on tem
perature. Foam heights, indicative of surfactant foamabihty, 
were determined at 30, 35, 40, and 45°C for both pure and 
mixed surfactant systems using the Ross-Miles method. The 
concentration of the surfactant was kept at 5.8 mM, since the 
Ross-Miles test is usually performed at 0.25% surfactant con
centration (~5.8 mM) (22). The CMC for both surfactants are 
<5 8 mM, so both surfactants attained their maximal foam 
height value. Foaminess of pure and mixed surfactant systems 
increased with increasing temperature (Table 10). The foam

TABLE 10
Foam Stability of C, 2E6/PES Mixed Surfactant Systems 
as a Function of Temperature3

Npes

Foam height (cm, SD ± 0.4) at
303 K 308 K 313 K

00 12.6 143 17 1
01 125 140 152
03 14 5 157 17 8
05 11 2 120 127
07 16 8 180 202
09 177 18 7 201
1 0 204 220 23 1
Total surfactant concentration, 5 8 mM, average of at least two runs 
For abbreviations see Table 1
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heights for Ci2E6 are low compared with those of PES and the 
mixed surfactant system because the polyoxyethylene group in 
C12E6 has a large surface area and also because highly charged 
surface films are absent. The foam heights for PES are higher 
and increase with increasing temperature, which is obvious be
cause a-sulfoesters containing 16-17 carbon atoms show maxi
mal foaming at higher temperatures (22). The foam heights at 
most of the mole ratios were higher because of the rapid varia
tion of concentration at the air-water interface in mixed sur
factant systems, which a requirement for good foam-forming 
qualities (53). This phenomenon is enhanced with increasing 
temperature, resulting in higher foam heights.
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ABSTRACT

The interfacial, thermodynamic, and performance properties of the aqueous a-suifonato 
myristic acid methyl ester (MES)—hexaoxyethylene monododecyl ether (C^Ee) mixed 
surfactant system have been investigated. The critical micelle concentrations (cmcs) were 
obtained by surface tension and conductivity measurements. The maximum surface excess 
(Umax) and minimum area per molecule were determined from surface tension (y)—log 
concentration (log C) plots The thermodynamic parameters of micellization and adsorption 
were computed. Micellar aggregation numbers (A'agg) of pure and mixed surfactant systems 
were ̂ evaluated by fluorescence measurements. Interaction parameters between surfactant 
molecules in mixed micelles were evaluated using Rubingh’s approach. The performance 
properties of pure and mixed surfactant systems viz. foaming, detergency, and viscosity were 
studied. Cloud point (CP) determinations of the nonionic Ci2E6 in the presence of electrolytes 
(NaCI, NaBr, and Nal) and nonelectrolytes like polyethylene glycols (MW 200,300, and 400) 
were also earned out.

Key Words Micellization, Mixed surfactant, Interaction parameter; Foaming, Detergency

INTRODUCTION

Surfactants are versatile compounds widely used in a 
variety of industrial and commercial applicationsThe

application potential of surfactants is closely related to 
their surface wetting capability, detergency, and solubili
zation m areas like mining, petroleum, chemical, and 
pharmaceutical mdustnes as well as m chemical and
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biochemical research 121 Mixtures of surfactant solutions 
form mixed micellar aggregates that exhibit characteristic 
properties, which are superior to those of the individual 
components 13,41 Synergistic behaviors of mixed surfac
tant systems may be exploited to reduce the total amount 
of surfactant used m particular applications resulting m 
reduction of cost and environmental impactl3i Conse
quently much attention has been directed towards the 
experimental as well as theoretical investigation of mixed 
surfactant system. The studies on different varieties of 
combinations formed by different surfactants such as 
nonionic-nonionic,16,71 nomonic-anionic,18"141 nonionic- 
cationic,-151 etc. are reported in the literature The a- 
sulfonato mynstic acid methyl ester (MES) mixed with 
C!2E6 was studied because of the good biodegradability 
and relatively quick availability of MES from renewable 
vegetable material.1161 Fatty acid methyl ester based 
surfactants are readily degradable under aerobic condi
tions. Thus fatty acid ester based surfactants are the 
subject of recent investigation and review117,181 Gode 
et al.1191 observed 99% primary degradation and 76% 
ultimate degradation of fatty acid ester based surfactants 
in two different tests.

This article deals with the physicochemical investi
gation of surfactants, which involves the cmc determina
tion by surface tension and conductivity measurements 
and computation of standard thermodynamic parameters 
of micellization (AGm°, AH„,°, and ASm°). Interfacial 
parameters such as maximum surface excess (Fmav), 
minimum area per molecule (Amm) and the standard 
thermodynamic parameters of adsorption at the air- 
water interface (AGa/, AHaf, and ASM/a) were also 
computed from surface tension data. The micellar aggre
gation numbers (Nagg) were determined by fluorescence 
measurements. Performance properties, viz detergency, 
foaming, and viscosity were also studied. Cloud points 
(CP) of the nonionic C^Eg in the presence and absence 
of electrolytes (NaCl, NaBr, and Nal) and nonelectrolytes 
like polyethylene glycols (MW 200, 300, and 400) were 
also evaluated

EXPERIMENTAL SECTION
t

Materials

Hexaoxyethylene monododecylether [CH3(CH2)u 
(OCH2CH2)6OH], ie, C)2E6, and or-suifonato mynstic 
acid methyl ester, Ci2H25CH(S03Na)C00CH3 (MES), 
of Lion Corporation, Tokyo, Japan were used without 
further purification NaBr, Nal, (Loba Chemie, Baroda, 
India) and NaCl (Qualigens. India) were used as 
received Polyethylene glycols (MW 200, 300 and 400)

were obtained from Merck, India Cetyl pyridimum 
chloride (Loba Chemie, Baroda, India) was recrystallized 
twice from benzene. Pyrene (Fluka, Germany) was 
recrystallized from cyclohexane All solutions were pre
pared using doubly distilled water

Surface Tension Measurements

Surface tension was measured by a ring method 
using a duNouy tensiometer—(S, C. Dey & Co, 
Kolkata, India) at 30°C, 35°C, 40°C, and 45°C. The 
temperatures were maintained within (±0.1°C) by 
circulating thermostated water through a jacketed vessel 
containing the solutions. Representative plots of surface 
tension (y) vs. the logarithm of surfactant concentration 
(logC) are shown in Fig. 1 The reproducibility of (>•) 
measurements was within ±0 1 dynes cm-1

Conductivity Measurements

The conductance (k) measurements were done with 
an Equiptronics (India) conductivity bridge A dip type 
cell of cell constant 1 01cm-1 was used The conduc
tance of. different solutions, which were obtained on 
aliquot addition of a known concentrated surfactant 
solution to a given volume of the thermostated solvent, 
were measured. Specific conductance (k) vs concentra
tion of surfactant (mol L"1) plots are shown m Fig 2 for 
pure MES only, as no break in the specific conductance 
'vs concentration plots was observed m any of the mixed 
surfactant systems.

iog Concentration

Figure I. Representative plots of surface tension (y) vs tog 
concentration (log C) of surfactant Ke\ t\.l 3, C13Ef, MES 
at 40’C, □, I 9, C12Ef, MES at 45‘C
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Concentration x 10 M

Figm e 2, Representative plots of specific conductance (k) vs. 
concentration of MES. Key •, MES at 40°C; A, MES at 35°C.

The micellar aggregation number of surfactant solu
tions were determined by steady state fluorescence mea
surements Pyrene was used as a probe and cetyl 
pyridinium chloride as quencher. The excitation and 
emission wavelengths were 335 and 385 nm, respectively. 
All the measurements were carried out at room tempera
ture (~25°C) using a Hitachi F-4010 fluorescence spec
trophotometer. Each spectrum had one to five vibronic 
peaks from shorter to longer wavelengths (Fig. 3). The 
fluorescence intensities were monitored at 385 nm.

An aliquot of the stock solution of pyrene in ethanol 
was transferred into a flask and the solvent was evapo
rated with nitrogen. The surfactant solution (10 mM) was 
added and the concentration of pyrene was kept constant 
at 10_6M. The quencher concentration was varied from
0 to 12 x 10.5 M. The aggregation number (ATagg) was
deduced from the equation:3243

Viscosity

The viscosity of 0.25% (w/v) C12F.6, 5% (w/v) 
C12E6/MES mixed surfactant solution was studied 
using an Ubbelohde suspended level viscometer. The 
effect of NaCl of different concentration on viscosity of 
5% (w/v) C12E6 was also studied. The temperatures were 
30°C, 35°C, 40°C, and 45°C and were maintained within 
(±l°C) in a thermostated bath. The intrinsic viscosity jijj 
can be calculated using the relation,

l'?l ■ lim (nr 
c-+ o r

D/C (D

where zero concentration limit indicates that intermole- 
cular interactions are absent. Some researchers'20,21! have 
taken !/|| to be equal to (>]r ~~1 )/C without the condition 
of limiting concentration. It has been defined as the shape 
factor and is expected to have a value between 2 5 and 
4 cm3 g“1 for globular particles.1223 In this article we have 
calculated |r/j without taking the zero concentration limit.

Foaming

Foam height was measured using a variation of 
Ross-Miies method.'2'’1 Surfactant solution (200 mL) of 
known concentration (5 8 mM) was allowed a free fall 
into 50 mL of the same solution through a tube 90 cm 
long (1 5 cm internal diameter). The reproducibility of 
initial foam height values was within ±2%

in / = In L
^aggLQ] 

[S] — cmc
(21

where [Q], [M], and [S] are the concentrations of 
quencher, micelle, and total surfactant, respectively.

Figure 3. Representative emission fluorescence spectra o: 
10_r‘M pyrene in aqueous micellar solution of CijE^'MES 
(5 5)
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The /0 and / are the fluorescence intensities m the 
absence and presence of quencher, respectively /0 
and / values can also be used to calculate the Stern- 
Volmer binding constant ATSV by using the following 
relation.

7=1+Ksv[Q] (3)

Microenvironment

The intensity ratio of the first (I{) and third (/3) 
vibromc peaks, i.e., /1//3 of the pyrene spectrum in the 
presence of surfactants is taken to be the index of 
micropolanty of the system, i.e., it gives an idea of 
microenvironment and solubilization site.1251 A low 
value of this ratio (<1) is generally taken as indicating 
that the pyrene has nonpolar surroundings whereas 
higher values (> 1) are taken as indicating that the pyrene 
has a polar environment.

Detergency

The detergency efficiency of the surfactant solutions 
was evaluated by a dye solubilization/dye removal 
method. A known amount of shoe polish (0.05 g) was 
dissolved m a fixed amount of chloroform. This dye 
solution was applied to cotton and terylene fabrics 
and dried thoroughly. The fabric was then placed in 
50 mL of known concentration of surfactant solu
tion and kept under constant stirring. This surfactant 
solution (3 mL) was withdrawn at regular intervals. The 
absorbance of these solutions were determined at Ximx 
of 440 nm using a Bausch and Lomb Spectronic-20 
spectrophotometer The temperatures of the systems 
were kept constant.

Cloud Point Measurement

Cloud points are manifestations of solvation/ 
desolvation phenomena m nomonic surfactant solu- 
tions.126,271 Cloud points of C12E6 (1%, w/v) solutions 
were determined by visually noting the temperature at 
which turbidity was observed when the surfactant 
solutions were slowly heated under constant stirring.128' 
The temperature at which the turbidity disappeared 
on slow cooling was also noted. The cloud points 
presented are the averages of appearance and disappear
ance temperatures, which did not differ by more than 
0 4°C.

RESULTS AND DISCUSSIONS

The micellization of surfactants is dependent on 
temperature, additives, and solvent.1-291 Intranucellar 
interactions in mixed surfactants are studied at the cmc, 
where their effect on mixed micelle formation can be 
measured.1301 In our present study, the ernes of CvlXib/ 
MES mixed surfactants, where the mole ratio of the two 
components were varied, were determined at different 
temperatures. The cmc data are presented in Table 1.

The emes of ionic and nonionic surfactants are 
functions of temperature For the nomome surfactant, 
the cmc decreases with increasing temperature as has 
generally been observed in the literature.131,321 In the case 
of MES, with increasing temperature (30-45°C), the 
cmc increases. The cmc values of MES obtained by con
ductivity are in good agreement with those reported in 
literature.1161 The hydrophobic interactions are responsi
ble for micelle formation. The hydration of hydrophobic 
groups in nonionic surfactant decreases as the tempera
ture increases and thus the disturbance of water structure 
around the hydrophobic group results m increasing 
hydrophobic interaction and consequently the cmc 
decreases. Moreover, the hydration of oxyethylene 
groups also decreases as temperature increases resulting 
in lower cmc. The ionic repulsive forces are responsible 
for higher values of cmc for ionic surfactants 1291 In 
the case of C^Eg/MES mixed systems, the cmc values 
were evaluated by surface tension measurements only, as 
conductance did not show any break. We have failed to 
understand the reason. Thus we decided that this non- 
iomc-anionic surfactant mixture behaves as a nontomc

Table 1, Cntical micelle concentration (mM) values of 
CuEg/MES mixed surfactant system m aqueous media at 
different temperatures

Temperature (K)

Nmes 303 308 313 318

00 0.071 0 062 0.051 0 047
0.1 0 065 0.062 0 053 0 048
03 0.093 0 086 0 080 0 075
05 0 120 0 096 0.079 0 062
0.7 0 129 0 122 0 115 0 110
09 0 365 0 338 0.322 0 315
1 0 2.39 251 2 63 3 16

3.16b 3 24 3 32 3 48
(0.634)“ (0 641) (0 646) (0 656)

“Values m parenthesis are the degree of ionization of micelle
of MES
bConduetivity data
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Table 2. The thermodynamic parameters of micelhzation of C^Ee/MES mixed surfactant systems

^MES 303K

-A Gm°

308K

(kJmol ')

313K 318K A/4," (kj mol ') A(Jmol-1 KG')

0.0 34 2 35 1 36 1 36 9 21 182
0 1 34 4 35.1 36 1 36 9 172 170
0.3 33 5 '34.3 35 35 7 10 7 146
05 32 9 34 35 - 36.2 33.2 218
07 32.7 33 4 34 1 34 7 79 134
09 30 30.7 31 4 31.9 62 120
1 0 33 6 33 9 34 3 344 -167 56

one i.e., mixed micelles are nomontc m nature The eme’s 
of binary combinations of and MES fall between 
the individual cmc values of the components (Ci2E6, 
MES) The cmc values of MES obtained by surface 
tension and conductance do differ at low temperature 
(Table 1), Repeated experimentation confirmed this 
result. However, no explanation is forthcoming.

The standard thermodynamic parameters of micelli- 
zation can be determined from the temperature depen
dence of the cmc.1331 The standard free energy of 
micelhzation for a nonionic surfactant is given by the 
relation1311

AGm° = RTlnXcmc (4)

where Xcmc is the cmc in mole fraction scale.
The AGm° values are presented m Table 2. It is 

evident from Table 2 that the AG,,,0 values become 
more and more negative with increasing temperature, 
suggesting spontaneity in micelle formation with rising 
temperature. The standard enthalpy AH,„° and standard 
entropy ASm° of micelhzation were evaluated from AG’,,,0 
to T plots. The slope and intercept gave ASm° and AH„,°,

respectively The micelhzation process is endothermic, 
except for MES, where it is exothermic. This indicates 
that the micellization process is purely entropy dominated 
for C12E6 and mixed systems, though not exactly so 
for MES, that is, micelhzation is specific to surfactants 
and temperature.134”'361 The entropy of micelhzation ASm° 
values are positive, and large values of entropy were 
obtained, which is seen quite often.1371 The entropy 
changes are so large that it may be considered as a change 
of phase.

The surface excess concentration under the condi
tions of surface saturation (Fmax) can be used as a 
measure of maximum extent of adsorption of surfactants 
at the air/water interface using the Gibbs adsorption 
equation17,381 The Fmax and Amm values thus calculated 
are presented in Table 3 It is observed that rmax 
increases with increasing temperature for C12E6, whereas 
it decreases with increasing temperature for MES. The 
increase in Fmax for Ci2E6 is due to decreasing hydration 
of ethoxy segments, leading to greater tendency to locate 
at the air/water interface The decrease in Fmax with 
rising temperature for MES may be due to higher 
solubility of MES m water, which opposes adsorption

Table 3. Maximum Surface Excess (Tmax) and limiting surface area per molecule (4mm) of 
C^Eg/MES mixed surfactant system

Amcs

r x io101 max A IVJ (mol cm 2) ^tmn (nm2)

303 308 313 318 303K 308K 313K 318K

00 2 48 271 2 86 2 98 0 6? 061 0 58 0 55
0 1 2 66 26 25 2 46 0 62 0 64 0 66 0 67
03 23 2 22 2 12 2 02 0 72 0 75 0 78 081
05 2 25 24 2 73 3 04 0 74 0 70 061 0.55
07 2 84 2 82 2 92 3 06 0 58 0 59 0 56 0 54
09 2 07 24 25 2 52 0 80 0 72 0 66 0 66
1 0 1 25 1 16 1 08 1 06 1 33 1 43 1 53 1 57
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of surfactants at the air/water interface The thermo
dynamic parameters of adsorption of surfactants at the 
air/water interface, evaluated using the relation,1391

hGJ = AG„; - NYlcmcAam (5)

are presented in Table 4, where N, ncmc, and Acmc are 
Avogadro’s number, surface pressure at cmc (y0 — ycmc), 
and area per molecule at cmc, respectively. The second 
term m Eq (5) represents surface work involved m going 
from zero surface pressure to surface pressure at cmc 
(ncmc) at constant minimum surface area per molecule. 
The A/7ad° and A5ad° values were evaluated from a AGad° 
to T plot It is clear from Table 4, that AGad° values are 
negative throughout, indicating that adsorption at the 
atr/water interface takes place spontaneously in pure 
and mixed surfactants The AGad° values are more 
negative m comparison to AG„,° values suggesting that, 
when a micelle is formed, more work has to be done to 
transfer the surfactant molecules in its monomeric form 
at the surface to the micellar stage in bulk. The AHai° 
values in most eases is positive, suggesting adsorption of 
surfactants is an endothermic process. The standard 
entropy of adsorption AS.dd° values are largely positive, 
reflecting greater freedom of movement of hydrocarbon 
chains at the atr/water interface. However the study of 
adsorption of surfactants has proven not to be straightfor
ward,1401 as can be seen from our results where any 
regularity is difficult to observe.

A linear correlation between ASm° and AH„,° (Fig 4) 
as well as ASad° and AHai° are observed for this system 
and the compensation temperature is 298 K and 299 K, 
respectively Such behavior has been suggested by Lumry 
et ai. and was observed earlier.132,41,421 This implies that 
at 298 K, the micellization process is independent of 
structural changes in the system and is dependent on 
enthalpic factors129,431 and for the adsorption process, the 
corresponding temperature is 299 K.

The values of interaction between the surfactant 
molecules m the mixed micelle (Jim) evaluated using 
Rubmgh’s equation1441 are presented in Table 5 The 
interaction parameter (/?ro) values are all negative at all 
mole fractions of C|2E6/MES system indicating an 
attractive interaction between the MES and C^Eg head- 
groups in the mixed micelle, leading to electrostatic 
stabilization. As can be seen from Table 1, the cmc of 
MES seems to differ when surface tension or conduc
tance methods are used. Hence, to calculate /Jm, the 
micellar interaction parameter, we used both types of 
cmc data for MES. It can be seen from Table 5, that the 
calculated /Jm values do not differ much (maximum about 
10%) and the interaction is always attractive in nature. 
The composition of the micelle seems to remain exactly 
the same. The maximum difference in Xs values by using 
different cmc values (l e., either conductance or surface 
tension) was ~7% though, in most cases, it was less than 
2% This indicates that the composition of mixed micelle 
is without much error. It is suggested that nomontc 
surfactants of the polyethylene oxide) class have a 
weak cationic character resulting either from oxontum 
ion formation with protons from water or sharing of H of

Table 4. The thermodynamic parameters of adsorption of C12Es/MES mixed surfactant systems

Ames 303K

-A Gad°

308K

(kJ mol ')

313K 318K A/7„d° (kJ mol"1) ASm° (JmoP1 K~‘)

00 44.5 44 7 45 3 45 5 -22 6 72
0 1 40 3 40 9 42 3 44 1 37 6 256
03 43 2 44 7 46 0 47 1 35 5 260
05 41 9 43.3 43 4 44 1 -1.6 134
07 41 I 43 1 44 3 1 45 4 44 1 282
09 38 2 39 9 40 8 42 36 2 246
] 0 48 4 50 3 52 3 53 3 52 6 334
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Table 5. Interaction parameter (/!"') values of Ci2Efl/MES mixed surfactant systems in aqueous media at difTeient 
temperatures

'Wirs

Tempeiature (K)

303 308 313 318

0 1 -5 17/—4 85a(0 116) -4 33/—4 05 (0 0768) -3 93/—3 68 (0 0540) -4 38/—4.28 (0.064)
03 —2 43/—2 13 (0 0717) -1 3/-1 07 (0 028) — —

05 —2 43/—2.11 (0 123) —3.34/—3.04 (0 158) -3 60/—3 32 (0 155) -4 86/-4.73 (0.199)
07 -4.16/—3.77 (0 267) —3.96/—3.61 (0 247) -3 47/—3 17 (0.210) —3.40/—3.28 (0 197)
09 —2.53/—2 10 (0 326) —2.49/—2.12 (0 308) -2 08/-1.76 (0 267) -1.95/-1.81 (0.246)

Note —, Iteration did not coalesce Values in parenthesis are i e ,, mole fraction of MES
“The data after was calculated using cmc of MES by ST measurement

water by hydrogen bond formation. Thus the attractive 
interaction is probably due to this weak cation with 
anionic surfactant, MES.1-455 The activity coefficient 
values were also evaluated using the relations:*1'

!n/,=r(i-^2) (6)
ln/2 = exPrW) (7)

where Xt is mole fraction of surfactant 1 in the micelle 
and f and/2 are the activity coefficients of surfactants 1 
and 2, respectively, m the mixed micelle. The J\ and f2 
values are tabulated in Table 6.

The much lower mole fraction (X,) of MES is 
reflected m its small activity coefficient (_/i) values, 
which suggests that MES in the mixed micelle is far 
away from the standard state. The (j2) values of Ci2E6 
are obviously higher (close to unity) which increase with 
increasing temperature, indicating that C12Eg m the 
mixed micelle is near its standard state.[46,37!

The micellar aggregation numbers (Nagg) determined 
by steady state fluorescence quenching are represented in 
Fig 5. It is evident from Fig 5 that <Vagg values of mixed

surfactant at all the mole ratios are different than those of 
single surfactants, though a regularity is difficult to visua
lize. This may be attributed to two competing factors (a) 
a decrease in steric interactions of C12E6 because of 
incorporation of MES into C12E6 micelles, and (b) a 
decrease in repulsive headgroup interactions in MES due 
to the presence of Ci2E6, and thus a larger mixed micelle 
is formed compared to Ci2E6 or MES.[29,47!

The Ksv values calculated from Eq. (3) and given 
m Table 7 are the ratio of bimolecular quenching constant 
to unimolecular decay constant, and hence, we can say 
from the magnitudes of KSv that the quenching is very 
efficient in these micelles. It should also be noted that KSy 
is equal to the product of kq, the rate constant quenching 
and t, the actual lifetime of the fluorescing molecule in the 
absence of bimolecular quenching.1481 We have not been 
able to determine the exact magnitude of t. However, we 
can assume that t for all mixed systems, presented m this 
paper and m pure MES, are almost same since kq can be 
assumed to be similar For Ci2E6 the fluorescence lifetime 
is much higher.

The effect of electrolytes like NaCl, NaBr, and non
electrolytes like polyethylene glycols (MW 200, 300, and

Table 6. Activity coefficient (f and/)) values of C)2E6/MES mixed surfactant systems 
m aqueous media at different temperatures

Nmes

' Temperature (K.)

303 308 313 318

0 1 0.018 (0 933) 0 025 (0 975) 0 0297 (0 989) 0 0224 (0 982)
0.3 0.123 (0.988) 0 280 (0 99) — —

0 5, 0 154 (0.964) 0 094 (0 92) 0 076 (0 917) 0 044 (0 825)
0.7 0.107 (0 743) 0.105 (0 79) 0 115 (0 858) 0 112 (0 876)
09 0.317 (0.764) 0 303 (0.79) 0 327 (0 862) 0 330 (0 889)

Note Values in parenthesis aie (/2) l e , activity coefficient of nonionic surfactant
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Figure 6. Plot of CP of Ci2E<; (1%, w/v) vs. concentration 
(mol L~l) of electrolytes. Key: O, NaCl, A, Nal, □, NaBr

400) on CP of C12E6 (1%, w/v) solution are represented m 
Figs. 6 and 7, respectively. The PEGs have negligible effect 
on the CP, though electrolytes have large but different type 
of effects within the concentration range studied. The CP of 
CuEg (1%, w/v) is 46.5°C. NaBr does not affect the CP 
significantly. Nal increases the CP of C! 2E6 because of less 
hydrophobicity of 1“ tons, which decreases the possibility

120

80

"i
40 1

0
0 0.5 1

Nmes

Figures. Plot of micellar aggregation number (AfaEg) vs mole 
fraction of MES (Ames) at room temperature (~25°C)

of two molecules coming together due to the presence of 
water, whereas CP decreases in the presence of NaCl, 
which may be due to high solvation of CP ions and which 
leads to disruption of water around tire micelles and hence 
easy approach to each other.

The relative viscosity values of surfactant solution 
of Ci2E6 (5%, w/v) in the presence of NaCl at different 
temperatures were determined (Table 8). The relative 
viscosity of C12E6 increased on addition of NaCl and 
was double than that of C^Eg m the absence of NaCl 
The relative viscosity values of Ct2E6 in the presence of 
0 2M NaCl could be determined at 30°C, 35°C, and 
40°C only, whereas as the ;;rcj were evaluated at 30°C 
and 35°C only for C12E6 + 0.5 M NaCl, as the solution 
became turbid because the CP was reached. The )ij| 
values of C12E6 in the presence of NaCl are higher 
(~200cmJg_1), which is expected as the viscosity of 
concentrated surfactant solution increases in the pres
ence of inorganic salt1493 Such a large change in 
viscosity may be due to changes in the micelle, because 
of the salting out effect of NaCl. The presence of NaCl 
leads to saltmg out of surfactant, which favors 
micellization/13 Also, the steric interactions in Ci2E6 
may be reduced due to the presence of NaCl, resulting 
in the increase in micelle size and relative viscosity of 
Ci2E6 (5%, w/v).

The viscosity of 5% (w/v) Ci2E6/MES mixed 
surfactant solution (Fig. 8) shows negative deviation 
from linearity. The ijrei values of C12E6 are much 
higher than those of MES. That |i;| = 2.5-4.0cm3g-1 
indicates globular particles/223 The intrinsic viscosity 
values of Ci2E6, MES, and C^Eg/MES mixed surfac
tant solution at all mole fractions are high. The lowest 
|ij| is 6.2cm3 g-1. Addition of MES to C12E<5 reduced 
the viscosity (Fig. 8). The i?rel is independent of higher 
MES ratio. The t;rei values of C12E6 show a minimum 
at about 35°C with increasing temperature at low 
surfactant (0.25%, w/v), (Table 9). However, at 
high concentration (5%, w/v), increases with tem
perature In the presence of NaCl, i?rei and ji?| both 
increase with temperature indicating formation of 
elongated micellar species/223 Temperature has no 
significant effect on the viscosity of MES and 
C12E6/MES mixed surfactant solutions at higher MES 
ratio (Fig 8).

Table 7. Micropolarity (/,//3) - and Binding Constant (Ksv) for C12E6/MES mixed surfactant 
systems.

iVMcs 0 01 03 05 07 09 10
/,/(, 1.17 1 17 1 16 1 15 1.13 l 12 110
Ksvx !0~5 (Lmor1) 0 16 0 11 0.10 0 11 0 13 — 0.11
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Concentration (moIe%)

Figure 7 Plot of CP of CI2E6 (1%, w/v) vs. concentration (mole%) of PEGs. Key A, PEG 200, □, PEG 300; O, PEG 400.

Foaming is an inherent property of surfactant-solu
tions. Noniomc surfactants containing poly(oxyethylene) 
groups produce both less foam and less stable foam than 
ionic surfactants. However, the foaming efficiency and 

-■ stability of surfactants can be altered by addition of 
certain additives/1,501 We studied the foaming efficiency 
and foam stability of CnEg in the presence of different 
mole fractions of MES at 30°C, 35°C, and 40°C. The 
foam heights indicative of foamabihty of C^Eg/MES 
mixed surfactant solutions were evaluated at different 
temperatures and are presented in Table 10. It is evident 
from Table 10 that these values are higher in most of 
mole fractions of mixed surfactants solutions than indi
vidual surfactants. Also, the foam heights increased with 
increasing temperature for pure as well as mixed surfac
tants, indicating better foaming efficiency at higher 
temperatures In the case of mixed surfactants, there is 
a possibility of rapid variation of concentration at the

atr/water interface, which is one of the mam require
ments for good foam-forming qualities/511 which is 
enhanced with rising temperature Thus, higher foam 
heights for mixed surfactants indicate higher interfacial 
activity. Foams are very complex and it seems that a clear 
relation between foam height and variables does not 
exist Moreover, drainage, evaporation, interaction with 
environment, etc also affect foam stability/521

Detergency of surfactant solutions was also studied 
using a dye removal method and is represented in 
Figs 9-12 The temperatures were maintained at 35°C 
and 50°C. For cotton fabnc at 35°C, MES was found to 
be the most effective detergent at the initial point and the 
mixture the least effective However, with time the 
mixture was a better detergent than the pure components. 
However, at 50°C, MES was more efficient at the starting 
point, with time the mixture as well as pure components 
had the same efficiency. For terry cotton C|2E6 was an

Table S. Viscosity study of (5%, w/v) at different temperatures and in the presence of different amounts 
of NaCl

Concentration 
of NaCl (M)

brel t'/iemV
30 35 40 45 30 35 40 45

00 3.05 4.24 5 86 7 72 41 64 8 97 2 134.4
02 4 476 6 556 9016 69 6 ill 1 160 3 —

02 7 547 10 929 — — 131 198 6 — —
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Time (rixnutes )

60 70

Figure 10. Plot ot'absorbance vs time (min) at SO'C Key O, 
MES, A. CpE6 x. 5 5 C,2E6 MES

10 23 30 40 50
Tmie(ninutes)

60 70

Figure 9. Plot of absorbance vs time (min) at 35"'C Key □, 
MES, A, C12E6; O, 5-5 Ci2E6:MES.

CONCLUSIONS

The surface, thermodynamic and performance 
properties of a-sulfonato myristic acid methyl ester 
(MES)—hexaoxyethylene monododecyl ether (Ci2E6) 
mixed surfactant system were determined. The micelliza- 
tion process is very much entropy dominated. The 
micellar aggregation number, lVagg, values for mixed 
surfactants were different than those of single surfactants. 
The interaction parameter values were negative indi
cating an attractive interaction between the surfactant 
molecules in the mixed micelles. The detergency, visco
sity, and foaming properties were also studied. Although 
the detergency did not show synergistic character, the

03-

0 0,2 04 . 0.6 08 1

Figure 8. Plot of relative viscosity (i;rc!) vs. mole fraction of 
MES (WMES). Key. ■, 30°C; A, 35°C; □, 40°C; X, 45°C

Table 9. Viscosity of C|2Ej (0.25%, w/v) at 
different temperatures

Temperature (°C) 0«A 7abs (poise)

30 0.986 0.00785
35 0.975 0.0070
40 0.997 0.0065
45 1.056 0.0063

efficient detergent both at 35°C and 50°C. The deter
gency efficiency of CI2E6 was higher than MES, as 
nonionic surfactants, because of low cntical micelle 
concentration are better solubilizing agents than 
ionics.1-53’ The results did not show any synergistic 
behavior m this property in the mixed systems.

Table 10. Foam stability of Ci2E6/MES mixed 
surfactant systems as a function of temperature

Foam height (cm± 1 1)

Ames 30°C 35°C 40°C

00 126 14 3 17 1
0 1 14 3 15 7 175
03 155 19 6 23 2
05 22.5 27 1 31 5
07 20.8 24.0 28 8
09 189 22 4 26 5
l 0 168 20 5 25 0

Note Total surfactant concentration was :5 8 mM,
average of at least two runs
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0 --------------—--------_r-----------,-------------r------------r-----------r—-------

0 10 20 30 40 50 60 70
Time (minutes)

Figure 12. Plot of absorbance vs time (mm) at 50°C Key O, 
MES, □, CI2E6, A. 5 5 C,2E6 - MES

foaming efficiency for mixed surfactant was supenor 
than those of single surfactants From the intrinsic 
viscosity values, the mixed micelles at all mole fractions 
were suggested to be elongated
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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 poIy(oxyethylene)ether type Ci2E„ (n = 6, 9,10). It was observed that Nal and KI have different effect on the CP 
from that of NaCl, NaBr, KC1 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 Noniomc 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@mdiatimes.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/S - see'front matter © 2003 Elsevier Science B V. All rights resened 
dot 10 1016/S0927-7757(03)00012-8
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Fig. 1. Cloud point of C]2E10 as a function of wt % of C12E|o m 
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 
Ci2Eio concentration are shown. For C!2Ei0 (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 C12Eio concentration is due to increase 
in micelle concentration. The phase separation 
results from micelle-micelle interaction. However,

96

94

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 Ci2E9 and Ci2Ei0 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, Ci2E6- 
[CH3(CH2)n(OCH2CH2)60H], and nona oxyethy
lene mono dodecylether, Ci2E9- 
[CHjCH^nfOCHzCH^OH], of Lion Corpora
tion, Tokyo, Japan were' used as received. Deca 
oxyethylene monododecylether, C12E[0~ 
[CH3(CH2)„(OCH2CH2)10OH], 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 Q2E9 and C12E10 (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 Cj2E10 (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~ >C1~ >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 Cj2E9 and C|2Ejo 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 
CC) of C12E6, and C12E,0 (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 C!2E6, C12E9, 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 C]2E„ 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 C12E„ (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 C^E,, (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 C12E„. This indicates that glucose and sucrose 
remove nearby water molecules surrounding the 
micelle and helping the micelles to approach each

Concentration of TMAB (M)

Fig. 5. Cloud point of Ci2E„ (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-

c12e6

C12E9

C12E10

Fig 3. Change in cloud point (ACP, °C) of Ci2E„ in presence of KX.
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Fig 7. Cloud point of C^Eio/TX-lOO (IT, 1% w/v) m presence 
of electrolytes

20
0 12 3

Concentration of electrolyte (M)

30

100 - 

90 -

making more water molecules available to interact 
with POE chain.

We have also determined the CP of Ci2E9 and 
CjaEjo mixed with TX-100 i.e. nonionic-nonionic 
surfactant system. Also the CP of Ci2EiO/TX-100 
(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

5

5

—X—Glucose 

—1— Sucrose 

-X-Ca{N03)2 

—it— Glucose 

—e— Sucrose 

—m— Ca(N03)2 

Glucose 

—o— Sucrose 

• Ca(N03)2

C12E9

C,2E10

Fig. 6. Cloud point of C12E,, (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 hydrophilicity 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 
C,2EK) (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 Cl2E9/TX-100 and C,2Elo/TX-100 (2% w/v) as 
a function of mole fraction of TX-100

Ntx-ioo Cloud point (°C)

QjE/rX-lOO C12^ i

0.0 84 2 88
0.1 824 84
0.3 80 80.4
05 77.2 77
07 73 6 72.5
09 7X8 70
1.0 65 4 65.4

—o— NaCI —o—NaBr 
-fr-Nal —*—KCI 
—KBr —Kl
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Table 2
Cloud point of CjiE„ in presence of KSCN

Concentration of KSCN (M) Cloud point (°C)

CijEe C12E9 C12Eio

00 46.5 85 88
0.1 48 87 2 89 -
0.2 50 6 89 91
03 52 8 90.2 92.5
04 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^Ek/TX-IOO 
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 C)2Eio 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 
C12E„ (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 cloud point. Similar result for TX-

Table 3
Cloud point (°C) of C,2E„ m 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!2E<;, Q2E9 and Ci2Eio. 
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 > C12E9 > Ci2E6 [2].

4. Conclusion

The effects of various electrolytes and none
lectrolytes on the cloud points of C12E6, Ci2E9 and 
C12E10 were studied. The CP of Ci2Ei0 showed a 
minimum in variation with concentration. Su
crose, glucose, KC1, KBr, NaCl, Nal, (CH3)4NBr 
and (C4H9)4NI 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 (°C)

CaEg C^E? C12E10 CuE« c12e9 C|2Eio

00 46.5 85 88 00 46.5 85 88
0 1 41 4 83.8 85 001 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 78.8 854
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Fig. 8. (a) Cloud point of C12E„ in presence of CMC; (b) cloud point of C12E„ in presence of PEG-4000.

Nal and KI makes its effect different from that of 
NaCl, NaBr as well as KC1 and KBr. (C4H9)4NI 
has different effect on CP than (CH3)4NBr, 
because of mixed micelle formation of (C4H9)4NI 
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.

Acknowledgements

Lion Corporation, Tokyo, Japan and IUC- 
DAEF, Mumbai, are gratefully acknowledged 
for providing financial assistance.

References

[1] WN Maclay, J Colloid Sci. 11 (1956) 272
[2] M.J. Rosen, Surfactants and Interfacial Phenomenon, 

John-Wiley, NewYork, 1988
[3] LAM. Rupert, J Colloid Interface Sci 153 (1992) 92.
[4] L.A. Schubert, R. Strey, M. Kahlweit, J Colloid Interface 

Sci 14! (1991) 21
[5] K. Shmoda, H. Aral, J Phys. Chem. 68 (1964) 3485
[6] V B. Sunderland, R.P Enever, J. Pharm. Pharmacol 24 

(1972) 808
[7] A.T. Florence, F. Madsen, F. Puisieux, J Pharm Phar

macol 27 (1975) 385
[8] H Schott, A.E Royce, J. Pharm. Sci 73 (1984) 793
[9] T. Gu, P A. Galera-Gomez, Colloids Surf 147 (1999) 365.

[10] L Koshy, A.H. Saiyad, A.K Rakshit, Colloid Polym. Sci 
274 (1996) 5S2.

[11] S.B. Sulthana. S.G.T. Bhat, A.K. Rakshit, Colloids Surf. 
Ill (1996)57.

[12] MJ. Schick, J. Colloid Sci. 17 (1962) 801.
[13] A. Doren, J. Goldfarb, J Colloid Interface Sci. 32 (1970) 

67.
[14] K. Shinoda, H. Takeda, Colloid Interface Sci 32 (1970) 

642
[15] H. Schott, J. Colloid Interface Sci. 43 (1973) 150
[16] H. Schott, S.K. Han, J. Pharm. Sci. 64 (1975) 658, J. 

Pharm. Sci. 66 (1977) 165.
[17] D. Balasubramamam, P. Mitra, J. Phys. Chem 83 (1979) 

2724.
[18] H Schott, A.E. Royce, S.K. Han, J. Colloid Interface Sci 

98 (1984) 196.
[19] T.R. Carale. Q.T. Pham, D. Blankschtem, Langmuir 10 

(1994) 109. '
[20] K. Weckstrom, M Zulauf, J. Chem. Soc Faraday Trans 

1281 (1985) 2947.
[21] L Marszall, J. Colloid Interface Sci. 60 (1977) 570
[22] B.S Valaulikar, B K Mishra, S.S Bhagwat, C. Manohar, 

J Colloid Interface Sci 144(1991)304.
[23] L. Marszall. Colloids Surf. 35 (1989) 1
[24] A.S. Sadaghiama, A. Khan, J. Colloid Interface Sci 194 

(1991) 191.
[25] S. Briganti. S. Puvvada, D. Blankschtem, J. Phys Chem 

95 (1991) 8989.
[26] P G. Nilsson. B. Lmdman, J. Phys Chem 88 (1984) 5391
[27] B.S Valaulikar, C Manohar, J. Colloid Interface Sci 108 

(1985) 403
[28] L Marszall. Langmuir 4(1988) 90, Langmuir 6 (1990) 347
[29] Z. Huang, T. Gu, J. Colloid Interface Sci 138 (1990) 580.
[30] J Appell, G. Porte, J. Phys. Lett 44 (1983) 689
[31] ZJ. Yu, G. Xu, J. Phys. Chem 93 (1989) 7441
[32] K. Sanjeev. D. Sharma, Kabir-ud-din, Langmuir 16 (2000) 

6821

-v - .

/



74 K S Shanna et al / Colloids and Surfaces A: Phystcochem Eng Aspects 219 (2003) 67-74

[33] B Lotzaga, IG. Gurtubay, J M Marcella, F.M Gam, 3.C. 
Gomex, Priochem Soc. Trans 7 (1979) 648.

[34] A.N Wrigley, F.D. Smith, A J Stirton, J. Am. Chem. Soc 
34 (1957) 39

[35] R Heusch, BTF-Biotech Forum 3 (1986) 1.
[36] R Heusch, Naturvvissenschoften 79 (1992) 430.
[37] S.R Paul, T Mukaiyama, A K. Rakshit, unpublished data.

[38] R Kjeiiander, E Florin, J Chem Soc Faraday Trans 77 
(1981)2053

[39] SB Sulthana, SGT. Bhat, A.K. Rakshit, Langmuir 13 
(1997) 4564

[40] P Becher, M J. Schick, m: M J Schick (Ed.), Nomomc 
Surfactants Physical Chemistry, vol 23, Marcel Dekker, 
New York, 1987, p 321.



J. Indian Chem. Soc.,
Vol. 80, April 2003, pp. 345-350

Physicochemical properties of anionic-nonionic surfactant mixture: 
a-sulfonatomyristie acid methyl ester (MES) - nonaoxyethylene monododeeyl 
ether (C12E9)t

Sandeep R. Patil and Animesh Kumar Rakshit*

Department of Chemistry, Faculty of Science, The Maharaja Sayajirao University of Baroda, Vadodara-390 002, 
India

E-mail: rakshitak@indiatimes.com akrakshit@yahoo.co.in 

Manuscript received 20 September 2002

We report the interfacial, thermodynamic and performance properties of the binary mixture of a-sulfonatomyristic acid 
methyl ester (MES) and nonaoxyethylene monododeeyl ether (C,jE9). The' critical micelle-concentration (cmc),v 
thermodynamics of micellization and adsorption, and minimum area occupied by.the surfactant at the.air/water interface, .. 
micellar aggregation number (Nagg.) have been determined. The mixed micellar composition and interaction parameter (/S’") . 
are also evaluated. The estimated interaction- parameter indicates an overall attractive interaction in the mixed micelles. ’ 
Moreover, the performance properties of pure and mixed surfactant systems like foaming and viscosity are also studied.' " " * *

Surfactants find extensive applications in various fields due 
to their, property of adsorbing on to surfaces or interfaces 
and thereby altering to a-marked degree, the surface .free 
eneigyof those surfaces or interfeces'.."In fundamental and 
applied fields, mixed surfactants: are prevalent The func
tions and properties of surfactant systems depend on their 
structural type, concentration and compositions in addition 
to other factors,-viz. temperature, pressure, pH, solvent and 
additives2. Mixed surfactant systems exhibit superior per
formance properties compared to individual surfactants.
Some combinations exhibit synergistic properties, showing 
a remarkable deerease in surface tension and lower critical 
micelle concentration (cmc) values than each of the indi
vidual surfactant Thus fundamental studies are essential 
for exact and detailed understanding of self-organizing be
havior of surfaetant(s)3. In recent years, studies on different 
types of combinations formed by different surfactants, such 
as anionic-cationic4, nonionic-nonionic5, anionic- 
nonionic6’ 7, nonionic-cationic8, anionic-zwitterionic9 etc. 
have been studied. Rationale for selection of nonionic 
surfactant of the alkyl polyoxyethylene ether, CnEm type is 
its wide use as detergent, solubilizer and emulsifier10 and 
a-suifonato fatty acid methyl esters have superior detergency, 
high tolerance against calcium ions and good biode
gradability11’12.

The present article deals with interaction of nonaoxy
ethylene monododeeyl ether (C12E9) with a-sulfonatomyris
tic acid methyl ester (MES) in aqueous solution, with refer-

tDedicated to Professor R. P. Rastogi.

ence to mixed micelie formation, thermodynamics of 
micellization and adsorption,ofisurfactant at-the.air/water 
interface. The micellar aggregation number and the 
microenvironment of the mixed micelle are' also'discussed. 
The intermicellar. interactions and ;the. composition of .the 
mixed micelle are also studied using Rubingh’s theory,13. 
Viscosity and foamability of surfactant solutions are also 
presented.

Results and discussion -

Critical micelle concentration : j ,
The cmc values for aqueous solution of single and. bi

nary surfactant systems of different mole fractions at 3.0, 
35,40 and 45° are presented in Table 1. The cmc values of 
MES obtained by conductance measurements are in good 
agreement with those reported in literature11, though the cmc 
values obtained by, surface tension and conductance mea
surement are different. Variations in cmc values depending 
on the method of determination have been reported in lit
erature14’15. The cme values of MES increase with increase 
in temperature (30^45°), which may be due to the corre
sponding increase in ionic repulsive forces16. For the non
ionic surfactant - C|2E9, the cmc values decrease with in
crease in temperature, which has generally been observed 
earlier also17’18. The cmc values of C12E9/MES mixed sur
factant system were evaluated by surface tension measure
ment only as specific conductance-concentration plot did 
not show any break. Thus we treated C i2Eg/MES surfactant
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Table 1. Critical micelle concentration (cmc) values of C)2E9/MES 
mixed surfactant system in aqueous media at different temperatures

^MES » cmc (mAf)
303 308 313 318 K

0.0 0.0812 0.0794 0 0758 0 0741
0.1 0.093 0.088 0.085 0.082
0.3 0.109 0.104 0.099 0.097
0.5 0.120 0.115 0.109 0.107
0.7 0.180 0.109 0.165 0.147
0.9 0.397 0.380 0 346 0.315
1.0 2.39 2.51 2.63 3.16

3.16“ 3.24 3.32 3 48
(0.634)* (0.641) (0 646) . (0.656)

“Conductivity data. ^Values in parenthesis are the degree of ionization 
of micelle of MES.

mixture as a nonionic one, i.e. mixed micelles are nonionic 
in nature.

Thermodynamics of micellization and adsorption : 
The standard free energy of micellization for a nonionic 

surfactant is given by the relation17,

AG°m = RTlaXcmc

where Xcmc is the cmc in mole fraction scale, 

whereas for an ionic surfactant,

AG°m^ (2 ~ a) RT In Xcmc

where a is the degree of ionization of micelle, a was 
computed from the ratio between slopes of the post-micellar 
and pre-micellar regions of the specific conductance - 
concentration profile of MES19. The AG®, values are 
presented in Table 2. The ZlG®, values are all negative and 
become more negative with increase in temperature, 
suggesting that formation of micelles becomes relatively 
more spontaneous. The standard enthalpy AtPm and standard 
entropy AS® of micellization were evaluated from 4G® - T

plot. The slope and intercept gave AS®, and AW®,, respec
tively. The overall micellization process is endothermic ex
cept for MES, where it is exothermic. The AS®, values are 
positive indicating that micellization is entropy-dominated2®. 

The maximum surface excess (rmax) and minimum area per 
molecule (Amin) of the surfactant at the air/water interface 
were evaluated using Gibb's adsorption equation21 and are 
presented in Table 3. The lower values of /f min in the mixed 
systems may be due to closer packing at the air-water inter-

Table 3. Maximum surface excess (/"max) and limiting surface area 
per molecule (4m]n) of C^E^/MES mixed surfactant system

WMES * max
x 1010 mol cm-2 at A ."min

(nm2)

303 308 313 318K 303 308 313 318 K

0.0 3.35 3.21 2.45 3.36 0.49 0.52 0.67 0.50

0.1 2.46 1.8 2.10 2.41 0.67 0.75 0.79 0.69

0.3 2.01 2.0 2.05 1.64 0.67 0.76 0.80 0.97

0.5 2.47 2.82 2.10 1.64 0.61 0.52 0.77 1.01

0.7 1.62 2.0 1.67 1.47 1.02 0.83 0.99 1.12

0.9 2.27 2.11 2.27 2.24 0 73 0.78 0.73 0 74

1.0 1.25 1.16 1.08 1.06 1.33 1.43 1.53 1.57

face owing to the decreased repulsion between the oriented 
headgroups of surfactants. The thermodynamic parameters 
of adsorption of surfactants at the air/water interface were 
evaluated using the relation22,

^®d = AG®,-iOTcmcAcmc

where N, 77cmc and Acmo are Avogadro number, surface pres
sure at cmc (yq - ycmc) and area per molecule at cmc, re
spectively. The standard state for the adsorbed surfactant 
here is a hypothetical monolayer at its minimum surface area 
per molecule but at zero surface pressure. The standard 
enthalpy, A//^d and standard entropy, AS^d values were 
evaluated from AG®d - Tplot. The AG®d values are negative 
throughout, indicating that adsorption at the air/water 
interface takes place spontaneously in pure as well as mixed

Table 2, The thermodynamic parameters of micellization of 
C,2E9/MES mixed surfactant system.

nmbs AG°m(kS mol"1) iat ZLSi

303 308 313 318 K kJ mol-1 J K"1 mol

0.0 33 8 34.5 35.1 35 8 62 132
0.1 33.5 34.2 34.8 35 5 65 132
0.3 33.1 33.8 34.4 35 50 126
0.5 32.9 33.5 34.2 34.8 59 128
0.7 31 8 32 5 33.1 33 9 10.0 138
0.9 29.8 30 5 ' 31 2 31 9 12.6 140
1 0 33 6 33 9 34 3 34 4 -16 7 56

Table 4. The thermodynamic parameters of adsorption of 
C^Eq/MES mixed surfactant system

nmes
- (kJ mol*1) at j d

303 308 313 318 K kJ mol-1 J K-' mol

0.0 40.6 41.6 44.1 43 4 25.2 218

0.1 42 9 45.2 46.9 45 6 15.7 196
0.3 43 0 43.6 44.1 45.7 9.3 172

0.5 39.0 40.0 41.6 43 2 47 2 284

0.7 44.6 41.7 44 8 46 3 66 164

09 39 3 40.4 40 7 41 5 2.4 138

1.0 48 4 50 3 52.3 53 3 52.6 334
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A^Jroie'iC1)

Fig. 1. Enthalpy-entropy compensation plot.

surfactants (Table 4). The values suggest that 
adsorption process is endothermic and entropy of adsorp
tion values are high, reflecting that there is more freedom 
for motion of hydrocarbon chains at the interface.

A linear correlation between AS®, and Alfim as well as 
A$®d and (Fig. 1) was observed for this system which 
was suggested by Lumry and Rajender23. The compensation 
temperature for micellization and adsorption processes are 
314 and 281 K, respectively. Such behavior was observed 
earlier also24 and it implies that at 314 K, the micellization 
process is independent of structural changes in the system 
and is dependent only on enthalpic factors25. The values,
a measure of interaction between the surfactant molecules 
in the mixed micelle, are presented in Table 5. pm values 
are all negative at all mole fractions of C j 2E9/MES system

Table 5. Interaction parameter (fim) values of C12E</MES mixed 
surfactant system in aqueous media at different temperatures*

'mes (/?■»)'a

303 308 313 318 K
0.1 - - - _
0.3 -1.87M.57* -2.33/-2.06 ' --2.30/-2.20 -2.50/-2.39

C0.0551) (0.072) (0.067) (0.072)

0.5 -3.32/-2,98 -3.57/-3.20 --3.6S/-3.36 -3.70/—3.58

(0.178) (0.186) (0.185) (0.182)

0.7 -2.91/-2.55 -3.51/-2.86 --3.64/-3.0S -3.77/—3 64
(0.227) (0 236) (0.185) (0.189)

09 -2 55/—2.12 -2.121-231 ■-3.03/-2.67 -3.46/-3.30
(0.341) (0 343) (0.344) (0.350)

* Values in parenthesis are A",, i e mole fraction of MES.
“(-) Iteration did not coalesce
*The data after V was calculated using cmc of MES by ST measurement.

except /VMES = 0.1, where'the iteration did not coalesce. 
The negative pm values suggest an attractive interaction

between the MES and C!2E9 headgroups in the mixed 
micelle leading to electrostatic stabilization. It is evident 
from Table 1, that the cmc of MES seems to differ when 
surface tension or conductance methods are used. It is clear 
that calculated /?m values do differ (maximum -15%) but 
the interaction is always attractive in nature.

The activity coefficient values were also evaluated using 
the relations1,

ln/i=/P(l-*,)2

and

In f2 = p™{Xx?

where Xi is mole fraction of surfactant 1 in the micelle and 
/j and f2 are the activity coefficients of surfactants 1 and 2, 
respectively, in the mixed micelle. The /J and f2 values are 
presented in Table 6.

Table 6. Activity coefficient (ft, f2) values of C12Et/MES mixed 
surfactant system in aqueous media at different temperatures*

WMES /"l of anionic surfactant

303 308 313 318K

0.1 - - ' " - -
0.3 0.188 0.134 ‘ 0.135 0.116

(0.994) (0.987) (0.989) (0.987)

0.5 0.106 0.094 0.089 0.084

(0.900) (0.883) (0.882) (0.884)

0.7 0.175 0.154 0.133 0.118
(0.86) (0.836) (0.816) (0.793)

0.9 0.330 0.309 0.271 0.232

(0.743) (0.726) (0.698) (0.654)

* Values in parentheses are activity coefficient (f2) of nonionic surfactant.

The /j values of MES are lower, suggesting that MES in 
the mixed micelle is away from the standard state. The f2 
values of C12E9 are higher which increase with increase in

Fig. 2. Micellar aggregation number (Wagg) for C^E^/MES mixed 
surfactant system
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temperature, indicating that Cl2E9 in the mixed micelle is 
near its standard state3's.(TabIe 6). . -

Micellar aggregation number and microenvironment: 

Micellar aggregation number (/Vagg) determined by steady 
state fluorescence measurements at different mole ratios of 

^ binary C12E9/MES mixture are presented in Fig. 2. The 
■' aggregation number values of mixtures are larger than that 

of MES but more or less comparable with C12E9. Such 
behavior may be due to the presence of €l2E9 in the mixed 
micelle, resulting in screening of interionic interactions in 
comparison with pure MES micelle. Consequently, the head 
group repulsive interactions are much reduced, leadingto 
an increase in aggregation number in the mixed micelles.

Table 7. Micropolarity (/,/ij) and binding constant (Z^y) forC^Ej/ 
MES mixed surfactant system _ . ;.......

.^MES 0 0.1 0.3 0.5 . .jn. .,-,0.9 .,,...3.0
hfh______ .1-22.. .1.20 . 1-19 U7 , 1.16 :_i-ii ..j.40

k$v * nr*'. 1.2 t:03 0.85 O.S2 0.74* <■ 1.22 dr.'340
(dm3 moH) . ■ - '0 , J‘ '.Ui.

•..r. ■..-a'- v> ....
Jf..7The,raH6.pf^He"Isf aha'inra'vlbrohi'd peaks, /j//3 in 
pyrene fluorescence emission spectrum is known to jbe 
^sensitive to local polarity around the probe. The 7j /^ values 

. obtained for this system are all greater than ! (Table" 7) 
suggestmg a polar environment around pyrene. Asv, the 
Stern-Volmer binding consfaht which is the ratio of 
bimolecular'.quenching constant to unimolecular decay 
constant, was also calculated using the equation26,

/<,//= 1+*SV[Q]

It should also be noted that £sv,is equal to the product of 
kq, the rate constant of quenching process and r, the actual 
lifetime of fluorescence molecule in absence of bimolecular 
quenching. From the values of ATSV it can be inferred that 
quenching is efficient in this system and also the lifetime of 
pyrene is higher, if we assume that kqs for all systems are of

similar magnitude.

In Fig. 3, the relative viscosity .(^re]) values for 5%
(w/v) C12E9/MES mixed surfactant solutions as a function 
of moleffaction of MES is plotted. The 7re!for C12E9 is 
low. Initially 7;re, decreases at =0.1 and then suddenly
increases and shows a maximum at AfMES = 0.3. The 
maximum in viscosity arises due to the formation of mixed 
micelle. In general, S7rel shows positive deviation from 
linearity. Increase in temperature has no significant effect 
on the viscosity of surfactant solution.

The intrinsic viscosity | tj | was calculated using die rela- - , 
tion, ... - :

-177] = lim (lyr—. 1)/G"' -
c_'ffltoi;1)'-,

- where limit'to zero concentration indicates tKat-iiiterniole- 
cular interactions are absent/In this study 'we hayetealcu- 

. lated'| 77), without .taking the,zero cpncentrationdimit. The 
, intrinsiCjyiscosity.valnes-fTable 8) offC^2E9/MES-,mixed 
surfactant system afallmple fractions,indicate, that micelles . . 

j", ■" r. •i';. :-ts nouariUesifl: wt ettHgpjnmo&ii.
•-’O'Table S.-Intrinsicviscdsity'dataforCjjE^MES.Triixed stnfactant&v

gcait.v''-'/■ ' a*’- A it- ,

hr.
P'&txny :S3Cxqv

“^MES * k318‘K

ox) ' '88' ^s*a lUZ ' *£
'"' 04 ' - ’ ,r5_5 t-, bc-lrr r,5_.giVX-. •! ' "5J8
!':d.3 - ■'•9-0 li 'i8L7-=.":,r: 9.1

0.5 88 8.7 8.7 . - 8 S
&?. ; ■ 8.8 . . .H..8J8 , 93.
0.9- 9.0 . 8.7. ; - ; - 9.0 Zil?, ... 9.0
I JO 6.0 ^ „ 6.4 " 6.2 >/ 1 6.3

are honspherical as | tj[ should be 2.5-4 cm3 gl1 for spherical 
systems27 and the lowest j t]\ for this system is 5.5 'em3 g_I. 
Such results on the geometry of micelles on the basis of 
shape factor have been reported earlier by us28, and recently 
Soni et al29 also reported observations pertaining to the 
geometry of micelles. , -

Foaming ': Foam heights, a measure of foamability of 
surfactant, were determined at 30, 35 and 40° for pure as 
well as mixed surfactant system and are presented in Table 
9. It is clear that, foaminess in single as well as mixed 
surfactant system increases with increase in temperature. 
C12E9 is less foaming compared to MES and most, of the 
molefractions of mixed system of MES. This is obvious as 
polyoxyethylene group in Ci2E9 has large surface area and 
also there is absence of surface films resulting in low foam 
heights1. The foam heights in most mole fractions are higher
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40
-S.S •4.5

log-,; Canssatretics
-3.5

Fig. 4. Representative plot of surface tension vs log concentration. i390 *430

J

The critical micelle concentration were determined using 
surface tension measurements as described earlier5. Error 
h cmc values is less than ±1%. Representative plots of

k (om)
Fig. 6. Representative fluorescence (emission) spectra of KT6 M 

pyrene in aqueous micellar solution of C12E9: MES (5:5),

65

Table 9. Foam stability of C12E9/MES mixed surfactant system as a 
function of temperature (average of at least two runs)

Total surfactant concentration = 5.8 mM
Foam height (cms ±0.4) at

^MES
30 35 40°

0.0 6.9 1 9.5 11.0
0.! 13.9 14.8 16.0
0.3 6.7 8.1 9.9
0.5 21.4 23.2 24.5
0.7 10.3 10.8 12.6
0.9 9.6 10.4 11.7
1.0 16.8 20.5 25.0

surface tension (y) vs logarithm of surfactant concentration 
(log G) are shown in Fig. 4. ,

Conductance (at) were measured with an Equiptronics 
(India) conductivity bridge. A dip type cell of cell constant 
1.01 cm-1 was used. The,conductance of different solutions 
which were obtained on addition of aliquot of a known 
concentrated surfactant solution to a given volume of the

compared to G12E9, as there is possibility of rapid variation 
of concentration of surfactant at the air/water interface in 
mixed surfactant system, which is one of the main require- 
mentsofgood foam1 forming qualities30,, though the higher 
foam height of MES compared to mixed surfactant system 
is difficult to explain. However, it;seems that the mixed sur
factant layer is a rigid one.'Moreover, drainage, evapora- 
tionrinteraction between environment arid foams etc. deter- 

f mine .the foam.stability31,

Experimental
' Nonaoxyethylene monododecyl ether [CH3[CH2)11- 

(OCH2CH2)9OH], i.e. C12E9 and a-sulfonatomyristic acid 
methyl ester - Ci2H25CH(SQ3Na)COOCH3, i.e. (MES) 
(Lion Corporation, Tokyo) were used without further 
purification. Cetylpyridinium chloride (LobaChemie, India) 
was crystallized ‘twice from benzene prior to use. Pyrene 
(Fluka, Germany) was reciystallized from cyclohexane. All 
solutions were prepared using double-distilled water.

Fig. 5; 1 Representative .plot of specific,conductance (at) vs concen- 
.. ■ trationofMES......... • ■

theimostated solvent'wefe measured.'Specific coriductaricfe 
(k)'vs concentrationof surfactant plots'are shown,in Fig. 5 
for pure MESionly, andno break1 in the specific conductance, 
vs -concentration-plots was observed .in any of the mixed 
surfactant systems. • .,

The micellar- aggregation number was determined by 
steady state fluorescence riieasurements. Pyrene-was used 
as a probe and cetylpyridinium chloride as quencher. The 
excitation and emission.wavelengths were 335 and>385 nm, 
respectively. All the fluorescence measurement was carried 
out at room temperature (~25°) using a Hitachi F-4010

iftMES, 3:7,40C 
“MES, 9:1,45C 

:MES, 5:5. ♦5‘C 
S9:MES. 7:3,30r
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spectrophotometer. Each spectrum had one to five vibronie 
peaks from shorter to longer wavelengths (Fig. 6). The 
fluorescence intensities were monitored at 385 nm. An 

X aliquot of the stock solution of pyrene in ethanol was 
/ transferred into a flask and the solvent was evaporated with 

nitrogen. The surfactant solution (10 miW) was added and 
concentration of pyrene was kept constant at 10"^ M, The 
quencher concentration was varied from O.to 12 * 10~5 M. 
The aggregation number (Nggg)/was deduced from the 
equation32, ; h u 1'.. ’

)

In/=ln/0-^agg [Q]/[S]-cmc
• ‘

where [Q], [M] and [S] are the concentrations of quencher, 
micelle and total surfactant, respectively, /0 and I are the 
fluorescence intensities in the absenceiand presence of 
quencher. -------------------- —— —-—- r’

The ratio of intensify of first (375 nm) and third (385 
nm) vibronie peaks, i.e. /j7/3 of me pyrene fluorescence 
emission spectrum in presence, of surfactants is taken to beT - 
the index of micropolarity of the system^ Lei lt‘ givesan idea

solution Lwas measmed'using-Ubbelbhde,'Suspertded?>ley.ef • 
viscometer at 30,.35; >40 and;45S ,(±l®) dn iaithermostatedr 
bath. .p.fric':-. ■; m uivLu;:

r Foam height was measured using a variation of Ross- 
Miles method3^. A surfactant solution;(200:ml) .of, known; 
concentration;(5.8 mAQ was allowed' a' free-fall, into 50anl; 
of the same.solution through a tuber(9(Lem * .1.5 cm.i.d.). 
The reproducibility,of initial-foamiheightwalues, was ±2%.j
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