Reprints of Published Paper




12804 ) J. Phys. Chem. B 2004, 108, 12804—12812

Self-Aggregation of a Cationic—Nonionic Surfactant Mixture in Aqueous Media:"
Tensiometric, Conductometric, Density, Light Scattering, Potentiometric, and
Fluorometric Studies

K. Shivaji Sharma, Sandeep R. Patil, and Animesh X, Rakshit*

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

Karen Glenn, Maryjo Doiron, and Rama M. Pa_lepu*»?
Department of Chemistry, St. Francis Xavier University; Nova Scotia, Antigonish, NS B2G 2W5, Canada

P. A. Hassan

Novel Materials and Structural Chemistry Division, Bhabha Atomic Research Center, Trombay,
Mumbai 400 085, India

Received: April 20, 2004; In Final Form: June 19, 2004

Self-aggregation of tetradecyltrimethylammonium bromide (TTAB, [CH3(CH2);3N*(CH;);Br~]) and poly-
oxyethylene 23 lauryl ether (Brij-35, [CHz (CH,)1(OCHCH,),;0H]) binary surfactant mixture in aqueous
medium was studied using tensiometric, conductometric, density, quasielastic light scattering, potentiometric,
and fluorometric measurements. The binary surfactant mixture was studied well above the Krafft temperature,
which was evaluated by conductance measurements. Rubingh’s nonideal solution theory predicted nonideal
mixing and aitractive interaction between the constituent surfactants in the mixed micelle. Moreover, attractive
interaction between the two surfactants in the mixed micelle is explained by assuming that water acts as a
bridge between the hydrophilic polar groups of the surfactant molecules. The chain-chain interaction among
the surfactant does not seem to be high in this case. The partial specific volume of pure as well as binary
surfactant mixtures was also evaluated, and it was inferred that the mixed micelles are more hydrated compared
to individual components: The excess Gibbs free energy of mixing was evaluated, and it indicated relatively
more stable mixed micelles for this binary combination, Surface tension measurements indicate an existence
of a second state of aggregation for the mixed surfactant system, which is supported by the break in
conductance—concentration of surfactant profile. The Krafft temperature of TTAB decreases as the nonionic
surfactant content increases in the mixed system. Quasielastic light scattering studies suggest an increase in

the hydrodynamic radius of the micelle in the mixed surfactant system.

Introduction

Surfactant comprises a hydrophilic and a hydrophabic group.
The different interactions of these two moieties with water is
an.important cause for surfactants to aggregate into micelles
and other nanometer scale structures in aqueous solution.’ Due
to widespread uses and application of surfactants as well as their
micellar aggregates in chemical, biochemical, pharmaceutical,
and industrial fields, detailed investigation on the fundamentals
of aggregation of existing conventional and newer amphiphiles
are in progress.? The micelles composed of mixed surfactants
occur in biological fluids and are very often used in industrial

" ‘application, pharmaceutical, and medicinal formulation for the

purpose of solubilization, suspension, dispersion, etc.>4 Exten-
sive reports exist in the literature on studies of different
combination of mixed surfactant system viz, cationic—cationic,
nonionic~nonionic,’® anionic—cationic,” anionic—nonionic®?
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etc. Tonic—nonionic surfactant mixtures are important from
fundamental as well as application point of view as they exhibit
highly nonideal behavior on mixing and also their behavior can
be complementary in the mixed micelle causing the cmc to
decrease.)® Cationic surfactants are useful as antifungal, anti-
bacterial, and antiseptic agents and have attracted recently more
attention with reference to their interaction with DNA and
lipids,!! whereas the nonionic surfactants are useful as deter-
gents, solubilizers, and emulsifiers.S

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

10.1021/jp0482940 CCC: $27.50 © 2004 American Chemical Society
Published on Web 08/04/2004
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Figure 1. Representative plots of conductance (C) vs temperature (°C)
for TTAB/Brij 35 mixed surfactant system. The arrow indicates the
Krafft temperature.

Experimental Section

Materials. Tetradecyltrimethylammonium bromide (TTAB,
[CH3(CH,)1:sNHCH;); Br], MW 336.4, Lancaster, UK.) was
recrystallized thrice from dry acetone, Polyoxyethylene 23 lauryl
ether (Brij-35, [CH3(CH)11(OCH,CH,);;0H], MW 1199.8, E.
Merck) was used as received, The surface tension (y) vs log C
plot did not show any minimum. Cetyl pyridinium chloride
(CPC) was purchased from Sigma and purified by repeated
crystallization from acetone and used as quencher. Pyrene
(Fluka) was recrystallized from cyclohexane., Sodium tetra-
phenylborate (NaBPhs) (E. Merck, Germany) and Dioctyl
phthalate (Plasticizer) (Suvidinath Laboratories) were used as
received. Double distilled water having specific conductivity
2—3 uS cm™!, pH = 6.8 at 30 °C, was used throughout as the
solvent for all measurements.

Methods

Krafft Temperature (7i) Measurement, The Krafft tem-
perature (7;) of pure TTAB and binary TTAB/Brij 35 surfactant
mixtures of different mole ratios has been determined by using
electrical conductivity methed.!21? The aqueous solution of
surfactant (total concentration 5 mM, i.e., well above the cmc)
was prepared by warming it at ~40 °C and was later placed in
a refrigerator at ~3 °C for at least 24 h, where the precipitation
of hydrated surfactant crystal occurred. The temperature of the
precipitated system was then raised graduaily under constant
stirring, and the conductance (x)  was measured using a
Welltronix, digital conductivity meter CM 100, having cell
constant 1.00 cm™1, 7 was considered as the temperature where
the conductance vs temperature profile showed an abrupt change
in slope, as indicated by the arrows in the curve presented in

Figure 1. This temperature was the same as that required.to .

completely dissolve the hydrated solid surfactant, and this can
also be judged visually to be the point of complete clarification
of the surfactant system. The reproducibility of Ty measurements
on a single sample was within 0.1 °C,

Surface Tensior Measurement. The critical micelle con-
centration (cmc) was determined by the surface tension (y)
measurement using a duNolly ring tensiometer (S. C. Dey and
Co. Kolkata) at 35 °C. The temperatures were maintained within
£0.1 °C by constantly circulating thermostated water through
a jacketed vessel containing the solution. The concentration of
solution was varied by aliquot addition of a stock surfactant
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Figure 2. Representative plots of surface tension (¥) vs log C
(concentration of surfactant, M) at 35 °C.

solution of known concentration to a known volume of solvent
in the vessel using a Hamilton microsyringe. For each set of
experiments, the ring was cleaned by heating it in alcohol flame.
The standard deviation of the mean in y was £0.5%.% The
measured surface tension values were plotted as a function of
the decadic logarithm of surfactant concentration. Representative
plots of surface tension () vs log concentration of surfactant
in solution (log C) are shown in Figure 2. The reproducibility
of the cme was checked by duplicate runs and the error in the
cme was found to be less than +1.0% (standard deviation of
the mean) calculated from the experimental cmc data of at least
two runs. The surface tension was determined both at Baroda
and Antigonish (Fischer Tensiomat equipped with a 13 mm
diameter Pt—Ir ring) and there was an excellent match of the
cme values.

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

Membranes were made from low molecular weight poly(viny!
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 up to the complete dissolution of the PVC (solution
A). DTABPh, was used to have BPhy ™~ ion as the mobile anionic
site in the membrane for TTA™ detection, which was prepared
by mixing equimolar aqueous solutions of two salts: dodecyl-
trimethylammonium bromide (DTAB) and sodium tetraphenyl-
borate (NaBPhy), The solution obtained was extracted three
times in dichloromethane. After evaporation of solvent, the
precipitate was recrystallized twice from an ether—methanol
mixture, The DTABPhy so obtained was dissolved in THF to
make a 1072 mol L~! solution (sotution B). Three milliliters of
solution A was mixed with 0.2 mL of solution B, and the clear

solution was spread on a clean and clear.glass surface of a flat-

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

¥
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Figure 3. Representative plot of emf (mV) vs log C (concentration of
surfactant, M) at 35 °C.
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Figure 4. Representative plots of conductance {(#S) vs concentration
of surfactant (M) at 35 °C.

The emf values thus obtained were plotted as a function of
decadic logarithm of surfactant concentration and the break in
the emf—log C profile was considered as the critical micelle
concentration (cmc) of the surfactant (Figure 3). Total duration
to complete one set of experiment was ~3 h. The reproducibility
of the emf measurements and hence cmc determinations was
crosschecked by carrying out duplicate runs, and the cmc values
were reproducible within 4-2%, The thermodynamic background
of such electrode has been discussed in detail by Turmine et
al.13¢ The potential response of this membrane electrode for pure
TTAB was equal to 59 mV per decade, indicating a reasonably
good Nerastian behavior. However, the slope decreased continu-
ously as the nonionic surfactant content increased in the mixed
surfactant system, the least value being 32 mV. However,
recently Siriex-Plenct et al.!5® have stated that the notion of a
Nernstian behavior. for a membrane electrode has no sense. -

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

Fluorescence Measurements. The critical micelle concentra-
tion (cmc) and micellar aggregation number (V) of single and
mixed surfactant solutions were determined by steady-state

Sharma et al.
(
4,(1’1 N
L/
se+s1 //
ve U )
L/ Y] \ ]
4045 //// / 0\ \\jgr\\\
AU \
> soss{ /// \v/'\/\\
2 / VAN
E i \AVA N ~
2045 / 0
/ 1
/ 2 &
orsf i
6 x
6 e
7 &
Y a0 376 8
380 385 380 305 W 8

wavelength {nm)

Figure 5. Representative fluorescence emission spectrum of pyrene
in TTAB/Brij 35 mixed surfactant system.

fluorescence quenching measurements. Pyrene was used as a
probe and cetylpyridinium chloride as quencher. The fluores-
cence emission spectra of pyrene monomers in the surfactant
solution were determined with a FluroMax-3 JY Horiba
fluorometer at excitation wavelength 335 nm and emission
wavelength 385 nm. Each spectrum had one to five vibronic
peaks from shorter to longer wavelengths (Figure 5). Excitation

- and emission band-passes were 1 and 0.5 nm, respectively. All

fluorescence measurements were carried out at room temperature
(~25 °C). Each scan is at a different quencher concentration
(Figure 5), the lowest concentration being zero and highest being
0.8 x 103 M,

An aliquot of the stock solution of pyrene in ethanol was
transferred into a flask and the solvent was evaporated with
nitrogen. The surfactant solution (50 mM) was added and pyrene
concentration was maintained constant at 106 M. The quencher
concentration was varied from (0 to 0.8 x 1073 M). The
measured I)/; values were plotted as a function of the surfactant
concentration and the break point was taken as the cmc (Figure

6).
The micellar aggregation number (Nygg) was deduced from
the equation,!’18 ‘

nr=ng, - — el a
([S] — cme) )

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

Quasielastic Light Scattering (QELS). QELS measurements
were carried out for TTAB/Brij-35 mixed surfactant system
(total ‘concentration 25 mM) at five different scattering angles
(50, 70, 90, 110, and 130°) using a Malvern 4800 photon
correlation spectroscopy system. The instrument is equipped
with a 2 W argon ion laser (A = 514.5 nm) with a vertically
polarized light. All measurements were carried out at an output
power of 250 mW and at 25 =+ 0.1 °C, The surfactant solutions
were filtered through 0.2 #m Millipore Nylon filter directly into
the sample cell, and the cells were sealed until use. The intensity
correlation function was measured five times for each sample
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Figure 7, Variation of Krafft temperature, 7t (°C) as a function of
mole fraction of TTAB in TTAB/Brij 35 surfactant mixture.

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

Results and Discussion

Krafft Temperature (7i) of Pure Jonic and Binary
Surfactant Mixture, The Krafft temperature can be defined as
the melting point of hydrated surfactant. It is evident from Figure
1 that, at low temperature, conductance increases slowly because
the solubility of the ionic surfactant is quite limited. During a
temperature transition stage, conductance increases sharply with
increasing temperature, due to' gradual dissolution of the
surfactant until the Krafft temperature. After 73, the conductance
increases slowly due to the increase in ionic mobility with
increasing temperature. The 7i of pure TTAB was found to be

13.2 °C. The 7; of TTAB and the Brij 35 mixture decreases ~

with the increasing ratio of nonionic monomeric surfactant, as
the cme of mixed micelle is lower than that of pure TTAB
(Figure 7). The Ti of TTAB decreased as system heterogeneity
increases due to addition of Brij-35. This is due to a decrease
in unimeric concentration of the precipitating surfactant caused
by formation of mixed micelles. 222! As a result, the solution
temperature must be lowered for precipitation to occur at
equilibrium. As two surfactants are mixed above the cmc,
dilution of the least-soluble surfactant, i.c., TTAB, in micelles
occurs, resulting in a shift in equilibrium toward the micelle.
Also, as the nonionic surfactant is added, the absolute electrical
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potential on the micellar surface is reduced due to presence of
the Brij 35 between the charged headgroups of the TTAB
surfactant. Because the liquid phase is the binary surfactant
mixture, and the Krafft temperature is interpreted as the melting
temperature of the hydrated solid surfactant,?%23 it is found that
the following relation holds well (Figure 8),

0

1
w7 +C @

""'h’l sz =

where AH;° is the enthalpy of fusion of hypothetical pure TTAB
hydrated micelle.?23 The calculated AH,° is 137 kJ mol™1, Xym
is the mole fraction of TTAB in mixed micelles, and R is the
gas constant,

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

v=;‘;[l—-g§] G)

where ¢ is the concentration in g cm™ and p and p, are the
densities of the sample and the water, respectively. The density
measurements were carried out with an Anton Parr DMA 5000
density meter, The change in density as a function of concentra-
tion of TTAB at different mole fraction in the binary surfactant
mixture i3 illustrated in Figure 9. The measurement has an
accuracy of 5 x 1078 g cm™3 and calibrated with dry air and
degassed distilled water at 25 °C. The temperature was
controlied to +0.001 °C.

The unhydrated radius (Rp) of the micelle or mixed micelles
was estimated as follows

{a) The average molar mass (M) of the mixed micelles was
obtamed by employing the following cquation,

M, =Ny XM+ (1 - X) M;] )

where Ny is the aggregation number of the mixed micelle, X;
is the mole fraction of TTAB in the mixed micelle obtained
from Rubingh’s method, and M; and M; are molar masses of
TTAB and Brij35, respectively.

(b) Employing the average molar mass of the micelle, the
dry micellar volume, 3, can be obtained by the relationship?26

vM,,
Vo =N, )
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Figure 9. Variation of density (g cma™?) as a function of concentration
of surfactant (mM) at different mole ratios for TTAB.

TABLE 1: Hydrodynamic Radius (R,), Translational
Diffusion Coefficient (D), Dry Micellar Radius (Ry),
Hydration Factor (8), and Area (2,) for TTAB/Brij 35
Mixed Surfactant System

Qrias 107D (cm?/s)

0.0 6.70 £ 0.34
0.1 6.12:+031
0.3 6.05 £ 0.30
0.5 5.59 £ 0.28
0.7 5.85+029
0.9 6.70 = 0.34
1.0 8.95 045

Ry (nm) Ryom) 8 a.(AY»

366018 258 150 232
400020 246 332 230
405+£020 238 373 222
438+£022 250 312 207
4.19+0.21 242 349 204
366018 254 162 180
2741014 1.88 1.94 89

(c) The dry miceliar radius (Ry) is then obtained assuming a
spherical geometry for the micelle, ie.

Vo="/;nR (6)

(d) The values so obtained were employed to estimate the

hydration factor 8 from the hydrodynamic diameter (&)

(obtained from dynamic light scattering studies) and the dry
micellar diameter (), using the following relationship?’

— dh 3 V
b o

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

Partial specific volumes of the mixed micelle vary very
slightly as a function of 0ryag in the present study. The partial
specific volume is a thermodynamic parameter sensitive to
hydrophobic and hydrophilic interactions involving solute and
solvent; therefore information obtained from partial specific

.. volume about. micellar hydration is thermodynamic and not,

hydrodynamic in nature. It is apparent from our present study
that the thermodynamic contributions to micellar hydration of
the mixed micelles are very similar in nature.

Micellar hydration factor § was determined using the eq 7.
It is assumed that the micellar hydration is the difference
between the hydrodynamic and the dehydrated micellar volumes,
and the values are listed in Table 1. The values of § are higher

in the mixed micelles compared to the individual pure compo--

nents, This result suggests that the mixed micelles are more
hydrated. This is further substantiated by the higher values of
hydrodynamic radius (Ry) compared to the dry micellar radius

Sharma et al.

TABLE 2: Critical Micelle Concentration (mM) of TTAB/
glﬁjlgsds Mixed Surfactant System at 35 °C by Different
etho:

CMC (mM)

apap fluorescence® ST EMF

0.6 0.085 - 0.004 0.080 £ 0.001
0.1 0.080 4 0.004

0.3 0.093 +0.005

0.4 0.100 = 0.005 0.100 + 0.001
0.5 0.117 £ 0.006 0.125 & 0.001 1.82 1 0.04 (41.7) 4.02:%0.08
0.7 0.167 0008 282+ 006(444) 3.75£0.08
0.8 0.240::0.012 0.250 % 0.003

0.9 0.480 +0.024 0.500 £ 0.005 3.23 4+ 0.07 (56.0) 3.80 = 0.08
1.0 3.60+0.18 3.70+£004 3.70%0.07(59.0) 3.70 £0.07

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

conductance

1.51 4 0.03 (32.5)*
1.70 = 0.03 (40.0) 4.50 = 0.09

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

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

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

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

For pure TTAB, the surface tension, fluorescence, emf, and
conductance gave the same value of cmc at 35 °C (Table 2).
There was no second cmc in this case. In case of Brij 35, we
could not do the conductance and emf measurements, but surface
tension and fluorescence methods gave the same cme values,
For the 1:1 TTAB/Brij 35 system, surface tension and fluores-
cence methods gave the same cmc values, but the cme value
obtained by conductance was much higher. However, the y —
log C plot did show a dip around the same value, where
conductance showed a break (cf. Figure 10a,b). This may be
due to the second state of aggregation, which arises because of
change of shape of a micelle which has also been observed by
QELS measurements. However, by emf measurements, we got
a much different value of the cmc for the 1:1 surfactant mixture.
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Figure 10. Plot of surface tension () vs In C, concentration in M,
(A) for 1:1 and (B) for 8:2 TTAB/Brij 35 mixed surfactant systems at
25 °C. Arrows 2 indicate the second cmce (Similar curves were also
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For the 9:1 TTAB/Brij 35 system, surface tension and fluores-
cence gave the same value of the cmce. The cme values obtained
by conductance and emf measurements did not tally. This
indicates that, for pure ionic surfactants, all experimental
methods are good enough for cmc determination, whereas emf
and conductance methods are not sensitive enough to detect
the break at very low concentration, i.e., for cmc determination
of the binary TTAB/Brij 35 surfactant mixtures. We have also
been able to obtain the so-called second cmc for 8:2 TTAB/
Brij-35 surfactant mixture. It is evident from Table 2 that surface
tension and fluorescence measurements gave comparable results
of cmc for mixed surfactant systems. However, conductance
measurements gave a higher value of cmc and emf measure-
- ments resulted in cmc values intermediate to that obtained by
conductance and surface tension measurements. This suggests
" thaf different methods are sensitive to different forms of micellar
aggregates. This can be rationalized in terms of the mass action
model, according to which micellization is a stepwise process.
Surface tension and fluorescence methods detect smaller micellar
aggregates formed at lower concentrations., However, the
conductance method is capable of detecting large micellar
aggregates resulting due to sphere to rod transitions. The
intermediate values of cmc obtained by emf measurements
suggest that the ion selective electrode senses mixed micelles
of intermediate sizes. This probably means that cmc determi-
nation depends on the micelle size too, which is quite surprising.
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Overall, it can be inferred that surface tension and fluorescence
methods give an accurate estimate of micelle formation and
hence eme. However, conductance measurements are compara-
tively less accurate. Whereas emf measurements, seem not to
be suitable for determination of cmc of mixed surfactant system.

It is evident from Figure 10 that, in addition to the normal
break point in the y — log C plot, there is another break in the
¥ — log C plot for 1:1 and 8:2 TTAB/Brij-35 mixtures. Different
authors?® 3! have reported two different states of aggregates for
nonionic as well as cationic surfactants. But in this article, we
have reported the evidence for existence of second state of
aggregation of 1:1 and 8:2 TTAB/Brij 35 mixed surfactant
systems. The first cme corresponds to the normal spherical
micellar aggregates formed by the association of surfactant
monomers at a critical concentration, whereas the second state
of aggregation represented by the second critical micelle
concentration is due to structural transformations at surfactant
concentrations well above the critical micelle concentration.
Such micellar transitions for pure cationic surfactants have been
reported by different techniques earlier;’! however, we have
provided evidence for a second state of aggregation for a
surfactant mixture, by the tensiometric technique, because the
conductometric method is not very suitable for cme determi-
nation, when dealing with systems of nonionics with very low
cmcs (i.e., Brij 35) with ionic surfactant (i.e., TTAB).

It was suggested by Bemheim-Groswasser et al.>? that, for a
micellar solution of cationic dimeric (gemini) and nonionic
surfactants,® the first cme is due to the globular micelles,
whereas the second cmc is because of coexistence of globular
micelles with longer (semi flexible) linear micelles; i.e., the
second state of aggregation results due to sphere to rod
transition, This has been suggested by other workers?1:3433 also
to explain the second state of aggregation, However, we believe
that for TTAB/Brij-35 mixed surfactant systems, in addition to
sphere to rod transitions, an alternative mechanism is responsible
for the second state of aggregation. The alternative phenomenon
is the formation of two different kinds of micelles by the
constituent surfactants, One kind of micelle is the mixed micelle
involving both TTAB and Brij-35 in one single micelle, and
the other micelle is formed by individual surfactant micelles
(i.e., TTAB and Brij-35 micelles). The first break corresponds
to the mixed micelle formed by TTAB and Brij-35 and the
second break is due to the coexistence or separation of a mixed
micelle into micelles of individual constituent surfactants,

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

a I-o
S S ®)
¢ € %)

where the Cyp, C;,‘ and C; are the cmc values of the mixture,

surfactant 1, and surfactant-2, respectively. @, is the mole -

fraction of surfactant 1 and o (i.e., 1 — o) is the mole fraction
of surfactant 2, respectively, in solution. The cmc values
obtained experimentally (cmc.y,) are plotted as a function of
mole fraction of TTAB in Figure 11, It is clear from Figure 11
that cmeexp values are lower than Cy2 values. This indicates that
there are interactions between the constituent surfactants in the
mixed micelle that result in nonideal behavior. Hence, to
investigate the nature of interaction between the constituent
surfactants in the mixed micelle, we calculated the interaction
parameter ™ and B), using Rubingh as well as Meada’s
theory,3?8 respectively.
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Sharma et al,

TABLE 3: Various Physicochemical Parameters for the TTAB/Brij 35 Mixed Surfactant System by Flnorescence

AGp PS model AGo,: Maeda

s CMC(mM) Xpas fr=-—5 yi y2 By By (kJ/mol) (J/mol) Nagg
0.0 0.085 0.000 ~33.2 6t2
0.1 0.080 0.105 —4.8 0.02 0.95 —13.39 1.06 -333 —-33.2 3342
0.2 0.086 0.130 —-44 0.04 0.93 —~13.39 0.61 -33.2 -33.2 -
03 0.093 0.153 —42 0.05 0.91 ~-13.39 040 —330 -33.1 3242
04 0.100 0.173 —4.0 0.06 0.89 —-13.39 0.22 -32.8 -33.0 -
Q.5 0.117 0.198 -39 0.08 0.86 ~13.39 0.14. -324 -~32.9 BL2
0.6 0.135 0.226 -3.9 0.10 0.82 ~-13.39 0.10 -32.0 -~32.7 -
0.7 0.167 0.253 -37 0.13 0.79 -13.39 0.07 -31.5 -32.3 3642
0.8 0.240 0.278 -3.2 0.19 0.78 -13.39 0.57 -30.6 -31.6 -
09 0.480 0.312 -2.0 0.38 0.82 -13,39 1.72 -28.9 ~33.2 4542
1.0 3.60 1.000 -23.9 5043

The ™ values were calculated using the equations®

() In(e,Cor/X,C) -1
(1 = X, Inf(1 ~ 0,)Cyo/(1 = X)Cy]
™ In(a, Cexp/X 18]
A o

where X is the mole fraction of surfactant 1 in the mixed
surfactant micelle, Cy, ¢, and C); are the molar concentrations

in the solution phase of surfactant 1 and 2 and their mixture, -

respectively, and @y and o> (i.e, 1 — ;) are stoichiometric
mole fractions of surfactants 1 and 2, respectively. In the case
of micellar interactions, these are cme values. The ™ values
are presented in Table 3, and it is found that they are negative
at all mole fractions of the mixed surfactant system, suggesting
that the interaction between the two surfactants is more attractive
in the mixed micelle than the self-interaction of two surfactants
before mixing. Moreover, the ™ values become less negative
as the TTAB content in the mixed surfactant system increases.
A similar behavior has been observed for the interaction
parameter calculated using Maeda’s approach,®® which we
discuss in.the latter part of this paragraph. The S™ values
obtained using Rubingh’s method?? are useful in understanding
the interaction between the two surfactants. If long-range
electrical interactions are present in the system, 8= explains them
very well. However, Maeda®® and Ruiz et al. have reported
that both chain/chain and headgroup/headgroup interactions may

i M L M i ¥ i

-~ Experimental
- - Clint Equation

CMC (mM)

000

0.0 0.2 04 0.6 0.8 10

Figure 11. Variation of critical micelle concentration (mM) vs mole
fraction of TTAB (0rran) for the mixed surfactant system at 25 °C.

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

AG,, = RT(By + B X, + B,X}) (1

" where

By=InC, (C,is the cmc of the nonionic surfactant) (12)

C

B, +B,= ln(-é-l-) (C, is the cmc of the ionic surfactant)
2

' (13)

By=—f" (14)

All quantities in the above equations are expressed on a unitary
scale. The calculated values of By, B, and AGy are reported in
Table 3. It is evident that the AGy, values calculated from the
phase separation model (AGy = RT In Xemc, Xeme is eme in
mole fraction scale) and by Maeda’s method®® agree reasonably
well (within 5% for most of the mole ratios of the mixed
system). This indicates that the fraction of counterion bound to
the mixed micelle is probably negligible, because in that case
the AGy, values would have been much different. This probably
is why a break point in the conductance—concentration plot is
not observed at the lower cmc obtained by the surface tension/
fluorescence methods. The B; values are negative at lower mole
fraction of TTAB in the mixed micelle and become positive at
orras > 0.8. The cationic surfactant has 14 carbons in its
hydrocarbon chain, whereas the nonionic surfactant has 12
carbons. Hence, according to Maeda,® as the chain lengths are
different, there should be chain—chain interactions helping in
the stability of the micelle. The interactions may also be
explained by the fact that some water molecules may be shared
by different headgroups as well as by the hydrophobic chains;
i.e., water molecules may behave as some type of bridge
between the molecules just below the water—micelle interface,
and thereby the attractive interaction will ensue as we suggested
earlier.”! Mukerjee® also suggested the existence of an attractive
interaction between hydrocarbon/fluorocarbon surfactants in the
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Figure 13, Excess free energy of mixing (AG.,) as a function of mole
fraction of TTAB for TTAB/Brij 35 mixed surfactant system at 25 °C.

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

Moreover, the excess free energy of mixing can be ca.lculated
from the activity coefficient (f) data as follows,

AGg = RTIX, In(f) + (1 — X)) In(f))] (15)

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

Quasielastic Light Scattering (QELS). Figure 14 represents
the average decay rates of electric field correlation functions
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Figure 14. Representative plots of average decay rate of intensity
correlation function (I") as a function of g2 for TTAB/Brij 35 mixed
surfactant system (total surfactant concentration, 25 mM) at 25 °C
values in the bracket are concentrations of NaCl.

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

_4an sjln(0/2) 6

where n, 6, and A are the refractive index of the solvent,
scattering angle (50—130°), and wavelength of the laser in a
vacuum, respectively. For TTAB as well as the TTAB/Brij-35
mixture at all mole ratios, measurements were carried out in
the presence of four different concentrations of NaCl. The
diffusion coefficient (D) values were obtained from the slope
of the I" vs g2 plot. The corresponding equation is I" = Dgg?
The diffusion coefficient {Dy) for the TTAB and Brij-35 mixed
surfactant system, were evaluated by plotting the diffusion
coefficient as a function of concentration of NaCl and then
extrapolating the same to zero salt concentration.

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

R = kT
B 6D,

where kg is the Boltzmann constant, T is the absolute temper-
ature, and 7 is the solvent viscosity. The hydrodynamic radius
of micelle (Ry) values are plotted as a function of mole fraction
of TTAB in Figure 15. It is evident from Figure 15 that the Ry,
values for mixed systems are higher than that of TTAB as well
as Brij-35. This is because the beadgroup—headgroup repulsions
between the charged TTAB micelle are reduced due to the
presence of Brij-35 in the mixed molecule. Hence micellar
aggregation is facilitated and a mixed micelle having a higher....
hydrodynamw radius compared to that of constituent surfactant
is formed.

)

Conclusions

The self-aggregation behavior of binary TTAB/Brij 35,
cationic—nonionic surfactant mixture in aqueous medium was
studied by tensiometry, conductometry, density, quasielastic light
scattering and fluorometry. The tensiometric results suggest the
existence of a second state of aggregation for the mixed
surfactant systems in 1:1 and 8:2 molar ratios, which is reflected
by the conductometric cmc obtained from the break in the
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Figure 15. Hydrodynamic radius of micelle (Ry) of micelle as a

function of mole fraction of TTAB for TTAB/Brij 35 mixed surfactant
system at 25 °C.

conductance—concentration profile. The Krafft temperature of
TTAB decreases as the nonionic surfactant content increases
in the mixed system, which indicates that Brij 35 increases the
solubility of TTAB. Quasielastic light scattering studies suggest
mixed micellar aggregates formed for this system have hydro-
dynamic radii higher than those of the aggregates formed by a
single surfactant. Rubingh and Maeda’s theory was applied for

analysis of this mixed surfactant system, and both the approaches.

suggest attractive interactions between the constituent surfactants
in the mixed micelle. Moreover, attractive interactions between
the constituent surfactants in the mixed micelle have been
explained on the basis of “contact hydrophobic interactions”
as well as by the presence of a water bridge between the
headgroups. The partial specific volume was measured by
employing density measurements and the hydration factor (8)
values thus obtained are higher in the mixed micelles compared
to the individual pure components, suggesting that the mixed
micelles are more hydrated, which is further substantiated by
the higher values of the hydrodynamic radius (Ry) compared to
those of the dry micellar radius (Ro).
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Abstract

The interaction between the alkanediyl-w,o-type cationic gemini surfactant, [(C16HasNT(CHz3)2(CHp)aNT(CH3),C16H33)2Br™ ],
164-16 and the conventional nonionic surfactant [CH3(CHz)1gCH2(OCHCH3)sOH], Ci2Fg in aqueous medium has been investigated.
The critical micelle concentrations of different mixtures have been measured by surface tension using a du Nouy tensiometer in aqueous
solution at different temperatures (303, 308, and 313 K). Maximum surface excess (I'max) and minimum area per molecule (Amin) were
evaluated from a surface tension vs log;q C (C is concentration) plot. The cme value of the mixture was used to compute g™, the inter-
action parameter. The 8%, the interaction parameter at the monolayer air-water interface, was also calculated. We observed synergism in
16-4-16/Cy2E; system at all concentration ratios. The micelle aggregation number (Nagg) has been measured using a steady state fluores-
cence quenching method at a total surfactant concentration ~2 mM at 25 °C. The micropolarity and the binding constant (Kgy) of mixed
systems were determined from the ratio of intensity of peaks (I} /13) of the pyrene fluorescence emission spectrum, The micellar interiors
were found to be reasonably polar. We also found, using Maeda’s concept, that the chain—chain interactions are very important in this system,

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Gemini or dimeric surfactants, consisting of two hy-
drophobic chains and two hydrophilic groups covalently at-
tached through a spacer, are attracting considerable inter-
est in both academic and industrial research. Since geminis
were first synthesized and studied for their superior perfor-
mance as catalysts in organic reactions [1], a considerable
number of investigations on their unusual physicochemical
properties, such as low cmc values (10 to 100 times lower
than corresponding conventional surfactants) [2], greater ef-
ficiency in decreasing the surface tension of water (Cyg val-

- - ues) [2,3], better wetting [4],-unusual micellar structure [5},- - -

better solubilizing power [6], low Kraft point [2,6-8], bet-

ter viscoelasticity, gelification, and shear thickening [6] and -

enhanced properties for lowering the oil-water interfacial
tension [7] have been reported. Cationic gemini dimeric sur-
factants are also capable of various biological activity [9,10]
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0021-9797/$ — see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10,1016/j.jcis.2003.07.038

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

The micellization behavior of alkanediyl-o, c-bisalkyl-
dimethylammonium bromide type dimeric surfactants has
been the most investigated [7,17-25]. They are often re-
ferred to as m—s-m surfactants, where m and s are the
numbers of carbon atoms of alkyl and alkanediyl groups,
respectively [26]. Mixtures of surfactant solutions form
mixed micellar aggrepates that exhibit characteristic prop-
erties superior to those of the individual components, and
synergism can often be observed. In most practical applica-
tion such as cosmetic products, mixing an jonic surfactant
with another surfactant is common. An important mixed
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system is that including cationic gemini surfactants with
conventional nonionic surfactants. This paper aims to in-
vestigate molecular interaction in the mixed micellization
of the cationic gemini surfactant 1,4-butanediyl-o,-bis-
hexadecyldimethylammoniumbromide [(C16H33N T (CH3)2-
(CH;)4NT(CH;),C16H33)2Br™], referred to as 16-4-16,
and the conventional ethoxylated nonionic surfactant CizEg,
hexaoxyethylene n-dodecyl ether, [CH3(CH3),9CHy(OCH;-
CH3)sOH]. The mixtures are characterized by their criti-
cal micelle concentrations (cmc) at different temperatures
(303, 308, and 313 K) and the micelle aggregation number
(Nygg) determined by the steady state fluorescence quench-
ing technique at a total surfactant concentration of about
2 mM at 25 °C. The surface excesses (I max) and the min-
imum area per molecule (Amin) Were also evaluated from
surface tension plots. The nature and strength of the inter-
actions between the surfactant mixtures were obtained by
calculating the values of their § parameters. The interac-
tion parameter for the mixed monolayer formation at the
aqueous solution/air interface, 87 was also calculated. We
also obtained the micropolarity and binding constant for
16-4-16/C12E¢ mixed systems. We computed the chain-
chain interaction in' the mixed micelle as well.

2. Experimental

2.1. Materials

Hexaoxyethylene n-dodecyl ether, C12E¢ [CH3(CH2)11- -

(OCH,CH;)sOH, molar mass = 450.68, Lion corpora-
tion, Tokyo, Japan] was used without further purification.
Cationic dimeric (gemini) surfactant, 1,4-butanediyl-e, -
bishexadecyldimethylammonium bromide [(Ci¢H33N™-
(CH3)2(CH2)aN*(CH3);C16H33)2Br™],  referred  as
16-4-16, was a gift sample from Professor S. Bhattacharya,
1ISc, Banglore, India and used as obtained. The synthe-
sis and purification of this surfactant have been described
earlier by Bhattacharya et al. [20,21]. The surface tension
vs concentration plot did not show any minimum, prov-
ing the high purity of samples, which is also confirmed
by 'H NMR measurement. Cetylpyridinium chloride (Loba
Chemi, Baroda, India) was recrystallized twice from ben-
zene. Pyrene (Fluka, Germany) was recrystallized from
cyclohexane. Triple-distilled water having specific conduc-

tivity 2-3 uScm™!, pH 6.8 at 303 K was used throughout as

- the-solvent for-all measurements. - -~ - e
2.2, Surface tension measurements

The surface tension (y) was measured by the ring method
using & du Nouy tensiometer (8.C. Dey & Co., Kolkata,
India) at temperatures of 303, 308, and 313 K. The tempera-
tures (0.1 °C) were maintained by circulating thermostated
water through a jacketed vessel containing the solution. The
concentration of solution was varied by adding aliquots of
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Fig. 1. Representative plots of surface tension vs logyg C for (M) mixed
16-4-16:C19Eg (5:5), (@) pure 16-4-16, (A) pure C12Eg at 30°C.

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

2.3. Fluorescence measurements

The micellar aggregation numbers (Npg) of single and
mixed surfactant solutions were determined by steady state
fluorescence quenching measurements. Pyrene was used as
a probe and cetylpyridinium chloride as a quencher. The
fluorescent emission spectra of pyrene monomers in the sur-
factant solution were determined with a fluorescent spec-
trophotometer (Hitachi F-4010) at the excitation wavelength
335 nm and emission wavelength 385 nm. Each spectrum
had one to five vibronic peaks from shorter to longer wave-
lengths (Fig. 2). All fluorescence measurements were carried
out at room temperature (~25 3 0.1 °C).

An aliquot of the stock solution of pyrene in ethanol
was transferred into a flask and the solvent was evaporated
with nitrogen. The surfactant solution (2 mM) was added

—and pyrene concentration was-kept constant at 10~6 M. The
"quencher concentration was varied from 0 to 8 x 10~5 M.

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

(Nogg[QD)
(81— cme)’ o

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

Inl=Inly-—
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3

Tntensity

A (om)

Fig. 2, Representative fluorescence (exmssmn) spectra of 1075 M pyrene
in aqueous micellar solution of 16-4-16+ C12E6 {5:5) at different quencher
concentrations (maximum intensity indicates no quencher and minimum
intensity indicates maximum amount of quencher).

values can also be used to calculate the Stern—~Volmer bind-
ing constant, Ky, using the relation’ {30}

=1+ K«[Q], @

where Kgy is a product of k,, the bimolecular quenching
constant, and 7, the lifetime of the fluorescent molecule.
The ratio of intensity of the first (/) and third (Z3) vibronic
peaks, i.e., I} /13, of the pyrene fluorescence emission spec-
trum in the presence of surfactants is considered to be the
index of micropolarity of the system; i.e., it gives an idea
of the microenvironment in the micelle. A low value of this
ratio (<1) is generally taken as the pyrene having nonpolar
surroundings, whereas a higher value (1) is taken as the
pyrene having polar surroundings [31].

3. Results and discussion
3.1. Surface properties of swfactant mixtures

The intramicellar interactions in the surfactant mixture

are studied at the critical micelle concentration, where their

effect on mixed micelle formation can be measured {32].
The critical micelle concentrations (cmc) of pure and mixed
surfactant systems were determined from the break points
of the surface tension vs concentration curves at different
temperatures. Surface tension is a fast, convenient, and non-
destructive means of determining cme [33]. The cmc data
are presented in Table 1. The cmc values of pure Cy2Eg ata
given temperature are in good agreement with the reported

Table 1
Critical micelle concentration values for 16-4-16:Cy2Eg mixed surfactant
systems in aqueous medium at different temperatures

Nig416 . Critical micelle concentration (uM)_,
303K 308K 313K
0.0 71.0% 62.0 510
0.1 0.81 0.60 0.54
0.3 0.93 0.58 0.44
0.5 ‘ 033 0.26 0.25
0.7 ‘ 0.56 T o052 0.34
0.9 036 0.29 0.18
1.0 2.72 2.19 1.82

3 Refs. [34-36].

values in the literature [34-36]. However, the cmc values for
16-4-16 that we determined are 10 times lower than the
literature value determined by fluorescence technique [20]
by Bhattacharya et al. However, Zana et al. [37] recently
mentioned that the fluorescence technique is not a good
method for determining cmc—at least in the case of gem-
ini surfactants—and suggested that surface tension is a2 more
suitable method for cme determination. Tsubone et al, [39]
synthesized anionic gemini surfactants and also determined
their emes in pM. The cmc values of conventional nonionic
Ci13E¢ as well as dimeric 16-4-16 were found to decrease
with increased temperature, This phenomenon is generally
seen for nonionic surfactants [38]. With an increase in the
temperature, the dehydration of hydrophilic groups of C12E¢
takes place, which results in an increase in hydrophobic in-
teraction and consequently a cme decrease. The decrease
in the cme for 16-4-16 with increasing temperature may
be due to enhancement of the degree of ionization, which
causes a modification of the magnitude of electrostatic re-
pulsion, as well as due to destruction of water structures
surrounding alkyl chains. The cmc values of 16-4-16/C12E¢
mixed systems, as well as those of the pure surfactants, were
evaluated by surface tension (y) measurement only. From
Table 1, it can be seen that in the mixed surfactant systems
at any mole ratio the cmc value is lower than either pure
16-4-16 or C)3E¢ surfactant, indicating synergetic behav-
jor (Fig. 1). The cmc values of mixed systems were found to
decrease with increasing temperature. The decrease in cme
value indicates that these surfactant molecules in mixed sys-
tem significantly alter the micellization process. The cmc
values of dimeric surfactant are much smaller than those of
the corresponding monomeric surfactant, because two alkyl
chains at a time are transferred from water to the micelle
pseudophase.

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

Fnax (molem™2) = ( )( a"ll:C) - 3)
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Table 2 .
Surface excess concentration {/inax) and minimum area per molecule (Apip) of 16-4-16:Cy3Eg mixed surfactant systems in aqueous medium at different
temperatures

Nigs.16 I x 101 @mol cm~2) A (am?)
303K 308K 313K 303K 308K 313K
0.0 248 2.7 2.86 0.67 0.61 0.58
0.1 0.50 1.19 0.68 331 1.39 243
0.3 0.69 1.44 0.91 240 115 1.82
0.5 L.79 0.79 0.32 0.93 2.09 5.18
0.7 105 1.03 1.02 1.58 1.61 1.62
09 i 1.90 0.83 1.25 0.87 1.99 1.33
i0 1.36 0.86 1.25 1.22 1.93 1.33
Table 3
Interaction parameter values for 16-4-16:Cy2 Eg mixed surfactant systems in aqueous medium at surface tension 55 dynfem (%) and at cmc (8™)
Nig4-16 B . . [
303K 308K 313K 303K 308K 313K
0.1 —18.1(0.46) —12.8(0.46) -9.2(0.47) —13.3(0.53). —13.9(0.59) —13.5(0.59)
03 ~16.6(0.49) —10.6(0.51) ~13.0(0.51) ~10.7(0.59) —11.9(0.59) —12.3(0.59)
0.5 ~19.3(0.5 1_) ~14,1(0.53) -18.8(0.53) —14.3¢0.60) -14.5(0.60) -13.7(0.60)
0.7 ~13.1(0.55) -10.9(0.57) ~11.8(0.57) -~11.5(0.65) ~11.4(0.65) ~12.5(0.64)
09 -12.4(0.59) ~17.5(0.58) ~8.4(0.67) ~14.9(0.66) —~13.0(0.60) —~12.4(0.60)
2 In the parenthesis the value of X (ionic) is given.
14 . . ,
Amin (om?) = 10 @) mined by calculating the values of their f parameter by
= 1 . . -
NI max Rubingh’s approach [41]. This can be generally obtained

where dy /dIn C is the maximum slope in each case and R,
T, C,and N are the gas constant, absolute temperature, con-
centration, and Avogadro number, respectively. The slope
of the tangent at the given concentration of the y vs logC
plot has been used to calculate I" by using curve fitting to a

from the surface tension (y)—conceniration plots of aque-
ous solution of the individual surfactant and their mixtures.
The interaction parameter for the mixed monolayer at the
air/water interface as well as in the mixed micelle (8% or
A™) was calculated by [38]

polynomial equation of the form y = ax? 4 bx + ¢ in Mi- (X1) In(e1C12/ X1Cy)

crosoft Excel. The R? (regression coefficient) value of the =Xl —a)Ca/d X067~ ®
fit lies between 0.9652 and 0.9997. The value of n for the ! 112 =2

Gibbs equation is the number of species whose concentra- B= 1.‘3.93‘_191/_"_1@, ©)
tion at the interface varies with the surfactant bulk phase (1-Xx)?

concentration and was taken as 3 [7]. From Table 2 it was
found that the surface excess concentration of 16-4-16 is
less than that of pure Cy2Eg, which was expected. The mini-
mum area per molecule of pure 16-4-16 is higher than pure
nonionic Cy2Es, as the 16-4-16 is bigger in molecular size.
- By small angle neutron scattering (SANS) studies it was
found that the volume of 16-in—16 (m = 0-12) type surfac-
tant is >1000 A3 [20]. So it is obvious that 16-4-16 has a
higher minimum area per molecule than the nonionic, The
minimurm area per molecule is higher in mixed surfactant

~--gystems than for either-of the pure surfactants, except in a

“few cases (Table 2). The magnitude of Apyy is low, suggest-
ing that the air/water interface is close-packed and therefore
the orientation of the surfactant molecule at the interface is
almost perpendicular to the interface.

3.2. Surfactant-swrfactant interaction

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

where X is the mole fraction of surfactant 1 in the total
mixed surfactant at monolayer or micelle and Cy, C3, and
C12 are the molar concentrations in the solution phases of
surfactant 1 and 2 and their mixture, respectively. In case
of micellar interaction these are cmc values. & is the mole
fraction of surfactant 1. The g8 values are 8% or g™ for
monolayer or micelle, respectively. Equation (5) is solved
iteratively for X, which is then substituted into Eq. (6) to
calculate 8. The 8% or B™ values for these mixed system are
listed in Table 3. As seen from the tabulated data both 87 or
B™ values are-negative, showing attractive interaction (syn-. -
ergism) between these surfactant molecules. The 87 values
change with overall surface tension and hence they were
computed at particular surface tension values of the solu-
tion (55 dyn cm™!). The existence of synergism in mixtures
containing two surfactants has been shown to depend not
only on the strength of interaction between them but also
on the relevant properties of the individual surfactant com-
ponents of the mixtures [42]. The nonionic surfactants of the
poly(ethylene oxide) class have a large number of oxygen
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atoms with unpaired electrons. These will have a tendency to
react coulombically with the cationic gemini surfactant, The
activity coefficients were calculated using the relation [38]

In(f1) = ™1 - X1)%, N
In(f2) = B™(X1)% ®)

where X is the mole fraction of surfactant 1 in the micelle
and fi and f, are the activity coefficients of surfactants 1
and 2, respectively, in the mixed micelle. The activity coeffi-
cient values (f1 and f3) of 16-4-16/C2E¢ mixed surfactant
-systems in aqueous medium at different temperatures were
computed and activity coefficients for nonionic surfactant
{f2) were found to be very low, whereas fi values were
reasonably high, though both were much less than unity,
indicating nonideal behavior and aftractive interaction be-
tween the surfactants in the micelle (data are not given). The
activity coefficient values of 16-4-16 are high in both the
mixed systeras and f> values of C(2E; are low, indicating
negative deviation from ideality and an attractive interaction.
1t is also interesting to note that the X values in the mixed
micelles and in mixed monolayers are almost (though not
exactly) the same, with a slightly higher value in the micel-
lar state. The temperature does not seem to have any effect
on the composition of either the micelle or the surfactants at
the air-water interface. The 8™ values so obtained are useful
in understanding the interaction between the two surfactants.
If long-range electrical interaction is present in the system,
it has been found that 8™ explains that interaction very well.
However, Maeda [43] and Ruiz et al. [44] have stated that
both chain-chain and head group-head group interactions
are present in a mixed system. According to Maeda, the g™
value obtained by the use of regular solution theory encom-
passes the head group-head group interaction but not the
hydrocarbon chain—chain interactions, particularly when the
chains are of dissimilar lengths. Maeda [43] explained that
a mixed ionic-nonionic surfactant system often has a cmc
much lower than the cmcs of the pure components. This can
be attributed to the decrease in the jonic head group repul-
sion caused by the presence of nonionic surfactant molecules
between the head groups. The author suggested that besides
the regular solution interaction parameter, there could be
another parameter (B;) that actually contributes to the sta-
bility of the mixed micelle. The free energy of micellization
(AGp) as a function of ionic component in the mixed mi-
celle (X3) is given by

AGp = RT(By + B1 Xz + B:X3), ®

where -
By=mnC; (C is the cmc of the nonionic surfactant),

(10)

(C> is the cmc of the ionic surfactant), ay

By = ~pg™, ‘ (12)

Table 4

By, By, and B; values for 164--16:C12E¢ mixed surfactant systems

Ni64-16 By (avg) By By
0.9 -13.7 ~18.2 149
0.7 —14.8 115
0.5 -17.6 143
03 ~-14.0 10.7

6.1 -16.6 13.3

All quantities in the above equations are expressed on a uni-

. tary scale. The calculated results of By and B, are given in

Table 4. Hence AG,,; can be calculated. It is interesting to
note that the AG,, values calculated from the phase sep-
aration model (AGy; = RT In(cmce), cme in mole fraction
scale) and by Maeda’s method agree reasonably well (within
+3%). This indicates that the degree of counterion binding
of the mixed micelles is probably negligible. The By val-
ues are highly negative in the present case, indicating that
the chain—chain interaction plays a major role in the stability
of the mixed micelle. The gemini surfactant has two chains
of 16 carbons, whereas nonionics have only one of 12 car-
bons. Hence, according to Maeda, as the chain lengths are
very different, there should be chain—chain interaction help-
ing to stabilize the micelle. However, the B values seem to
be a function of the composition of a system as well the head

groups.

3.3. Micellar aggregation numbers (Nygg) in cationic
gemini/nonionic surfactant mixtures

The fluorescence method is a convenient method for de-
termining the micelle aggregation numbers (Nggg) [44]. We
determined N,gg by the steady state fluorescence quenching
method at different mole ratios of the binary 16-4-16/C2E¢
mixtures. The Nagg of pure and mixed surfactants are pre-
sented in Fig. 3. It is evident that the Nygy values of the
mixed surfactant system are larger than 16-4-16 but lower
than C;2E¢ single surfactant at all mole ratios. Such behav-

—e-16-4-16 : C12E6

75

¢ 01 02 03 04 05 06 ©07 08 08 1

N 16416
Fig. 3. Variation of the aggregation number (Nagg) for 16-4-16:Cy2E¢ with

the mole fraction of jonic surfactant in mixed surfactant systems. The solid
lines are guides for the eyes.
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ior was expected. However, by SANS studies [20], it was
not possible to obtain the aggregation number of 16-4-16
gemini surfactant. The decrease of Nygy is obviously asso-
ciated with the increased average repulsive interaction be-

tween head groups with increasing 16-4-16, as nonionic -

surfactant molecules are progressively replaced by cationic
dimeric surfactants. As a consequence, the average optimal
surface area per hydrophilic group increases. The small-
est aggregation number corresponds to the highest surface
charge density, i.e., pure cationic gemini 16416 surfactant.
The size of the mixed micelles in the solution is mainly de-
termined by the repulsions between head groups due to steric
origin for oxyethylene head groups and of electrostatic ori-
gin for quaternary ammonium head groups and also by the
packing parameters of the surfactants making up the mix-
ture, -

3.4. Microenvironment

The ratio of intensity of first (J;) and third () vibronic
peaks, I1/13, in a monomeric pyrene finorescence emission
spectrum is known to be sensitive to local polarity around
the probe [31]. Figure 2 represents an illustration of intensity
against wavelength (emission) to yield I; /I5. The I/ val-
ues (>1) suggest a polar environment around pyrene. I; /I3
and Ky, (Eq. (2)) are presented in Table 5. Ky is the ratio of
the bimolecular quenching constant to the unimolecular de-
cay constant. Also, Ky is the product of k4, the rate constant
of the quenching process, and t, the actual lifetime of the
probe in the absence of bimolecular quenching [30]. Thus
from the values of Ky, we can assume that quenching is ef-
ficient; also, the lifetime of pyrene in CjpE¢ in most mole
ratios of the mixed micelle is higher if we assume that k, for
systems are of similar magnitude.

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

I/ = 1.00461 +0.01253D. (13)

In our present study we have computed the apparent di-
electric constant of the pure micelles as well as the mixed
micelles from the experimental I; /I3 data. For pure Ci2E¢
the apparent diclectric constants were found to be 13.20,

whereas that of C12Ey was 16.0 [43]. The observed re-
sults are reasonable, as the more oxyethylene groups in
the system, the higher the dielectric constant. According to
Turro [45], the dielectric constant inside the mixed micelle
can be computed from the relation

D= XD (14)

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

4. Conclusions

The interfacial and micellar behavior in a mixture of
cationic dimeric and nonionic surfactant systems were stud-
ied. We observed that, in general, the attractive interaction in
the mixed micelle is lower than that in the mixed monolayer
at the air/water interface. However, the values are negative,
which indicates that the surfactants interact reasonably well
in both micellar and monolayer states. The cme value in
mixed surfactant systems at any mole ratio is less than those
of either pure 16416 or Cy,E¢, which indicates synergistic
behavior. Aggregation number values of the mixed surfac-
tant system are larger than for 16-4-16 but lower than for
C1,Eg single surfactant at all mole ratios. The micropolarity
of the mixed system is almost the same but the binding con-
stant decreases with increasing mole fraction of 16-4-16.
The chain—chain interactions seem to be very important for
the stability of mixed micelles.
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ABSTRACT: Interfacial, thermodynamic, and morphologi-
cal properties of decaoxyethylene n-dodecylether [CH,
(CHy) 4, {OCH,CH,), (OH {Cy,E, o) in aqueous solution were an-
alyzed by tensiometric, viscometric, proton nuclear magnetic
resonance (NMR), and small-angle neutron scattering (SANS)
techniques Dynamie and structural aspects at different tem-
peratures in the absence and presence of sugars at different
concentrations were measured Critical micelle concentrations
{CMC) were determined by surface tension measurements in
the presence of nbose, glucose, and sucrose The heat capac-
ity (AC - i transfer enthatpy (AH_ ), transfer heat capacihies
acC, . ") micellization constant (K}, Setchenow constant
KSN) and partition coefficient (g) were determined and dis-
cussed as an extenston of the usual thermodynamic quantities
of mucellization and adsorption at the arr-water interface An
enthalpy-entropy compensation effect was observed with an
Isostructural temperature (T,) of about 310 K for both micel-
hzation and interfacial adsorption SANS measurements were
taken to elucidate structural information, viz, aggregation
number (N,gq), shape, size, and number density (N_) on
C,5E 40 micelles in D,O at different concentrations of sugars
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Abbreviauons gZ/d€, cross-section per umit volume, ¥, s face tension,
o, Traube s constant, Ry, Surface pressure at the CMC, AC, |, heat
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celiization, AG e Activation of micelle formauon, AG®,, Gibbs ﬁu
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CMC, A, . limung area per molecule, b= ¢ semimimor axs, €, con-
cenuation of surfactant, Gk, decaovyethvlene a-dodecylethes,
CMC, criucal nmucelle concentraton, CP, doud pomt, CTAB,
ceslomethvlammonium bromide, d, density of the r-alkane at differ-
cnt temperatwes, K, wmnecthzauon constam /.-‘\ Setchenow constant,
wf, molariny of the additne M, molecular waghtof the sohvent, A, mo-
lecular weight of the ralhane at different lempetatures, M, ncddia
molccutar \\utrh[ N, Avogadio’s mnmber, N e aggregation numbet,
N, number dcnsnt) of nneehies, NME, nuclear magneuc resonance,
OF, ovyethslene, PSD, positon-sensitive detector, ¢, paruion coefli-
ceny; Q) scatternag vector, A, hardssphese diameter of the additnes,
SANS, small-angle neuton scatcrmg, SDS, sodium dodeeyl sullate, 77,
sostrctural temperature, v, volume ol a sngle swtactant monomicr at
4 gnen wmpetatare, Vvolume of athel cham lengths masingle GLuE)
molecule, ¥, volume ol the hydiocarbon cote, V), hydiated macelia
wolwme, U micella volume, V), volimc of the pahisade layer of the
OF unit, N g CMC exprossed as amole fracuon

At
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{005,002 03, and 05 M) and temperatures (30, 45, and
60°C) Intninsic wiscosity gave the hydrated micellar volume
{V}), volume of the hydrocarbon core {V), and volume of the
palisade layer of the oxyethylene (OF) unit (Vo) SANS, as well
as rheological data, supported the formation of nonspherical
micelles with or without sugars By SANS, we also observed
that at the studied temperature intervals, oblate ellipsoid mi-
celles changed into prolate elfipsoids and the number density
of micelles decreased with an increase in temperature both in
the presence and in the absence of sugars and also on n-
creasing the concentration of sugars Proton NMR showed &
change in chemucal shift of the OF group of micelles above
the CMC Ve also studied the phase separation of Cy4E,; by
sugars in cloud point measurements
Paper no $1398 1n JSD 7, 305-316 (July 2004}

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

Surfactant molecules self-assemble into finue-sized aggregates
called micelles m aqueous solunion These are sigmficant for
thewr numerous uses, mcluding solubilization, dispersion
emulsification, catalysis, and technological, biological, and
pharmaceutical applhications Such aggregates are formed m
various shapes, e.g , globular, ellipsoidal, cylindncal, and
disk-shaped (1). The motphology of micelles depends on
the chemical structure of the surfactant inonomer (2) and
on solution conditions such as concentraton, temperature
co-surfactant, and ionic strength {3,4) Control of the mor-
phology of these types of aggregates by the addiuon of exter-
nal addruves or by the proper choice of surfactant mixture
has become mcereasigly important in recent years, both from
a theoretical and from an experimental pomt of view

To achieve a deep understanding of the phisicochemical
propetues of micelles, then dvnamic and morphological
properties must be observed simultaneouslv (5) No sigle
techmque 1s capable of yielding both wpes of mlormauon un-
ambiguously; thus, there 15 a need to combine both vpes of
stuches 1o gathe! this informaton The aggregational and swi-
face properueyof surfacuants m solution are very sensitne
and are influenced or tuned to the desired range and apple-
cauon by altering the solvent polanty and type, temperature
pressure, pH, and presence of vanious foreign substances
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(co-solvent) (6-13). The nature of the co-solvent determines
the direction m which changes n the critical micelle concen-
tration {CMC) of the surfactants occur. The co-solvents may
be distributed between an aqueous and a mucellar phase and
may accumulate both in the palisade layer and inside the mi-
celle hydrophobic core, thus favoring the stability of the sys-
temm Elecurolytes generally decrease the CMC (14), whereas
nonelectrolytes may increase or decrease the CMC (15-17),
and some organic co-solvents, when present in greater
amounts, even cause disappearance of the micelles (14)

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

Most of the pubhcations referenced above address the
possible effect of sugars on 10nic surfactants, whereas few de-
scribe the effect on nomonic surfactants (10,12,22,23). How-
ever, no comprehensive thermodynamic and morphological
study of decaoxyethylene n-dodecylether nonionic surfac-
tant, C;oE,, tn the presence of sugars has been identified.
Sugars were chosen because they are the stuff of life for
most organisms (24) and are noniomic Consequently, what-
cver effects are observed would be mainly chemical in na-
ture and not electrochemical. Alkyl polyoxyethylene-type
nonionic surfactants were chosen because they are widely
used 1 detergency, cosmeucs, {abric softeming; emulsion
formulations such as shampoos, conditioners, and paints,
pharmaceuuical dosages, and drug delivery systems, and
their use will conunue n the future owing to thewr higher
soldbihty at low temperatures Moreover, the additive effect
was expected to cause low GMC values, which would reduce
the total amount of surfactant, thereby lowering the cost and
toxicity

Interfacial, thermodynamuc, small-angle neutron scatter-
ing (SANS), viscosity, cloud point, and 'H nuclear magnetic
resonance (NMR} properties of a C4E,watersugar
Llernary system were studied to help m understand the inter-
acuon of nontonic additives with nonionic surfactants

EXPERIMENTAL PROCEDURES

Matenals C4E,, was a commercially available product (Sigma,
St. Lows, MO} and was used without further purification.
Owing to polydispersity in the number of oxyethylene (OE)
unis, 1t was not a pure sample, as was mentioned by Dorsey
et al {25} However the surface tension—concentranon plots
ata given temperature did not show any minimum. p-Ribose
{C3H,y05), D-glucose (CgH | ,04), and sucrose (C)oHyOy;)
(Merck, Darmstadt, Geimany) were dried m vacuo before
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use. For analysis of the physicochemical properties, all solu-
tions were prepared by using triple-distilled detonized water
showing electric conductance of 2-3 uS cmt at 303 K For
the SANS study, 99 4% D,C (Heavy Water Division, BARC,
Mumbai, India) was used, and for '"H NMR, 99.8% B,0
{Merck) was used. D,0 was used mstead of water when
preparing solutions for the SANS experiments to provide a
verv good contrast between the micelles and the solvent.

Surface tension measurements Surface tension (y) was mea-
sured with a du Nouy ring tensiometer (8.C Dey and Co.,
Kolkata, India) at different temperatures (308, 313, 318,
and 323 K) and n sugar solutions of various concentrations
(wt/vol), viz., 0.25, 0 5,0 75 and 1.0%. Temperatures were
kept constant (+0.1 K) by circulating thermostated water
through a jacketed vessel containing the solution. Other
condiuons were the same as reported in our recent papers
(26,27) Representative plots of yvs log;,Cisotherms are
shown in Figure 1

SANS measwrements SANS is well-known as an ideal tech-
nique for studying micellar morphology (28,29), and this also
has been demonstrated for surfactant micelles in the pres-
ence of various additnes (30-35). SANS experiments were
performed on the SANS spectrometer at the Dhruva reactor,
Trombay, Mumbai, India (36) The spectrometer used a BeO
filter as a monochromator beam and had a resolution
(AQ/ Q) of about 16% at Q= 0.05 A7 The scattered neutrons
were detected in an angular range of 0.5-15° with a hnear
posinon-sensitive detector {(PSD) The accessible wave vector
wansfes, Q (= 4nsin 6/, where 26 1s the scattening angle and
A 15 the wavelength of the incadent neutrons), in the spec-
trometer was 0 02 to 0 32 A" The wavelength of neutrons
used for these experunents was usually between 4 and 10 A.
The PSD allowed simulitaneous recording of the data over the
full Q range. Each solution was held in a 1.0-cm-pathlength
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FIG 1 Representative plots of sudace tension {y} vs log;,C (molanty)
in the presence of sugars
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ultraviolet-grade quartz cell with a tight-fitting Teflon stopper
that was sealed with Parafilm. The spectra were recorded at
30, 45, and 60°C (0.2°) while keeping the quartz cell be-
tween metal heaters. The sample-to-detector distance was 1.8 m
for all runs The intensiues were normalized to an absolute
cross-section unit. Thus, plots of a cross-section per unit vol-
ume (0%/0Q) vs. scattering vector (Q) were obtained. The
experimental points were fitted using a nonlinear least
squares method. Both the semi-major axis {¢) and semiminor
axis (b = ) were fiting parameters The volumes of the
mor:omeric surfactants, calculated from the densiy and mo-
lecular weight of the corresponcing hydrocarbon and then by
dwiding the molar volume of the hydrocarbon by Avogadro’s
number (V,), were 381.4. 388 2, and 395 3 A%/molecule at
30, 45, and 60°C, respectneh The aggregauon number (N )

agg
for the micelle was related to the micellar volume (V) by the
equation, .\t‘gg =V /v {37}, where V= 4/37{(11}2 and vis the

volume of a single surfactant monomer at a grien termpera-
ture From the calculated values of quw, the number density
of micelles .V, 1s calculated by the following equation:

5 (C-CMO)xI10'N,
N, fem™ = 7

Ag

(11

3

where Cis the concentration of surfactant in mol L™\ It was
assumed that the micelle had an inner core consisting of a
hydrophobic part and an cuter shell that contained ether
and the water of hydrauon Intermiceller interference ef-
fects were neglected, and the measured distributions were
analyzed in terms of the form factor of an ellipsoid

Data treatment SANS data were corrected for back-
ground, empty cell-scattering, and sample transmission fac-
tors. The corrected mtensiues were normalized to absolute
cross-section units; thus, the coherent differential scattering
cross-section per umt volume, d£/9Q, vs. Q was obtained.
The absolute calibrauon had an estmated uncertainty of
5%. Experimental data points were fitted using a nonhnear
least squares routne as described next Compansons be-
tween the experimentally obtained and theoreucally calcu-
lated cross-sections are shown 1n Figures 3-6

SANS data analysis For a system composed of monodis-
persed, uniform, ellipsoidal collowdal parucles, the coher-

ent differential scattering cross-section per unit volume
(0Z/9Q) 1s gaven by

9L/ =n (pp—— PS)Q v? P(QYS(Q) (2]

where n denotes the number density of particles, p pandpare,
respectively, the scattering length densities of the particle and
the solvent, and Vis the volume of the particle. P(Q) 1s the
intraparticle-structure factor and 1s established by the shape
and size of the particle. S(Q) 1s the mterparucle-structure fac-
tor, which depends on the spaual arrangement of particles
and 15 :hereby sensitive to interparticle interactions For dilute
solutui-ns, interparticle mterference effects were negligible.
Measurements were taken at low concentration such that
S(Q) ~ 1 and P(Q) were calculated for ellipsoidal micelles
The dimensions of the nicelles, aggregation number, and

PROPERTIES OF C,,E,q IN THE AQUEQUS SUGAR-RICH REGION

number density of micelles were determined from the
analysis. The semimajor axis (@) and semiminor axis (b= ¢)
were the parameters used m analyzing the SANS data. We
found that the experimental SANS intensity best matched
the values obtained using an ellipsordal model. In all the
measurements, the concentration of C\yEy (50 mM) was
held constant, and the concentration of sugars (0.05, 0.1.
02,03 M) and the temperature (30, 45, and 60°C) were
varied Further experimental details and theoretical expres-
sions for data treatment were identical to those described
previously (38).

Vascosity measurement. The viscosity of the surfactant solu-
tion was affected by the interaction of both the hydrophobic
core and the hydrophihc outer shell of the micelle with water
It measured the solute-solvent mteraction and the shape and
size of the micelle. The latter were affected by temperature
changes Thus, the viscosity of the C,4E,, (60 mM) surfactant
solution was determined in the absence and presence of sug-
ars and at the same temperatures as for the SANS measure-
ments The flow time of the surfactant solution and water was
measured using an Ubbelohde suspended-level viscometer
The density of the surfactant solution was determined with a
pyncnometer. Density and viscosity measurements were car-
ried outn a thermostated water bath (=0 1°C). Samples were
carefully filtered before injection mto the viscometer Three
consecutive flow times agreeing within + 0.02 s were taken
and the mean flow time was considered The mntrinsic viscos-
ity, I n l , was calculated using the relaton,

-t

[n|=lim(m, -1/C s

where the limit to zero concentration mndicates that intermole-
cular interactions were absent and 7, indicates the relatve vis-
cosity of the surfactant solution. Some researchers (39,40}
have taken |n i to be equal to (1, - 1)/ C without the condi-
tion of himting the concentration In this article, I‘q iwas cal-
culated without taking the zero concentration limut into ac-
count as in our previous work {27).

Cloud pownt (CP). Phase separation of the surfactant solu-
von was studied by determining the CP of CoE,, (1%
wt/vol) 1 the presence of an mcreasing amount of sugar.
as described previously (11) The CP was an average of the
temperature at which clouding appeared and then disap-
peared. These temperatures did not differ by greater than
+0 2°C

NMR measurement. "H NMR measurements of C ol gsug-
ars (11 wt/vol) were carried out at room temperature
(25°C + 0.5) with a Bruker Advance '300 spectrophotome-
ter (Bruker, Karlsruhe, Germany) operatnng at 300 MHz.

RESULTS AND DISCUSSION

Thermodynamics of mucellization and interfacial adsorplion of
CoE,q Interaction with sugars. Surface tension 1s a fast, non-
destructive, and dependable means of determuung the
CMC (41) The CMC values of CyE,  in the presence of
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sugars at different temperatures are presented in Table 1.
At a particular temperature, the CMC value without any ad-
citve was in good agreement with values in the literature
(9,10,14,42) The CMC values of C|,E,, were found to de-
crease with an mncrease in temperature 1n the absence of
sugats, consistent with observations 1n a previous work (8).
The presence of sugars had almost the same effect, i.e.,
there was a decrease m the CMC at a lower temperature.
From the experimental results, 1t seems two antagonistic
eflects of structure making and structure breaking were
happening simultanecusly in the system m the presence of
sugars. Sugars are waterstructure makers and, owing to
their larger number of hydroxyl groups, sucrose 1s a better
structure maker than ribose or glucose. In the case of OE
micelles, the head group will be strongly hydrated. In the
presence of sugars, the sugars may mteract with the surfac-
tants or simply replace some of the water molecules of the
hydrated OFE groups, affecung the repulsive mteracuon be-
tween the head groups Under such conditions, the CMC of
CyE;, mereases when the sugar concencranon 1s increased

In the presence of sugars, the CMC increased with an in-
crease 1n temperature mn all cases studied This was ob-
served earlier in the presence of different adchtives (9,10,42).
For a nonionie surfactant without any additive, the CMC
decreased with an increase in temperature owing to the de-
hvdranon of the hydrophilic moiety of the surfactant mole-
cule caused by a breaking of che water structure. In the
presence of an additive, however, the reverse was seen, indi-
caung that these molecules significantly altered the micel-
hization process As shown in Table 1, increasing the num-
ber of OH groups m the sugars decreased the CMC values,
particularly at higher temperatures Sugars form mtermole-
cular hydrogen bonds with the solvent water molecules and
thereby promote the water structure, which is also promoted
by the hydrophobic parts of the surfactant molecule

TABLE 1
Critical Micelle Concentration (CMC) of Decaoxyethylene n-Dodecyl
Ether (C,,E,,) in the Presence of Sugars at Different Temperatures®

Concentration CMC [uM)
of sugar (%) 308K 313K 318K 323K
D-Ribose
000 118x012 100+010 892009 7.1x007
025 74008 83x008 89=009 93x009
050 75x008 81x008 91x009 102x010
075 79x008 87x009 93x009 160x010
100 79008 B89x009 96x010 109011
D-Glucose
025 712007 812008 892009 912009
050 73x007 83x008 852009 90=x009
075 76008 87x009 952010 100=+010
100 81+008 89x009 98x010 100£010
Sucrose
025 67007 71x007 81x008 B89+009
050 71+007 79x008 81x008 89009
075 72+007 81x008 891010 95x010
100 794008 81x008 89+010 93+009

“Values represent mean + SD, n=3
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through hydrophobic interaction. In the presence of additives,
the water structure 1s broken as the temperatare increases, but
aqueous-sugar structures are formed. Consequently, there is
overall structure formation and the CMC increases.

The Gibbs free energy of micelhzation (AG°,,) for a non-
iomc surfactant 1s directly proportional to the InX.y
{CMC on a mole fracuon scale) at constant temperature by
the relation (4) AG®, = RTInX. . The initial standard
state is hypothetical, where the surfactant molecules are in
mole fraction units and behaving as though they are atinfi-
mite dilution, and the final state is the nucelle itself In Table
2the AG®,, AH® ,and AS®, at the standard state in mole
fraction units at 45°C are reported in the presence of vari-
ous amount of sugars In the absence of addutives, the free
energy of micellization becomes more negative with an in-
crease In temperature That s, the formation of micelles be-
comes relatively more spontaneous at hugher temperatures.
Even in the presence of sugars, the variauon is sumnilar, al-
though the CMC increases with temperature The reason
for such an observauon has been given previously (10).

The standard enthalpy of micellization (AH°,} and the
standard entropy of micellrzation (AS°,) were computed
from the reasonably inear AG®  vs. T plots, the slope being

&

AS® . The AH®, was then computed by using Equation 4:
A‘I{‘okll = AGcJ!I + TASO". {4]

The process of micellizauon was endothermic, although it be-
came exothermic in the presence of sugars The exothermic-
ity may be due to additne~surfactant attractive mteraction (4),
which results 1n the stabihits of the system The exothermic
and endothermic characterisucs of micellization are specific
to the surfactant, the addiuve, and the temperature of mi-
cellization, although they were independent of temperature
mn the present system. The entropy of micellization (AS°, )
was positive, indicating that the micellization process was
somewhat entropy-dominated m the absence of sugars. How-
ever, 1t should be noted that the micellization process was
exothermic m these systems, therefore, the formation of mi-
celles was very much fasored i the presence of sugars.
Rosen (8) stated that the presence of hydrated OF groups
of the surfactant introduces structure in the liquid phase,
and that the removal of the surfactant vie micellization re-
sults 1n an mcrease m the overall randomness and hence an
increase in entropy Micelle formation also frees water mole-
cules due to the absence of hidrophobic interacuon and re-
lease of the so-called “iceberg” water

A linear correlation between AH®, and AS° was ob-
served 1n all these svstems (Fig. 2) Such a relationship was
suggested by Lumry and Rajender (43) The slope of the
line, i.e, the compensauon temperature (7,), was found to
be 318 K1n aqueous mechum, hugher than the expected 270
tc 294 K (43) The small variauons observed here and in an
edrlier work (15) may be due to the difference in the bulk
suuctural property of the solution compared with water
However, deviations from such a linear relauonship are well
known As mentioned by Krug e al. (44), ertor in the data
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TABLE 2
Thermodynamic and Transfer Heat Parameters
the Presence of Sugars at 45°C?

PROPERTIES OF Cy,E, IN THE AGUEOUS SUGAR-RICH REGION

of Micellization of C,,E,, Aqueous Solution in

Concentration -AG®, AH°

AS® aC -AH,, AC

m m P m tr pmtr
of sugar (%) (kd mol™) kimol Umol 'K Umel ' KN kImol™)  Umolt K
D-Ribose
000 404 2095 196 -0120 — —
025 414 -126 904 -0003 336 0117
050 413 -168 770 -0 001 378 0119
075 413 ~128 89 6 0003 338 0117
100 412 172 752 -0 006 382 0114
o-Glucose
025 41 4 ~-140 864 -0 005 350 0115
050 415 ~109 960 ~0.001 319 0119
075 412 -150 826 -0 002 30 0118
100 411 119 922 -0 005 329 011S
Sucrose
025 416 -165 788 -0 002 375 0118
050 416 ~156 816 002 366 0108
075 414 ~106 972 -0 Q01 316 o119
100 41 4 25 1002 -0 002 305 0118

®The error in the data 1s <2% Abbreviations AG®,,

Gibbs free energy of micellization, AH® , standard en-

thalpy of micellization, AS® ., standard entropy of micellizatron, AC, ., heat capactires of micelle formation,

AH, . transfer enthalpies of micellization, AC,
abbreviation see Table 1

mie?

transfer heat capacities of micelle formatien, for other

may also lead to compensation. This tvpe of relationship was AH,, =A0H,(ag.addiove) -AH, (aq.) {51
discussed i an earlier publicauon (45}
The heat capaciues for micelle formation (AC, ) were AC,py =AC,, (aq.additive) - AC,, (aq.) (6]

also evaluated from the plot of AH , vs." T, the slope being
ACP m (Table 2). The vanation m heat capacities with con-
centration of the addutives did not show regularity in any of
the assessments. The ransfer enthalpies (AH_ ) and wrans-
fer heat capacities (ACp m ) of micelles from water to the
aqueous solution were obtained using the relation

The transfer enthalpies of micelles were found to be
negative (Table 2) Negative transfer enthalpies also were
reported for the transfer of NaCl and am:no acids from
water to an aqueous urea solution (14,46). This shons that
the transfer of hydrophilic (OE) groups from water to the
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FIG. 2. Enthalpy-entropy compensation plot for alf systems together
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aqueous-sugar solution was exothermic, whereas that of the
hydrophobic group was endothermuc, The strong OF~sugar
mteraction was the predominant cause. The transfer heat
capacities of micellization ACp m 1 for the transfer of mi-
celles from water to the additive-containing solution were
posttive, suggesting increased hydration of the micelles at-
tributable to mcreased hydrogen bonding between OF and
the sugars present in the solution. The AG, |, values re-
mained more or less constant over all systems, suggesting
no obwvious stiuctural transition.

Sulthana et al (9} showed that for dilute solutions of
polar additives 1n an aqueous surfactant solution at CMC,
the following general form of the classical Setchenow equa-
tion was wel] obeyed:

logCMC,,/CMC,,, , = K ,ym’ 4!

where CMC  and CMC , are the CMC values of a surfac-
tant in the absence and in the presence of additives, K15 a
micellization constant, and ' is the molarity of the addi-
uve In a dilute solution with respect to a polar additive, the
constant K, takes the form

Ky = % [k" +gM /2.303 % 1000] (8]

where kSN 1s the Setchenow constant or salting-out constant,
¢ 15 the ideal partition coefficient of the solute between the
micelle and water, and M s the molecular weight of the sol-
vent. The salung-out constant is calculated by the empirical
relationship

k" =0637 —0.014n(CH,) —0.146 R (9]

where n{CH,) 1s the number of methylene groups in the hin-
ear hydrocarbon chain and Ris the hard-sphere diameter
of the additives calculated from van der Waals volumes. The
Rvalues for p-ribose, D-glucose, and sucrose were calculated
as 6.06, 6.56, and 8 04 A%, respectively (47).

The kSN values calculated for all three additives were
negauve, indicating a salting-in effect 1n the aqueous sur-
factant solution The K, values obtained at all ratos of
sugars are given 1n Table 3 The ideal partition coeffi-
cient, ¢, obtamed using the K,;and kS'V values tended to-
ward zero for all systems. Such a g value suggests that the
addiuves did not penetrate the micelle, Le, the additives
were not partiioned between the micelle and the solvent.
Therefore, the variation 1n the CMC with the addition of
these solutes can be enurely ascribed to the effect of these
additives on the bulk solvent properties The solvent mol-
ecules induced a shift in the equilibrium between the mi-

TABLE 3
Micellization Constant, K (L mol™"), for C,,E,, in the Prasence
of Sugars at Different Temperatures?

Sugar 308K 313K | 318K 323K
o-Ribose - 64 -073 : -0 65 -118
-Glucose -136 103 ¢+ -125 -1 21
Sucrose -304 -253 -2 26 -119

#The error in the data 1s <2% For other abbreviation see Table 1

JOURNAL OF SURFACTANTS AND DETERGTNTS, VOL 7, NO 3 {JULY 2004)

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

The air-water interface of a surfactant solution is well pop-
ulated by the adsorbed molecules. The maximum surface ex-
cess (. ) is an effective measure of adsorption at the
air-water mterface and was calculated by the Gibbs adsorp-
don equation (8). I Was calculated from limiting area per
molecule (A ) values (26). The slope of the tangent at the
given concentration of the yvs logCplot (i e., dy/dlogC) was
used to calculate T, by fitting a curve to a polynormual of the
form, y= ax® + bx+ c1n Microsoft Excel. The regression coeffi-
cient (R?) value for the fit was between 0.9673 and 0.9996.
The I' |, increased with an increase in temperature (Table 4).
This resulted from a decrease in the hydration of the ethoxy
segment of the nonionic surfactant as the temperature in-
creased, hence, the tendency to locate at the air—water inter-
face was lugher The magnitude of A was much lower than
1.5 nm? (data not given), suggesting that the arr-water inter-
face was closely packed and the orientation of the surfactant
molecule was almost perpendicular to the surface.

The effecuveness of a surface-acuve molecule was mea-
sured by surface pressure (Ttoyy) at the CMC, 1€, Ty =Yg
~Yeaer Where ¥, and Yy are the surface tension of pure
water and the surface tension of the surfactant solution at
CMC, respectively. The value of the free energy of adsorp-
tion at the air-water interface (AG’,,) was calculated using
the relaton (8,9) )

AG® 4 = RTInCMC - N pc A [10]

Table 5 presents the thermodynamic parameters of adsorp-
ton, ve, AG,,, Ay, and AS® ;, of C,E,; in the presence
of sugars at the air-water mterface at 45°C, The AG®, val-
ues were negative throughout, indicating that the adsorp-
tion of the surfactant at the aur—water interface took place
spontaneously in the presence or absence of sugars. The
standard entropy (AS®,;) and enthalpy (AF° ) of adsorp-
ton were obtained from the slope of the AG®, ; — Tplot. As
expected, AG’, 4 values were more negative than their cor-
responding AG®,, indicating that when a micelle was
formed, work had to be done to transfer the excess surfac-
tant molecules present in the monomeric form at the sur-
face to the micellar stage through the aqueous medium
Under this condition, the interface was saturated with
monomeric surfactant molecules

AG®, ; became more negative with an increase inn temper-
ature (data not shown) m either the presence or absence of
add:tives, suggesting that the adsorption at lugher tempera-
tures was more facile AH°_, in a pure aqueous solution was
posituve, as was AH° . However, in the presence of sugars,
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TABLE 4

Maximum Surface Excess (I,

) and Traube’s Constant {x 1077) of c,

PROPERTIES OF C,,E,4 IN THE AQUEOUS SUGAR-RICH REGION

,E4q In the Presence of Sugars at Different Temperatures®

T, % 10%mol em™)

o-Ribose -Glucose Sucrose
Concentration
of sugar (%) 308K 313K 318K 323K 308K 313K 318K 323K 308K 313K 318K 323K
000 23 24 33 36 — e — — e —_ — —
(595) 686y (125 (19 0)
025 39 41 37 36 22 22 26 43 42 55 25 28
73 (101} ©7 (105 (7 3} (18 39 (34) a2z 59 (75) (5 6}
050 26 25 18 16 29 23 2.6 23 28 30 26 28
21 89 (57 8) (257) 117 (33 91 (52) (82 83) (129 (122
075 27 27 44 24 25 2.5 38 32 36 42 29 23
(14 8) [CA¢] (5.3) {16 4) (154 46) (100) 6.9) a3 43 {129 {101}
100 28 28 43 41 24 31 21 24 28 23 33 36
(76) 52 39 {4 6) 24 9 (10 1) {i34) (17 0) 77 77 81 67
*Values in parentheses are Traube's constant (x 1077 The error in the data s <2% For other abbreviation see Table 1
the results did not follow a regular trend. This suggests that 0 =An/9C) 0 =~(07/3C) 0 [12]

these additives interacted with the hydrophilic group of the
surfactant, which was exothermic, as was shown earlier for
NaCl by Jha and Ahluwalia (46). The AS°, in a pure aque-
ous soluuon and n the presense of sugar additives was posi-
uve. This may be ascribed to a larger freedom of motion of
the hydrocarbon chain at the mterface and also to the mix-
g of surfactant monormers with additive molecules A lin-
ear correlation between AH® , and AS® ; was observed 1n
all systems having a T, of 304 K (Fig. 2). However, one must
remain conscious of the limitations of this observation, as
has just been discussed.
Weiner and Zografi (48) suggest that

AG’, =-RTInG [11]

where © is known as Traube’s constant (6) and is defined by
the relauon

TABLE 5

Thermodynamics of Adsorption and Structural Effect of Sugars on Micellization and Adsorption Parameters of

C4,E4o Aqueous Solutions at 45°C?

Thns means 6 is the rate of change of the surface pressure
per uni of concentration change at an infinite dilution, The ¢
values are given i Table 4. One can note that the ¢ of the pure
CyoF, given in Table 4 1s simular to the data of Ueno ¢ al (49}
thereby suggesting that the adsorption data were reasonable
When the effect of different sugars on 6 was computed, hule
difference 1n o values was observed as a function of sugars.
probably because the sugar concentrations were not very hugh

SANS studies of C,E . Effect of sugars and lemperature on
the C,,E,, macellar structure The experimental and theoren-
cally fitted results of SANS for C,E,, micellar solutions are
shown in Figures 3-6, and the estmated structural parame-
ters, 1 €., aggregation number (Nagg), semimajor (a) axis
semimmor {b = ¢) axis, axial ratio {(a/b), and number densis
of micelles (N, ) are given in Table 6 One can see that the

n
effect of temperature on size parameters was significant

I

i

Cencentration -£G® 4 AHP 4 AS® AG® -AG®y  AHP -AH, TS -AS° )
of sugar (%) (kJ mot™h kJ mol™) Jmolt KN fkJ mot™ (kJ mot™ (kJ mol™) .
o-Ribose
000 545 810 426 141 ~600 -731
025 469 275 234 55 401 457
050 525 1393 603 112 -1561 -167 3
075 463 148 192 50 -27 6 =326
100 455 -137 100 43 -35 79
D-Glucose :
025 455 -89 115 41 -51 -91
[ 477 -86 123 62 -23 -86
075 480 -111 116 68 -39 ~-106
100 a87 28 162 76 -147 223
Sucrose
025 47 2 326 251 56 ~49 1 ~547
050 48 6 411 283 70 ~567 -640
075 a8 6 652 358 72 7158 ~-830
100 47 4 38 161 &0 -133 -192

?The error in the data 15 <2% Abbrewiations 4G°y, Gibbs free e

nergy of adsorption, AH®_,, standard enthalpy of adsorption,

AS°,, standard entropy of adsorption, for other abbreviations, see Tables 1 and 2
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TABLE 6
Micellar Parameters of 50 mM C,,E,, at Different Temperatures and in the Presence of Sugars®
Sermimajor Sermiminor Aggregation Micellar
axis axis Axial ratio number density
Micellar system a(dy b=c(h) afb Nagg N (e x 10%)
C O
30 415x21 268%13 15 £008 327+ 16 92046
45 722+36 266+13 27 x014 551 + 28 55+028
50 1011x£51 289+14 35 018 895 % 45 34017
Cy2E4 + 03 M p-glucose {°C)
30 445222 262+13 17009 336+ 17 89+045
45 805+40 269+13 30015 629 = 31 48+024
60 1229+ 61 28614 432022 1066 % 53 28014
Cy,Ep + D-glucose (M) at 30°C
005 31116 266%13 12x006 242 12 124062
02 379x19 264+13 14007 29015 104+052
03 445x22 262+13 17009 336 %17 89045
05 487 +£24 25213 19010 340 + 17 89x045
CiaEyp + 03 M sugar at 30°C
D-Ribose 417221 25213 17 %009 291 =15 103x052
D-Glucose 44522 26213 172009 336x17 894045
Sucrose 43122 266+12 18009 287 £ 14 105£053

’For other abbreviation see Table 1

Conversely, temperature was nearly independent of the ad-
dition of sugars Table 6 shows that, on increasing the tem-
perature {rom 30 to 60°C, the senuminor axis remained al-
most constant (~26 A), whereas the semimajor axis
mcreased by 2 5-fold and N, gq ICreased by threefold This
indicated a twofold lateral association at 45°C and a three-
fold association atr 60°C. The micelles were ellipsoid at
30°C, however, they likely aggregated laterally and became
rodlike with double and triple aggregation numbers. The
‘\fdgﬂ' were high (8); however, there may have been some
vouds 1n the mucelle structure. Higher temperatures may
have caused more voids Hence, the arrangement of the mol-
ecules in the micelle was not compact but rather loose, with
consequent vouds. The formation of micelles in the presence
of sugars was therefore reasonably complex. In the presence
of D-ghucose ar different temperatures, both the axal ratio
and the Nl” were different from those of pure C,E,,, mdicat-
g that sugar molecules mterfered with micelle formation,
probably by bemng at the micelle-water interface.

The axial rano and N, - mcreased when the concentra-
tion of p-glucose was mcreased At the same concentration
{03 M), N, Was not significantly affected by any addutive
and was Lhe same as for pure C4E,,, whereas the axal
rauo remained more or fess constant. The micellar growth
in both size and 1\/‘«, also was observed by Kumar e «l.
(31) They observed the effect of quaternary ammnomum
bromide, R;NBr, on sodium dodecyl sulfate (SDS) mr-
celles and found that the Nm, of 03 MofSDS1n 03 Mol
C, HyNBr gave 340, with an axial ratio of 6. 06 Robson and
Dennwn (33) imestigated the geometry of the nomonic sur-
factant Triton X-100 by intiinsic viscosity and by SANS
studies and showed that Triton X-100 tormed both oblate
and prolate cllipsord micelles We also found oblate elhip-
sord micelles at 30°C, which become prolate ellipsoids (or
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rods) at 60°C. Recently, Pal ¢f al. (50) analyzed the effect
of hydrotropes on CTAB micelles by using SANS and viscos-
ity measurements, and observed Nm, values >500 with
axial ratios of >7. The authors concluded that the micellar
shape changed (rom spherical to eilipsoidal depending on
the additne.

As illustrated m Figures 3 and 4, no correlation peaks
were observed 1n the low (up to 0.025) Q region, but ab-
solute mntensines were mereased by ca. 1.5 umes at hugh tem-
peratures, showing the absence of spaual correlation among
the nearest neighbors A rise in temperature resulted in the
dchydration of both the core and corona of the aggregates,
thereby systematically elongaung the semimajor axis (), in-
creasing the aggregation number, and even decreasing the
N, of the micelles. A look at column six in Table 6 reveals
that the elongation along the major axis of the aggregates
systematically increased the N,go and decreased the N, at
elevated temperatures, both in the presence and in the ab-
sence of sugars The increase in z\’am suggests that more sur-
factant molecules had been added mto the space created by
the expulsion of water, probably from both the core and
corona portions of the micelles The increase 1n size of the
mucelles should decrease the number density of aggregates
in a unuit volume (&,), which was also observed

CP CP is the manifestatipn of solvation/desolvation phe-
nomena i a nonionic surfactant solaton The desolvation of
the hvdrophuilic group of the surfactant leads to the formation
of clouding All three sugars studied decreased the CP of
CoEy (Fig 7) Asalready menuoned, sugars can form a struc-
wured sohent, and sucrose 18 probably a better structure maker
than nibose and glucose because it has more hydroxyl groups
This suggests that, in 1ts presence, there are fewer water mole-
cules surrounding the micelles and, consequently, 1t 1s easier
for the micelles to approach cach other The CP of CiuE,
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FIG. 3. Small-angle neutron scattering (SANS) distribution for 50 mM
of decaoxyethylene n-dodecyl ether (C,,E,,) at different tempera-
tures Solid lines are theoretical fits, symbols are exper.mental values
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FIG. 4. SANS distribution for 50 mM of Cy,E,4 In the presence of 03 M
of D-glucose at different temperatures Solid lines are theoretical fits,
symbols are expenmental values For abbreviations see Figure 3

(1% wt/vol) 1s 88°C (11). We did not study the system by using
SANS or wviscosity measurements around this temperature
Viscosity. The wtrinsic viscosity [ 1| decreased with an
increase in temperature, indicating pronounced micellar
dehydration (Table 7) That the vscosity of a hiquid de-
creases with a rise in temperature 1s well known. An -
crease in random movements of the solute surfactant
molecules also occurs on increasing the temperature be-
cause of the mcrease in kinetic energy The micelles be-
come compact with an mcrease 1 temperature owing to
dehydration of the OE chains. In the presence of sugars,
similar behaviol has been observed with respect to temper-
ature However, | n | increases because of co-solubilization
when the concentration of sugars is increased Among

PROPERTIES OF C,,E, 4 IN THE AQUEOUS SUGAR-RICH REGION

T T v T M T

50 mM C,,E o +XD-glucose at 30°C

X=0 005M

8

3T/aQ (cmr)
[«]

-

FIG. 5. SANS distribution for 50 mM of C,E,4 in the presence of D-
glucose at different concentrations at 30°C Solid hines are theoretical
fits, symbols are expenmental values Distributions were shifted by 0,
1, 2, 3units In a vertical direction, respectively For abbreviations see
Figure 3

12~ . . . . . .
o 50 mM Cy3Eqq +X at 30°C ]
sl x=0 00M |
o . o 03 M D-bose
5 | A 0.3 M p-glucose
= 6 % 03 Msucrose o
o]
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D 41l
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FIG. 6. SANS distribution for 50 mM of C,E,, In the presence of D-
ribose, D-glucose, and sucrose at 36°C Solid lines are theoretical fits,
symbols are expenmental values Distributions were shifted by G, 1, 2, 2
units m a vertical direction, respectively For abbreviations see Figure 3

the sugars considered, the variaton s in the order of su-
crose > D-glucose > D-itbose The hydrated micellar vol-
umes (Vh) werce computed from the mtiinsic viscosity by
the relavon Vy=In| M,/2 3N, where M, (= A, AD is
the micellar molecular weight, Adgg is the aggregation
number obtamed by SANS studies (taken from Table 6)

and A 1s the molecular weight of CyE, The volume of
the hvdiocarbon core (V) and the volume of the pal-
sade layer of OE units (V) were caleulated using the
following cquauons (10)-

Vo= A,V =10 A, M, /dN (13]
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FIG. 7. Vaniations in the cloud point of C ,E,4 {(1%) with weight per-
centage of sugars For abbreviations see Figure 3

and

Vor =V, = V. [14]

where V 1s the volume of alkyl cham lengths m a single C,,E
molecule, M, 1s the molecular weight (170), and d1s the density
of the corresponding liquud walkane at different temperatures,
as already mentioned. The calculations for several systems on
which SANS stuches were performed are presented in Table 7.
The V), V, and V- units increased as the concentration of b-
glucose increased (Table 7). This may have resulted from the
interaction of the OH mozety of sugars with the OE part of the
nomonic surfactant at the micelle-water interface. Both V, and
Vo mcreased as the temperature increased This occurred be-
cause the N, of the micelle mcreased, which we atuibuted to

« D - g -
a lateral joining of micelles Obviously, with an increase in tem-

perature, Vcshouid increase, and that was observed. The vana-
tion in the V,./V, ratio with temperature was a function of the
size and nature of the addiuve.

The thermodynamic activation parameters for a viscous
flow were evaluated by using the Frenkel-Eyring equation (51)
AHO\,]S - ASO\'[S

T R

where V, N, &, and R are the molar volumes, Avogadro’s
number, Planck’s constant, and the universal gas constant,
respectively. From the slope and intercept of the straight
line obtained by plotting In(nV/Nh) aganst 1/7, the acuva-
tion enthalpy (AH #“S) and acovation entropy (AS® ) fora
viscous flow were calculated.

The thermodynamic activation parameters for the system
are presented in Table 8 AG®  was posiuve in all these sys-
tems, indicating a nonspontaneous flow, and 1t increased
with an increase in the concentration of sugars m the order
of* sucrose > glucose > ribose AH#m values indicated that
the viscous flows were endothermic AS#“s were positive, in-
dicaung that the mucellar systems were not very well struc-
tured, either m the absence or presence of sugars

NMR measwement The "H NMR spectroscopy study of the
micelle-nich solution in the presence of sugars was conducted
to determune the electronic aumosphere around the protons
and the addiuve effects on the atmosphere Peak assignments
were calculated for CI’I:,;—-CBHQ—(CHQ)n—C&HQ—(OCH2
CH,),9~OH (9,52), with the 3.69 ppm peak corresponding *o
the OE (OCH,CH,),,, moety, 3 45 for C H,, 1.57 for CﬁHg,
0.88 for CHjg, and 1.29 for the methylene protons (CH,), The
changes in chemical shifts attributable to the additon of sug-
ars were momtored, and the change in chemucal shift of the
OE units was downfield from 8.69 to 3 71 ppm. Thus result
shows that these hydrophilic molecules were interacting with
micelles through intermolecular hydrogen bouding The

In(nV/Nh)= {15]

s

TABLE 7 i
Rheological Parameters of 50 mM C,,E,, at Different Temperature and in the Presence of Sugars? .
Inl 1A Ve Voe
Micellar system {em¥q) {x10° A3) (x 10* A% < 10* A3 Voe/ Vi,
CiaEy Q) '
30 660 897 125 772 094
45 602 1379 214 1165 084
60 399 1485 354 1131 076
Ci5E4 + 03 M D-glucose {°C}
30 10 67 1499 128 1362 091
45 983 257 1 244 2326 091
60 913 404 6 421 3625 090
CyaEqp *+ O-glucose (M) at 30°C *
0 05M 712 716 923 624 087
0 2M 863 1041 111 930 089
0 3M 1067 1499 128 136 2 091
0 5M 14 38 2032 130 1903 094
C,E9 + 03 M sugars at 30°C
D-Ribose 919 1118 111 1007 090
D-Glucose 1067 1491 128 1363 091
Sucrose 16 60 198 1 10 187 1 094

*The error in the data 1s <5% Abbreviations {1, intrnsic viscosity, Vy, hydrated micellar volume, V, volume of the hydrocar-
bon core, V¢, volume of the palisade layer in the oxyethylene (OE} umt, for other abbreviation see Table 1

JOURNAL OF SURFACTANTS AND DETERGENTS, VOL 7, NO 3 (JULY 2004)



315

TABLE 8
Thermodynamic Activation Parameters
the Presence of Sugar®

PROPERTIES OF C,,E,, IN THE AQUEOUS SUGAR-RICH REGION

of the Viscous Flow of C,,E;, (50 mM) in

Concentration AGH AHE AS*
of sugar (M) {kJ mol™) at45°C  (kJ mol™) 3 mol-t KY
o-Ribose
00 915 169 243
01 923 16 1 215
03 937 155 193
05 946 155 191
o-Glucose
01 926 158 206
03 945 158 200
05 967 158 193
Sucrose
01 937 158 202
03 976 166 216
05 102 175 227

®The error in the data 1s <5% Abbreviations AG,, activation of micelle formation, AH*
activation enthalpy, S, activation entropy, for other abbreviation see Table 1

extent of intermolecular H-bonding was decreased by dilution
with a nonpolar solvent and with an increase in temperature.
This effect was seen in the viscosity data No change was ob-
served in the chemical shift of the sugar proton These results
show that the surfactant aggregates grew 1n size The main OE
signals became broader and spht when the sugass were added
ina 1.1 rano The NMR results suggest that the sugars were af-
fecung the hydrophilic group, 1 e., OCHyCH,, by interacting
with 1t, probably at the micelle-water interface, and that the
electronic atmosphere of the OE group at the interface was
also affected, but not strongly.
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Abstract

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

© 2003 Elsevier Science B.V. All rights reserved.

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

1. Introduction

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

* Corresponding author. Tel.: +91-2652795552.
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akrakshi@yahoo.co.in (A.K. Rakshit).

rakshitak@indiatimes.com, °

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 cme
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

0927-7757/03/3 - see front matter © 2003 Elsevier Science B.V. All rights reserved.,
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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(NO3), where X is halide ion) and nonelectro-
lytes (PEG-4000, carboxy methy! cellulose, glu-
cose, sucrose) on the cloud points of aqueous
solutions of a series of CizE, (n=6, 9, 10)
nonionic surfactants. We have also determined
the cloud point of C;,Es and Cy3E; 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, C3E¢-
[CH;3(CH,),;{OCH,CH,);OH], and nona oxyethy-
lene mono dodecylether, Ci2Eq-
[CH3CH2)11(0CH2CH2)9OH}, of Lion Corpora-
tion, Tokyo, Japan were used as received. Deca
oxyethylene - -monododecylether,” - - Ci3E 0~
[CHg(CHz)u(OCHzCHz)mOH], 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.

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
Cy,E;o concentration are shown. For C;pE o (1%
wiv) 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% (wfv), 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 Cy3E;o concentration is due to increase
in micelle concentration. The phase separation
results from micelle~micelle interaction. However,

w -
84
S
E
g %
v
g a
§
88
e .
0 10 20 30 40
Concentration Cy2E ;o (% wiv)

Fig. 1. Cloud point of C;3E;¢ as a function of wt.% of Cy2Ep in
solution.
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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 C;,Eg and C;,E;o (1%
w/v) are reported. NaF, NaCl and NaBr decrease
the cloud point of both surfactants, whereas Nal
increases the cloud point. In the lyotropic series, it
is expected that the effect of F~ >Cl™ >Br™ >
17 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 C;,E¢ were observed earlier

also [37]. However, there is not much difference in
the CPs of CjoE; and Ci3E; o both in the presence
and absence of “electrolytes. This is probably
because of the polydispersity in these surfactants.
The error in CPs being less than 2%.

Fig. 3 represents the change in cloud point, ACP
(°C) of Cy3Es, and CioEy (1% /v) in presence of
KCl, KBr and KI. These electrolytes also had
similar impact on the CP as did NaF, NaCl, NaBr
and Nal had on CuEs, ClgEg, and C[zEm. 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,E, increases with increase in
concentration of TBAIL 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 infermicellar 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-

105
~g—NaCl ")
85 -
~—3—NaBr >
CiEy
o~ 8 —de—Nal "
3
gé: 75 - ~o—NaF J
g —o—Nacl )
65 4
—{+—NaBr
55 1 % CuE
~k—Nal
. 45 4 .
~O~NaF
35 1 : T Y
0 0.5 1 1.5 25 .3
Concentration of NaX (M)

Fig. 2. Cloud point of Cy3Es and CyB;o (1% wh) in presence of NaX.
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Fig. 3. Change in cloud point (ACP, °C) of C,E, in presence of KX,
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Fig. 4. Cloud point of C,,E, (1% w/v) in presence of tetra butyl
ammonium jodide. _

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 CiuE, (1% w/iv)
solution in presence of glucose, sucrose and
- Ca(NO;s),- is illustrated. It is clear that, glucose
and sucrose both decrease the cloud point,
whereas Ca(NOs), has negligible effect on the CP
of Cy,E,. This indicates that glucose and sucrose
remove nearby water molecules surrounding the
micelle and helping the micelles to approach each

100
g 80- e )
E =0 CizBy
S 604 ~# CuB,
k=] = CpBrp -
2 §
o
5 o T—o— o |
m L 14 ¥ ¥
0 a1 02 03 04 05
Congertration of TMAB (M)

Fig. 5. Cloud point of CioE, (1% wiv) in presence of tetra
methyl ammonium bromide.

other easily. It was suggested by Kjellander and
Florin [38] that, appearance of cloud point is
entropy dominated. The ethylene oxide group of

. POE nonionic surfactant is highly hydrated. When

the additives (glucose and sucrose) are added, the
water of hydration of the micelles decreases, as
these additives compete for water molecules asso-
ciated with the micelle, Thus with two relatively
less hydrated micelles approaching each other, the

- hydration spheres overlap and some of the water

molecules are freed to increase the entropy of the
system, At the cloud point, the water molecules get
totally detached from the micelles. However, some
researchers [3] have suggested that the hydropho-
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Fig. 6. Cloud point of C;;E, (1% w_lv) 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 Cy5Es, C12E9 and
Ci2E16 (1% wiv) 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 Cy,E¢/TX-100 and C;,E;o/TX-100 (2% wiv) as
a function of mole fraction of TX-100

Nrx.100 Cloud point (°C)
C2Ey/TX-100 C12Eo/TX-100
0.0 84.2 88
o1 - 824 ' 84 -

03 80 : 804

0.5 712 77

0.7 73.6 72.5

0.9 728 70

1.0 654 : 654

making more water molecules available to interact
with POE chain. -

We have also determined the CP of Cy,Es and
Ci2E10 mixed with TX-100 i.e. nonionic—nonionic
surfactant system. Also.the CP of C;,E;(/TX-100
(1:1, 1% w/v) mixture in presence of NaX and KX
(Fig. 7) were determined.

The cloud points of C;,Eo/TX-100 (2% w/v) as
well as Cy5E;o/TX-100 (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

100
80 +
80
70 4
604"

Cloud Point (°C)

40
C30q,

20 Y T

Concentration of electrolyte (M)

e

Fig. 7. Cloud point of Cy2Eo/TX-100 (1:1, 1% wi/v) in presence
of electrolytes. ’
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Table 2
Cloud point of C;;E, in presence of KSCN
Concentration of KSCN (M) Cloud point (°C)

CiEs CpEs  CiaEyo
0.0 465 85 88
0.1 48 87.2 89
0.2 506 89 91
0.3 52.8 90.2 92.5
04 54.2 91.6 93.3
0.5 554 928 94

between either of the pure surfactant. From Fig. 7,
it is evident that the cloud point of Cy,E;o/TX-100
mixed surfactant system in presence of NaX and
KX (where X =Cl~, 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;3Eyq is
chargeless similar to that of a pure nonionic
surfactant. Thus the addition of NaX and KX
will have similar effect on the CP of mixed
nonionic—nonionic surfactant system, as it had
on pure nonionic surfactants. Reasons for such
behaviour have been described earlier in this
article. :

We also investigated the effect of carboxy

methyl cellulose and PEG-4000 on the CP of .

Ci2E, (1% wiv) 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-

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 Cy3Es Ci3Es and CyzEq,
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 pOiIlt of CP is Cy3E19 > C2Es > CoEg [2]

4. Conclusion .

The effects of various electrolytes and none-
lectrolytes on the cloud points of Cj2Eg, Ci2Eg and
C12E10 were studied. The CP of CuEm showed a
minimum in variation with concentration. Su-
crose, glucose, KCl, KBr, NaCl, Nal, (CH;3);NBr
and (CsHg)sNI do change the cloud point to a
larpe extent. Water structure breaking property of

Table 3
Cloud point (°C) of Cy;E, in presence of CMC and PEG-4000
CMC (% wiv) Cloud point (°C) PEG-4000 (% wiv) Cloud point (°C)

Ci2Es Ci2Es CiaEyo Ci2Eg Ci2Ey CizEs0
0.0 46.5 85 88 . 00 46.5 85 88
0.1 414 83.8 85 0.01 374 824 87
02 414 83.4 84.5 0.02 342 81 86.4
0.3 414 83. 84 0.03 29.6 804 86
04 ' 41.2 82.6 83 0.04 24 79.8 85.7
0.5 41 814 82.5 0.05 18.8 78.8 854
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Fig. 8. (a) Cloud point of C;,E, in presence of CMC; (b) cloud point of C,,E, in presence of PEG-4000.

Nal and KI makes its effect different from that of
NaCl, NaBr as well as KCl and KBr. (C4Hg)4NI
has different effect on CP than (CH;),NBr,
because of mixed micelle formation of (C4Hy)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,
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The mterfacial and nucellization properties of nontonic surfactant, polyoxyethylene (10) lauryl ether [C2E gy, CHa
(CH)11{OCH,CH3),00H] at different pHs and temperatures have been mvestigated from surface tension measurements. The
surface excess (I7) and the corresponding mnterfacial quantities have been evaluated The Gibbs free energy, enthalpy and
entropy of micelhization (AG®,,, 8H®y, AS%y), and of adsoiption at the awr/water mterface (AG®,q, AH®y, AS°,) have also
been computed Both micellization and adsorption processes have been found to be endothermic at all pH An enthalpy-
entropy compensation effect has been observed with an 1sostiuctuial temperature of 300 K for both the micellization and
wnterfacial adsorption processes The cloud point of C);E 15 not much affected by pH

The interfacial and thermodynamic properties of sur-
factant m solution, both n presence and absence of
additives, provide a wealth of information about sol-
ute-solute and solvent-solute interactions. Additives
have significant effect on surfactant  self-
organization'. They can influence solvent structure
and polarity and can also undergo direct interaction
with the surfactants. Recently, there has been a rapid
growth in commercial apphcation of nontonic surfac-
tants and the progress in basic research® Hence, 1n
continuation of our interest inl the properties of non-
1onic surfactants3'5, we extended our work to study the
interfacial and micellization properties of poly
oxyethylene (10) lauryl ether at different pHs to un-
derstand how acidity/alkalimty affect the behaviour of
the surfactant in aqueous solution. The effects of
change of pH on stability, aggregation number and
titration properties of dodecyldimethylamine oxide
(DDAOQO) surfactant has been studied extensively(‘. The
effect of pH on other surfactants like cationic’ hexa-
decyltrimethy! ammonium bromide (HTAB) and am-
photeric-antonic®  N,N-dimethyl N-lauroyl lysine
(DMLL)-sodinmdodecyl sulphate (SDS) has also
been studied. Herrann’ showed that dimethyl dodecyl
amine oxide (DDAQ) behaves as nonionic at pH 2 7,
as cationic (DDHA™) at pH < 3 and as a nonionic-
cationic mixture between pH 3 and 7. However to our
knowledge, no study dealing with the effect of pH on
nonionic POE type surfactant has been done so far

We report herein the effect of pH on surrace excess
(I"), minimum area per molecule (Ay,), surface pres-
sure {Tay) and thermodynamics of micellization and
adsorption of C;E o at the air/water interface at dif-
ferent temperatures. The study of the effect of pH on
micellization is important because of increasing use of
nontonic surfactants in drug delivery systems and also
in emulston formulation e.g. shampoo.

Materials and Methods

Nonionic surfactant, polyoxyethylene (10) lauryl
ether, C;zE;Q, [CH;; (CHz)“ (OCH?_CHZ)}O OH}, mola
mass = 620.85 (Sigma, USA) was used without any
further purification. The surface tension vs concentra-
tion plot did not show any minimum. All solutions
were, prepared using doubly distilled water having
electric conductance 2-3 pSem™. A digital pH meter
of Weltronix CM-100 was used, following calibration
using buffer solutions of pH 4.0, 7.0 and 9.2 obtamned
from Qualigens Fine Chemucals, Glaxo, India In the
working solution, HCl was used to adjust the acidic
pH, while the alkaline pH was adjusted by using
NaOH solution. The HCI and NaOH used wers of
analytical grade (Suvidhinath Lah., Baroda, India).

Critical micelle concentration

The critical micelle concentration (cmc) wfm de-
termined by the surface tension (y) measuremdnt us-
ing a du-Nouy ring tensiometer (S. C. Dey and Co
Calcutta, Indin); measurcments were taken at
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temperatures 308, 313, 318 and 323 K. The tempera-
tures were maintained within £ 0.1 K by circulating
thermostated water through a jacketed vessel con-
taining the solution. Surface tension (y) decreased
with increasing surfactant coucentration and reaching
a plateau. The concentration of solution was varied by
adding aliquots of a stock solution of known concen-
tration with a Hamulton microsyringe to the known
volume of solution taken in the jacketed vessel. For
each set of experiments, the ring was cleaned by
heating it in alcohol flame. The standard deviation of
the mean in vy was £0.5%. The measured surface ten-
sion values were plotted as a function of the logarithm
of surfactant concentration and the critical micelle
concentration (cmc) was estimated from the break
point in the resulting curve'®. The reproducibility of
the surface tension concentration curve was checked
with duplicate runs. The reproducibility in the cmc
was found to be within £1.0%.

The required pH was maintained by adding aque-
ous HCl and NaOH for acidic and alkaline solution
respectively. The pH of solution was determined be-
fore and after the completion of each run. It was
found that there was a very small decrease in pH in all
solutions except water (pH 6.8) in the presence of the
surfactant. The change was of the order of 0.2 pH
units within the experimental time span (~ 90min) and
was thus neglected. However, it is not very clear why
this small change 1n pH occurred.

Cloud point (CP) measurement

The cloud points of polyoxyethylene (10) lauryl
ether in all pH were determined. The total surfactant
concentration was 1% (w/v). The experimental proce-
dure was same as reported earlier''. The cloud points

Table | —Critical micelle concentration {cmc) of
polyoxyethylene {10)lamyl ether (C;,E q) in aqueous solution
as a function of pH, different temperatures and its cloud point

at different pHs

pH of the Critical micelle concentration Cloud
solution {cme)um at point/°C
308 313 318 3K
2 60 5.9 5.4 43 86.9
3 95 . 74 7.0 45 87.1"
4 10.0 81 79 50 87.3"
5 1.0 93 8.9 7.0 87.4°
68~ 11.8 100 8.9 7.1 87.5"
Yy 13.1 1.2 110 109 88 4
11 141 131 112 11.1 890
*Rel3

" These values are almost same. An average of 87 2 °C + 0.1 can
be taken as cp for these systems

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

Results and Discussion

Surface tension is a dependable and elegant method
for the determination of cmc'’. The cmc values of
CsE g at various pHs and at different temperatures are
presented in Table 1. It can be seen from the table that
the critical micelle concentration values of poly-
oxyethylene (10) lauryl ether decrease with an in-
crease in temperature at all pH, which is generally
seen in case of nonionic surfactant. It is observed that
at constant temperature, cme increases with the pH of
the solution, low pH favours the micellization of the
surfactant. .

The formation of micelle is controlled by hydro-
phobic interaction'’, and the London dispersion
force’®. In the case of nonionic surfactants without
any additive, the cmc decreases with increasing tem-
perature due to the dehydration of the hydrophilic
moiety of the surfactant molecules and also due to
breaking of water structure””. The ether linkages in
C12Eyp chain can be protonated at low pH, making it
positively charged to behave as a pseudo 1onic sur-
factant. At alkaline or around neutral pH, this surfac-
tant is expected to remain nonionic.

From Table 1, it is seen that with decreasing [H'],
the cmc increases. Also lowering of temperature in-

creases the cme. Both H" and OH can form hydrogen
bonds with waler molecules and thereby promote
water structure, Which is also promoted by the hydro-
phobic group of the surfactant molecule. On increas-
ing the temperature, the oxyethylene groups get dehy-
drated with decrease in hydrophilicity or increase in
hydrophobicity causing lowering of cmc The resul-
tant cmce is governed by the effects of various factors,
synergetic and/or antagonistic.

The Gibbs free energy of micellization (AG®,,) for a
nonionic surfactant is related to the cmc (expressed in
mole fraction scale) by the foliowing relation'®.

AG®=RT In cmc L (D

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

The AS®, was computed from the slope of the rea-
sonably linear AG®, vs. T plots. The AH®, was then

calculated from the equation'®,

AHOm ':AGom + TASOm L (2)

The entropy of nucellization (AS°,) values are all
positive and large indicating that the micellization
process is entropy controlled. The micellization
process is endothermuc in nature. High entropy
changes are generally associated with a phase-change.
The pseudophase micellar model is thus preferred
over the mass action model. Rosen'” has stated that
the presence of hydrated oayethylene groups of the
surfactant introduces structure m the liquid phase and
that the removal of the surfactant via micellization
results in an increase in the overali randomness'® and
hence an increase n entropy The hydrated surfactant
malecules release the water molecules during mucelli-
zation on the consequence of which the entropy of the
process increases

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

Table 2—Thermodynamsc parameters of micellization of CjxE g
at different pHs and temperatures

pHof -AG®, K Imol™ at AH T ASSL T
soluti? 308 313 318 323K Kmol® Imel'K’
n

2 410 418 427 44.0 201 198

3 399 412 420 43 R 372 250

4 , 368 410 417 43.6 348 242

5 395 406 414 427 246 208
68 393 404 414 426 27.8 218

9 3.0 401 408 41.5 11.4 164
il 38.9 39.7 407 41{.4 13.5 170
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Rajender'”. The slope of the line i.e. the compensation
temperature has been found to be 300 K, close to the
expected values between 270 and 294K in aqueous
medium'®. Thus, the micellization is a function of the
bulk structure of the solvent. The small variations,
observed here as well as those observed earlier™ may
be due to the difference in the bulk structural property
of the solution from that of water. However, devia-
trons from Lumry et al. observation are well known.
As mentioned by Krug et al.*' error in the data may
also lead to such compensation,

The air/water interface of a surfactant solution is
well populated” by the adsorbed amphiphile mole-
cules. The Gibbs surface excess (I") for dilute solution
of a nonionic surfactant is given by the adsorption
equation™
"= {(-1/RT} (dy /dInC) .(3)
where T, v, R, T and C are the surface excess, surface
tenston, gas constant, absolute temperature and con-
centration, respectively. The slope of the tangent at
the given concentration of the y vs. log C plot has
been uvsed to calculate I by using curve fitting to a
polynomial equation of the form, y=ax’+bx+c in mi-
crosoft excel program. The R’ (regression coefficient).
value of the fit lies between 0.9583 and 0.9957. The
surface excess is an effective measure of the molecu-
lar adsorption at the air/liquid interface. The I values
are presented in Table 3.

The surface excess increases with increase in tem-
perature (at pH 6 8) due to the dehydration of the sur-
factant molecule. This has not been observed at lower
and higher pH. In some cases (pH 2, 5 and 9) a muni-
mum has been observed. At pH 4 and 11 there has
been only a shight decrease with temperature. The ef-
fect of temperature on [ at different pH is a complex
phenomenon. This 1s guided by the interaction of H*

and OH 1ons with water as well as with the surfac-
tant. The nature of interaction is not straightforward.

Table 3— Surface excess and area per molecule of Cy,E,p at different pHs and temperatures

pH of solution "% 10"/ mol em™at

Apyn X 10*/ nm’ at

308 313 318 323K 308 313 318 323K

2 28 20 18 3.7 593 830 922 24.9
3 25 41 2.2 23 66 4 40.5 75.5 722
4 2.6 2.9 31 3.6 64 6 56.6 54.4 454
658 40 10, 1.7 48 415 166 0 976 34.6
A 23 14 33 36 122 92 503 46.1
e 42 2.9 33 44 400 7.2 503 317
28 2.8 23 28 583 38.9 722 59.3
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From the surface excess quantity, it is possible to
calculate the minimum area per molecule {Apa), by
the relation,

A (am?) = 105N T @

where N is the Avogadro number. The magnitudes of
Ama are of the order of 1.0 x 10% nm? or less, suggest-
ng that the surface is a close packed one which
means that the orientation of the surfactant molecules
is almost perpendicular to the surface®. The Ay, val-
ues of Cy;Eyp at cmc are also presented in Table 3.The
effectiveness of a surface active molecule is measured
by the surface pressure (Tion) at the cme 1.6, (e =
Yo-Yeme Where Yo, and Yeme are the surface tension of
solvent and the surface tension of surfactant solution
at cme respectively. The value of free energy of ad-
sorption at air/water interface (AG®,¢) has been calcu-
lated using the relation®

AGoad RTIncmc-N Teme Amm (5)

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

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

temperatures

Pf? of -AGP 4 KImol at AH° ad/[ AS )m,f

t / ]
solution —7e™313 318 33Kk oMol ‘}2‘?}
2 462 445 S04 466 21 142
3 481 446 467 495 (2 186
1 445 452 469 469 103 178
5 023 469 471 460 257 226
68 27 437 438 448 34 128
9 439 451 455 463 2.8 152
I 448 457 468 474 100 178

Vs T plot. The AH4 has been obtained from the
thermodynamic relation (Eq.2). It can be seen from
Tables 2 and 4 that the derived enthalpy and entropy
quantities have irregular relationship with pH. The
error associated with these quantities is +7%. It 1s dif-
ficult to say from the available data as to whether ir-
regularity 1s due to this error or genuine. Hence, no
reasoning 1s preferred. Direct measurement would
give better answer. However, as mentioned in an ear-
lier paragraph adsorption at air/fwater interface in
these systems seems to be very much a complex phe-
nomenon.

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

The cloud points are the manifestation of the sol-
vation/desolvation phenomena of the nomwonic sur-
factant m solution. The desolvation of the hydrophilic
groups of the surfactant leads to phase separation i.e.
clouding in the surfactant solution. It is seen that the
pH has mild effect on the cloud point of Ci3E,q, it in-
creases only by 2°C for a change of pH from 2 to 11
(Table 1), and at the acidic region there is no effect at
all.
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Abstract. Micellar solution of nonionic surfactant n-dodecyloligo ethyleneoxide surfac-
tant, decaoxyethylene monododecyl ether [CHa(CHa )11 (OCH2CHz)10OH], C12E;s0 in D2O
solution have been analysed by small-angle neutron scattering (SANS) at different tem-
peratures {30, 45 and 60°C) both in the presence and absence of sugars. The structural
parameters like micelle shape and size, aggregation number and micellar density have
been determined. It is found that the micellar structure significantly depends on the tem-
perature and concentration of sngars. The micelles are found to be prolate ellipsoids at
30°C and the axial ratio of the micelle increases with the increase in temperature. The
presence of lower concentration of sugar reduces the size of micelles and it grows at higher
concentration of sugar. The structure of micelles is almost independent of the different
types of sugars used.

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

PACS Nos 61.12.Ex; 82.70.Uv

1. Introduction

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

The aggregational and surface properties of surfactant in.solution are very sen-
sitive and are influenced or controlled by solvent polarity and type, temperature,
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pressure, pH and presence of various additives (cosolvent) [3-7]. The nature of
cosolvent decides the direction of the changes in the CMC of the surfactants. They
may be distributed between aqueous and micellar phase and may accumulate both
in palisade layer and inside the micelle hydrophobic core, thus favoring the stabil-
ity of the system. In this paper we have undertaken small-angle neutron scattering
(SANS) studies of n-dodecyloligo ethyleneoxide type surfactant, C12E1g-aqueous-
sugars ternary system, to know the interaction of nonionic additives with nonionic
surfactants. It is well-known that SANS is an ideal technique to study the micellar
structure of surfactants [8,9] and this has also been demonstrated for surfactant
micelles in the presence of various additives [10].

2. Experimental procedures

Moterials. The Ci2En9 was purchased from Sigma and used as supplied. D-Ribose
(C5H10s), D-glucose (CgH1206) and sucrose (C12H22011) (Merck, AR) were dried
in vacuum before use. Solvent DgO (99.4 atom D %, supplied by Heavy Water
Division, BARC, Mumbai) was used for SANS experiments. The use of DO instead
of water for preparing solution provides a very good contrast between the micelles
and solvent in SANS experiments.

2.1 SANS measurement

Small-angle neutron scattering experiments were performed on the SANS instru-
ment at the Dhruva reactor, Mumbai [11]. The mean wavelength of the incident
neutron beam is A = 5.2 A with a2 wavelength resolution of approximately 15%. The
scattered neutrons are detected in an angular range of 0.5-15° using a linear position
sensitive detector (PSD). The accessible wave vector transfer Q(= {4n/)\)sin 8/2,
where 6 is the scattering angle) range of instrument is 0.018-0.30 A~1. In all the
measurements the concentration of C12E10 was constant (50 mM) and the concen-
tration of sugars was varied in the range 0.05 to 0.3 M. The effect of temperature
was studied in the range of 30 to 60°C. The measured data have been corrected
and normalized to a cross-section unit, using standard procedure.

2.2 SANS data analysis

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

@ =n(-mVPQSQ) (1)

where n is the number density of the particles, pp and p; are, respectively, the scat-
tering length densities of the particle and the solvent, and V is the volume of the
particle. P(Q) is the intraparticle structure factor and is decided by the shape and
size of the particle. S(Q) is the interparticle structure factor, which depends on
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Figure 1. SANS distributions for 50 mM Cy2E1e: (a) absence and (b) pres-
ence of 0.3 M D-glucose at different temperatures. Solid lines are theoretical
fits and symbols are experimental values.

the spatial arrangement of particles and is thereby sensitive to interparticle interac-
tions. In case of dilute solutions, interparticle interference effects are negligible, and
S(Q) ~ 1. We have carried out the measurements at low concentration such that
5(Q) ~ 1 and P(Q) has been calculated for ellipsoidal micelles. The dimensions of
the micelles, aggregation number and number density of micelles have been deter-
mined from the analysis. The semimajor axis (a) and semiminor axis (b = c) are the
parameters in analysing the SANS data. The aggregation number is calculated by
the relation N = 4wab?/3v, where v is the volume of the surfactant monomer. Then
the number density of the micelles is determined from the surfactant concentration
(C) as np (em™3) = (C-CMC)N410™3/N.
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Figure 2. SANS distributions for 50 mM Ci2E10. (&) In the presence of
D-glucose at different concentrations and (b) in the presence of D-glucose,
D-ribose and sucrose at 30°C. Solid lines are theoretical fits and symbols are
experiment values. For clarity, the distributions are shifted vertically by 0, 1,
2 and 3 units in the vertical direction, respectively.

3. Results and discussion

Results of SANS experiments on C13E1q are shown in figures 1 and 2. The various
structural parameters of C12E)p micelles as obtained from the fit using eq. (1) to
the data are given in table 1. In figure la, it is seen that the scattering intensity
increases in the low @ region as temperature increases. The fall of the scattering
curve is expected to be more for the large-sized particles. This indicates that the
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Table 1. Micellar parameters of 50 mM Ci2E;¢ at different temperatures and
in presence of different sugars at various temperatures.

Micellar system .

C12E10 (50 mM) . N
Temp. (°C) a (A) b=c (A) Nagg (em™3 % 10'°)
30 415 + 2.1 268 £ 13 327 + 16 9.2 + 0.46
45 722 + 3.6 26.6 £+ 1.3 551 x 28 . 5.5+0.28
60 101.1 + 5.1 280 +14 895 + 45 34 3017
4+ 0.3 M p-glucose

30 44.5 + 2.2 26.2 £ 1.3 336 £+ 17 8.9 4 0.45
45 80.5 + 4.0 269 + 1.3 629 4+ 31 484024
60 122.9 + 6.1 28614 1066 + 53 28 £0.14
+ p-glucose (M} at 30°C

0.05 i 311+ 16 26.6 £+ 1.3 242 + 12 12.4 + 0.62
0.2 379+ 19 264 £ 1.3 290 + 15 10.4 £ 0.52
0.3 445 4 2.2 26.2 + 1.3 336 + 17 8.9 + 0.45
0.5 48.7 £ 24 25.2 + 1.3 340 4 17 8.9 + 0.45
+ 0.3 M sugar at 30°C

D-Ribose 417+ 2.1 252+ 1.3 291 £ 15 10.3 4 0.52
D-Glucose 445 4- 2.2 262+ 1.3 336 + 17 8.9 + 0.45
Sucrose 43.1 422 246+ 1.2 287 £ 14 10.5 £ 0.53

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

Figure 2a shows the effect of addition of D-glucose on the CigE1p micelles at
30°C. It is seen from table 1.that with the addition of 0.05 M D-glucose the size of
the micelles decreases. For example, the aggregation number decreases from 327 to
242 with the addition of glucose. When the concentration of D-glucose is increased
beyond 0.05 M, the micelle size increases with the increase in the concentration of
D-glucose. However, we observe that this effect of increasing size of the micelle at
higher D-glucose concentrations is much less pronounced to that of increasing the
temperature. To understand the above effect of addition of p-glucose, it seems that
at low concentrations molecules of D-glucose prefer to remain in the bulk water,
and only start to interact with micelles at higher D-glucose concentrations.

The temperature effect on 50 mM Cy2E1g in the presence of 0.3 M D-glucose is
shown in figure 1b. It is seen that the features of scattering data in this system
are similar to that of increasing temperature in pure Cy3E;¢ micellar solution.
The aggregation number and the semimajor axis of the micelles increase with the
increase in temperature. . A comparison of C13Ejo micelles with and without D-
glucose suggests that the semimajor axis or aggregation number is larger in the
presence of D-glucose than without the D-glucose. It seems that the effect of the
above two factors is additive.
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The effect of different sugars on C12E10 micelles is shown in figure 2b. The
sugars that have been used along with D-glucose are D-ribose and sucrose. The
data are shown for the fixed C12E19 (50 mM) and fixed sugar concentration (0.3
M) at 30°C. The structural parameters in these systems (table 1) suggest that the
micellar structure of Cy5E;¢ is almost independent of the variation in the nature of
sugar,

4. Conclusions

The small-angle neutron scattering studies on micellar solution of C12E1g in aqueous
solution have been performed at different temperatures both in the presence and
the absence of sugars. There is a growth of the micelles and the number density
of the micelle decreases with increase in temperature. In the presence of sugar,
the micelle size decreases initially for the lower sugar concentration and afterwards
increases at higher sugar concentrations. It seems the effect of the presence of sugar
and increasing temperature is additive. The micelle structure of Ci3Eqg is found
to be independent of the variation in nature of the sugar.
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Physicochemical Studies of Nonionic Surfactants,
C.E. and C_E _: Effect of pH and NaCl

127712 127715

K. SHIVAJI SHARMA, SANDEEP R. PATIL, KAMLESH K. ROHIT, AMIT C. RANA
and ANIMESH K. RAKSHIT"

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

Abstraet- Aqueous micellar solutions of nonionic n-dodecyloligo ethyleneoxide surfactants, dodeca
and pentadeca oxyethylene n-dodecylether, C,E,, and C,,E,; [CH, (CH,), CH, (OCH,CH,) 5,5
OH] have been investigated at different pH (acidic to alkaline) and in the presence of NaCl at
different temperatures. The interfacial and micellization properties have been studied from surface
tension measurements using du Nouy tensiometer. The cme shows maximum value at neutral pH.
With increase in the congentration of NaCl and also with the increase of temperature (35-50°C),
the emc decreases. Apart from the thermodynamic quantities of micellization as well as adsorp-
tion at air/water interface, the heat capacity (AC ), transfer enthalpy (AH_ ), transfer heat ca-
pacities (ACp mr)> and Traube () constant have %een evaluated and discussed. Both micellization
and adsorption processes have been found to be endothermic at all pH and in the presence of NaCl
An enthalpy-entropy compensation effect has been observed with an isostructural temperature from
299-315 K for both the micellization and interfacial adsorption processes. The CPs of Cj,E,, and
€,4E;s were significantly affected by the presence of NaCl but variation in pH does not have much
effect. The micelle aggregation number (N, ) has been measured by using steady state fluorescence
quenching method at a total surfactant concentration ~ 10 mM at 30°C. The micropolarity and the
binding constant (K ) for C,,E,, and C,,E,, in the presence of increasing concentration of NaCl
(0.1, 0.25, 0.5, 0.75 and 1.0M) were determined from the ratio of the intensities of the first and
the third vibronic peaks (I,/1,) of pyrene fluorescence emission spectrum. The micellar interiors
were found to be reasonably polar.

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

INTRODUCTION

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

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

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

EXPERIMENTAL

Materials : C,,E,, and Cy,E,, [CH, (CH,),;(OCH,CH,),,s OH], MW 714 and 846
-respectively were obtained from Lion Corp. Tokyo, Japan and used without any further
" “purification. The surface tension vs concentration plot did not show any minimum, All
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solutions were prepared by using doubly distilled water having specific conductance 2-
3 uS cm, HCl, NaOH and NaCl used for experiments were of analytical grade
(Qualigens, India). Cetyl pyridinium chloride (Loba Chemie, Baroda, India) was
recrystallized twice from benzene. Pyrene (Fluka, Germany) was recrystallized from
cyclohexane.

Methods : The critical micelle concentration (cmc) was determined by the surface ten-
sion () measurement using a du-Notly ring tensiometer (8. C. Dey and Co. Kolkata, In-
dia) at different temperatures, viz., 35, 40, 45 and 50°C. The temperature was maintained
within + 0.1°C by circulating thermostated water through a jacketed vessel containing the
solution. Other conditions were the same as reported in our recent papers. [5,17-19].
Representative plots of surface tension () against Log,, C (C in molarity) are shown in
Fig. 1 and 2. The reproducibility in the cme was found to be within + 1.0%.

A digital pH meter of Weltronix CM-100, India was used, which was calibrated
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Fig. 1. Representative plots of Surface tension (y) vs. logarithm o_fkl‘nolar concentration (C) of
CE,, at different pHs, P
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Fig. 2. Representative plots of Surface tension (y) vs. logarithm of molar concentration (C) of
C,,E s at different pHs and in the presence of NaCl

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

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

" An aliquot of the stock solution of pyrene in ethanol was u'ansferred mto a ﬂask
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Fig. 3. Représentative fluorescence {(emission) spectra of 1075 M pyrene in aqueous micellar
solution of C,,E,, in presence 0.25 M NaCl at various quencher concentrations. From top to
bottom A (zero), B (1.8 x 107 M), C (3.3 x 10 M), D (4.6 x 10 M), E (5.7 x 107> M), F
(6.6 x 107 M) and G (7.5 x 1075 M) respectively.

and the solvent was evaporated with nitrogen. The surfactant solution (10 mM) was added
and pyrene concentration was kept constant at 106 M. The quencher concentration was
varied from 0 to 8 x 10-M. ‘

The micellar aggregation number (N, ) was deduced from the equation {21,22],

nI=ing - s
T T Y ((Seme)

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

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

RESULTS AND DISCUSSION

Critical micelle concentrations

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

It is seen that in the acidic region with decreasing [H*], the cmc increases. With
increase in alkalinity the cmc decreases. Also lowering of temperature increases the cmc.
Both H* and OH~ can form hydrogen bonds with water molecules and thereby promote
water structure, which is also promoted by the hydrophobic group of the surfactant
molecule. On increasing the temperature, the oxyethylene groups get dehydrated, i.e., there
is a decrease in hydrophilicity or an increase in hydrophobicity causing the lowering of

. cme. The resultant-cme is governed by the-effects-of various factors, synergistic and/or -~ -

antagonistic. It is however obvious that the presence of excess H* or OH- induces early
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TABLE 1

Critical micelle concentrations of C,,E,, and C 12E15‘ in aqueous solution as a function of pH and
different concentrations of NaCl at various temperatures.

Critical micelle concentration x 10° M
CppoEp : Cpkis
pH 35 40 45 50°C 35 40 45 50°C
1.0 8.3 79 70.0 6.6 54 44 41 52
3.0 83 8.1 79 7.6 9.1 8.70 8.1 72
5.0 9.9 9.3 8.6 8.2 9.8 7.41 6.0 6.66
6.8 10.2 9.8 9.1 8.5 12.8 10.2 9.5 8.5
9.0 83 7.6 6.9 6.3 74 4.7 5.4 49
11.0 7.4 5.9 6.3 5.8 6.5 5.7 54 5.2
NaCl/ M C,E, C,Es
0.10 7.9 7.0 6.0 5.8 6.5 5.2 4.9 4.5
0.25 7.0 6.0 6.0 52 . 4.9 4.4 4.0 3.7
0.50 58 55 48 38 45 38 41 28
1.00 4.8 4.0 4.6 3.3 4.1 3.3 29 2.7

micellization probably because of more structured solvent.

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

we feel that probably both Schick's and Mukerjee’s suggestions hold good. This is be-
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cause NaCl is certainly going to affect the amount of water available for the surfactants.
The hydrophilic group will therefore have less amount of water though the iceberg struc-
ture around the hydrophobic groups will be completely devoid of water, both resulting
in an early micelle formation.

Thermodynamics of micellization and adsorption

The Gibbs free energy of micellization (AG2) for a nonionic surfactant is related
to the eme (expressed in mole fraction scale) by the following relation [31],
AGY =RT In cme )

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

TABLE 2

The free encrgy (AG?n), enthalpy (AH?H) and entropy (Asgl) of micellization of C|,E,, and C.,E, .
at different pHs and different concentrations of NaCL

C12E12 C12E15
] U] 0 0
~AGY, AHD | AS? -AGY, ARS | AS?
KkImot™! kImol ! |Fmol 1K1 kJmol™ kimol™! | JmotIK!
pH | 35 40 45 50°C 35 40 45 50°C

1.0 |344 35.1 359 36.6] 12.9 153 1354 366 373 373 373 128
3.0 {343 349 355 363 43 125 1341 348 355 364 128 152
5.0 [34.0 346 354 361} 94 141 339 352 363 366 226 184
6.8 133.8 345 352 360 11.2 146 (332 344 351 359} 209 176
9.0 [34.3 351 359 368} 154 161 1346 364 36.6 37.4]| 18.0 172

11.0 134.6 35.8 36.2 37.0] 229 186 349 359 36.6 37.3| 13.7 158
NaCl

M) . .

0.1 1344 353 363 370} 182 171 349 361 368 37.71 211 182

0.25134.8 357 363 373 153 163 1357 366 374 382| 154 166

0.5 1353 36.0 369 38.1| 18.6 174 359 369 373 389)] 194 | 180

©1.0°1358 368 37.0 385| 217 | 186 361 373 382 39.0| 256 200
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negative with increasing temperature, indicating relative spontaneity of the micellization
process as the temperature increases. The free energy of micellization, AGY, values are
more negative in presence of NaCl of different concentrations as compared to that in pure
water, suggesting that the micellization of both the surfactants is more favoured in
presence of NaCl.

The standard entropy of micellization (AS?) and enthalpy of micellization (AH2)
were computed from the slope and the intercept respectively of linear AGY, vs. T plots.
The entropy of micellization values are all positive and large indicating that the
micellization process is entropy controlled. Overall micellization process for both the
surfactants at different pH and in presence of NaCl is endothermic in nature. High entropy
changes are generally associated with a phase-change; the pseudophase micellar model
is thus preferred over the mass action model and has been used by us. Rosen [4] has
stated that the presence of hydrated oxyethylene groups of the surfactant introduces
structure in the liquid phase and that the removal of the surfactant molecules via
micellization wherein the hydrated surfactant molecules release the water molecules
resulting in an increase in overall entropy of the system,

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

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

AH_ . = AH_ (aq.additive}- AH  (aq.) . 3)
AC, 4. = AC; , (ag.additive)- AC, ;, (aq.) ‘ @

The transfer enthalpies of micelle were found to be negative (Table 3) but few are positive
also. Such transfer enthalpies were also reported for the transfer of NaCl and amino ac-
ids from water to aqueous urea solution by Ahluwalia et. al [33b]. It shows that trans-

- _ fer_of hydrophilic (OE) groups from water (pH 6.8) to acidic or basic solution is___

exothermic, whereas that of hydrophobic group is endothermic, The transfer heat capaci-
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Fig. 4. Enthalpy-entropy compensation plot for micellization and adsorption taking all systems
together.

ties of micellization AC,, ., for the transfer of micelle from water (pH 6.8) to acidic or
basic solution are negative indicating increased hydration of micelles due to greater extent
of hydrogen bonding between OE and additives present in the solution. The AC,

values remain more or less constant throughout for all the systems indicating no obvmus

structural transition.

The air/water interface of a surfactant solution is well populated [33] by the
adsorbed amphiphile molecules. The surface excess concentration, T, of the surfactant
molecules in the surface layer compared to the bulk and the area per molecule, A, in
the surface monolayer were calculated by the standard procedure [4,34]. The slope of the
tangent, at a given concentration of the y vs. Log,,C plot has been used to calculate I',
by fitting a curve to a polynomial equation of the form, y = ax? + bx + ¢ in Microsoft
excel. The regression coefficient (R?) value of the fit, lies between 0.9645 and 0.9968.

_The effect of temperature on ', at dlﬂ'erent pH did not show any regular variation (data
not given), thus the mteractlon seems not to be straightforward. This may be guided by
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TABLE 3

The heat capacities (AC_ ) and the transfer enthalpies (AH_, ) and heat capacities (AC__ )
of Micellization of C|,E,, and C,,E . in Aqueous Solutions of various pH and NaCl concentrations
at 45°C.

CleIS CIZEXS
pH AC, i\: AC, e AC,, AH_ AC, e
Qmol'K™)  (Wmol™) (mol"'K™) | (mol'K™Y) (mol™l) (mol'K)
1.0 0.005 1.52 —0,001 -0.062 ~17.47 -0.048
3.0 -0.007  -6.98 -0.013 0.012 -8.03 0.026
5.0 -0.001 -1.79 —0.007 —0.056 133 —0.042
6.8 0.006 0.0 0.0 -0.014 0.0 0.0
9.0 -0.005 4.07 -0.011 0.028 -2.78 0.042
11.0 0.034 11.72 0.28 -0.024 ~7.43 -0.01
NaCl (%)
0.10 0.001 6.85 -0,005 -0.008 0.29 0.006
0.25 0.001 4.3 -0.005 -0.004 -5.48 0.01
0.50 -0.012 72 -0.018 -0.008 -0.93 0.006
1.00 0.02 10.92 —0.014 -0.01 4.53 0.004

(The error in the data is <2%)

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

The A, values of C\,E,, and C,E,; at cmc are presented in Table 4. The
magnitudes are of the order of ~1.0 nm? or less, suggesting that the surface is a close
packed one which means that the orientation of the surfactant molecules is almost
perpendicular to the surface [35]. The effectiveness of a surface active molecule is
measured by the surface pressure (r_, ) at the cmc, i€, T, = Y, — Vo Where ¥, and
Yeme are the surface tension of pure solvent and the surface tension of the surfactant
solution at cmce respectively.

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

Minimum area per molecule A of C,E,, and C|,E, at different pHs and different
concentrations of NaClL

A (nmz)
System CizElz CIZEIS
rH 35 40 45 50°C 35 40 45 50°C
1.0 0.58 0.90 0.83 0.99 0.62 0.74 0.53 0.84
3.0 0.75 0.79 0.85 0.84 0.73 0.69 0.84 0.92
5.0 0.60 0.66 0.83 0.76 0.70 0.80 0.76 0.51
6.8 0.82 0.89 0.98 0.83 0.71 0.72 0.80 0.89
9.0 0.71 0.98 0.73 0.70 0.85 0.52 0.69 0.63
11.0 0.86 0.89 1.03 1.03 0.73 0.58 0.68 0.66
NaCl/ M

0.10 1.03 1,11 1.11 1.20 0.77 0.84 0.83 0.78
0.25 1.03 0.90 0.92 1,08 0.83 0.84 0.83 0.76
0.50 1.40 1.09 0.70 0.80 0.90 0.85 0.77 0.80
1.00 1.14 0.87 1.14 1.03 0.81 1.10 1.10 1.00

(AGY,) was calculated using the relation [36],
AG%=RT Ineme - Nm A . )

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

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

The standard entropy (ASY,) and enthalpy (AHZ,) of adsorption were obtained from -
the slope and intercept respectively of the reasonably linear AGY, vs T plot. The ASJ;
values are all positive and greater than those of AS{, values, reflecting greater freedom
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TABLE §

The free energy (Ang), enthalpy (AHSd) and entropy (Asgd) of adsorption and Traube's constant
(x 107 C 2By and C B, . at different pHs and different concentrations of NaCl.

CIZEIZ szEnz
- — 0

pH ~AGY,; kimol™ AHD, | AsY -AGY wimol™! | AGD, | AGY,
35 40 45 S0°C |Kmol™ jimol ' K™Y 35 40 45 50°C [kJmol™}|Imol ! K1

1.0 | 483 534 537 57.11 1148 | 5322 | 428 446 438 494 747 380
(15.5) (81.6)(66.2) (172) (1.81)(2.78) (1.6) (9.8)

3.0 [51.1 519 548 539 20.1 | 2314 [41.1 43.1 434 44.6| 25.1 216
(46.4) (45.9) (100) (52.1) (0.93) (1.6) (1.4) (1.6

501458 470 539 52911273 | 561.6 |42.3 457 459 46.0| 263 226
(5.87) (6.98)(71.4)(35.9) (1.49) (4.2) (3.5) (2.8)

6.8 | 473 53.5 580 53.0( 83.3 | 4312 419 43.1 449 45.7| 394 264
(10.5) (84.8) (337) (37.3) (1.28) (1.6) (2.4) (2.5)

9.0 |47.6 547 520 513 356 | 2713 | 465 449 478 49.0] 186 208
(11.8) (135) (34.8)(19.8) (7.7 3.1) (7.1) 8.4)

11.0] 48.0 52.1 56.1 555/ 113.3 | 5268 |44.0 42.1 449 455| 1.9 146
(13.8) (49.5) (164) (94.5) @9 1.1 24 3)

NaCl

(M)

0.10] 422 54.8 60.0 626 1735 | 7174 | 455 49.0 50.0 50.9
(1.44) (140) (718)(1330) (5.2) (15.1)(16.3X17.0] 59.7 344

0.25{57.5 54.1 555 592 125.0 | 570.0 |46.4 46.7 47.4 50.2| 28.7 242
(565) (107) (131) (375) -1 (1.4) (62) (6.1)(13.1)

050} 47.7 565 528 53.1) 61.8 | 3554 |49.5 473 505 47.7| 626 44
(12.3) (269) (47.1)(38.7) (24.8) (7.8) (19.7)5.18)

1.00] 59.4 60.1 622 5841 265 | 2790 |505 53.5 58.0 54.2
(1190)(1070)(1650)(278) 367 | 848 337 583 44.4| 312

*The values in the parentheses are Traube's constant

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

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

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

AGY,=RThho (6
where ‘G ‘is known as Traube’s constant and is defined by the relation
6 = (In/AC) 5= — (@V/OC) 4 ®

This means ¢ is the rate of change of surface pressure per unit concentration change at
infinite dilution. The ¢ values are given in Table 5. It can be noted that the ¢ of the pure
Cy2Bppps is similar to the data given in Table 4 of Meguro et.al [42] thereby suggesting
that our adsorption data are reasonable. We computed the effect of different pH and NaCl
concentration on ¢ where unfortunately, no regularity was observed.

Micellar aggregation number (N__)

g’

The micellar aggregation numbers of C,E,, and C,E s evaluated using steady
state fluorescence quenching measurements with varying NaCl concentration are tabulated
in Table 6. It is evident that, the N,,, of C,E,, is higher than that of C,,E,;. However,
in presence of NaCl, though the N, changes, there is no regular change with increasing
NaCl concentration. A minimum is observed for both the surfactants, though at different
NaCl concentrations. However, at higher concentration of NaCl, the N, , increases due
to the decrease in the steric hindrance between ethylene oxide moxetles of the
polyoxyethylene chain due to the presence of NaCl. Table 6 also illustrates the intensity
ratio of the first and the third vibronic peaks (I,/I;) in the monomeric pyrene fluorescence
emission spectrum, which is sensitive to the local polarity around the probe (pyrene). It
is evident that, all the values of I,/I, are > 1 suggesting polar environment around pyrene.
However 1,/1, values are almost constant (I,/I, ~ 1.30) for both the surfactants irrespective
of NaCl concentration in the present study. This indicates that by the presence of NaCl
there is no significant change in polarity around pyrene.
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TABLE 6

Aggregation number (Nagg) and micropolarity (I,/1,) of C,,E,, and C,,E, in the presence of NaCl
at 30°C. .

Concentration of Aggregation number (Nggg)
NaCl /M Cy,Eys C,E s
0.00 74 £ 4 (1.30) 51 +3 (1.30)
0.10 51 £3(1.30) 46 £ 2 (1.31)
0.25 33 £2(1.31) 57 £ 3 (1.30)
0.50 46 £ 2 (1.31) 56 £ 3 (1.31)
1.00 53 +£3 (1.30) 58 £3 (1.31)

Micropolarity values are given in in parentheses

Cloud points

Cloud points are the manifestation of the solvation/desolvation phenomena in
nonionic surfactant solution. The desolvation of the hydrophilic groups of the surfactant

a5

—a— G4 2512
e CaBys

Cloud Point / °C
&
o

&
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45 F VI JEUU: SOV SEOK VOUIUL SN WUURES SUUNL SUISEE SUUUUE YORUK JSSU0Y WUURN SOV VRS SVCUT YT JUURE SURE JUUOUV UL YUY UORY TOOY UUIF : 3
6 0.8 1.6 24 3.2 4
Concentration of NaCl / M

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