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Abstract

Critical micelle concentrations of the non-ionic surfactant Myrj 45 m aqueous solution at various temperatures (35, 
40, 45 and 50nC) were determined by the iodine solubilization method. A few systems were also studied by direct 
surface tension measurement. The effect of additives, e.g PEG 400, sucrose, acetamide and urea, on the CMC was 
studied The free energy, enthalpy and entropy of micellization were determined A negative free energy and a positive 
entropy of micellization were observed for all the systems The micellization process was exothermic in all cases except 
in aqueous solution without additives, where the process was endothermic. An enthalpy-entropy compensation effect 
was observed for all the systems Transfer enthalpies and heat capacities were evaluated from enthalpy of micellization 
data. The transfer enthalpy A HmJr was negative throughout, indicating the transfer of hydrophilic groups from water 
to the aqueous additive solutions. A maximum observed in the plot of ACp m „ concentration of additives was ascribed 
to a micellar structural transition.

Keywords■ Critical micelle concentration; Micellization; Myrj 45; Non-iomc surfactants; Thermodynamic properties

1. Introduction

In last few years, extensive structural, kinetic 
and thermodynamic studies have been performed 
on surfactant-water systems [1] including the 
effect of additives on micellization [2-10], The 
formation of micelles by ionic and non-ionic surfac
tants is a well-established fact, and thermodynamic 
data of micellization under varying conditions are 
required in order to understand the phenomenon.

The aggregation and surface properties of surfac
tants in solutions are dependent on the nature and 
amount of additives. The effect of different addi
tives having an OH group, such as PEG [4-6],

» Corresponding author.

n-alcohols [11,12], sucrose [7,8], ethylene glycol 
[9,10], etc. on the micellization process of both 
ionic and non-ionic surfactants has been studied. 
Similar studies with DMF and DMSO [ 13], acet
amide [4], urea [ 14,15], cyclohexane and dioxane 
[9,16] have also been reported. Although there 
are a reasonably large number of such studies on 
non-ionic surfactants like Brij 35, Triton X-100, 
alkyl polyethylene oxides), dodecyl (polyoxyethyl
ene) glycol ethers etc. [4-7,16,17] based on the 
effect of additives, we have not found such a 
detailed study of Myrj 45 (polyoxyethylene(8) 
monostearate) in aqueous solution in the literature. 
However, in pursuance of our interest in non-ionic 
surfactants [5,18-21], we decided to study the 
thermodynamics of micellization of Myrj 45 in 
aqueous solution in the presence of additives such
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ah PEG 400. sucrose, acetamide and urea, as we 
are interested in various other properties including 
the microemulsion formation of Myrj 45.

The additives were chosen by keeping some 
wide-ranging properties in mind. For example PEG 
is a short-cham, low-molecular-weight, water- 
miscible oligomer, extensively used in the prepara
tion of cosmetics and pharmaceuticals Acetamide 
has a peptide linkage, i.e. a -CONH group, and is 
very highly polar [5], Sucrose is not ionic. The 
effects observed for PEG and sucrose will only be 
chemical in nature and not electrochemical [8]. 
Urea is a strong protein denaturant and a known 
water-structure breaker [17]. Hence we presumed 
that studies of the effect of these additives on the 
process of micellization should be of wide interest.

2. Materials and method

Myrj 45 (Sigma), PEG 400 (Merck, India), 
sucrose (AR; 99.9%; Qualigens, India), urea (99%; 
Merck, Germany) were used without any pre
treatment. Acetamide (BDH, India; 98.5%) was 
recrystallized from benzene before use. Myrj 45 
(H(OC2H4)8 OOC(CH,)16CH3) is polyoxyethyl
ene^) monostearate with an average molar mass 
of 636. The purity of PEG 400 and Myrj 45 was 
not given by the supplier.

Iodine (AR; Sarabhai Chemicals. India) was 
resublimed before use. Water was doubly distilled 
from KOH and KMn04. A Bausch and Lomb 
Spectronic 20 colorimeter was used for determining 
the CMCs by the iodine solubilization method 
[22]. A Du Nouy tensiometer (S.C. Dey & Co. 
Calcutta, India) was used to determine the surface 
tension. Solvents were prepared by adding the 
required amount of water by volume to weighed 
additives in a volumetric flask. The stock solution 
of iodine had an 80% transmittance (T) at a 
of 370 nm. A series of surfactant solutions of vari
ous concentrations were prepared by dilution using 
this iodine mixture as solvent. These solutions were 
kept m a thermostatted bath for sufficient time, 
and the percentage transmittance (%T) was mea
sured at 360 nm. Log %T was plotted against log C 
(i.e. surfactant concentration) and the breakpoint 
in the plot was taken as the CMC. Some represen

tative plots are shown in Fig. 1A. The transmit
tance was measured at least twice for each solution 
to check on the reproducibility. Moreover, experi
ments were repeated with fresh samples. The error 
in the CMC was found to be less than 1%. The 
probability of iodine reacting with the additives 
was checked previously [4,5,7] as well as at this 
time, and no change in the transmittance of the 
additive-iodine systems was observed for 2 h at 
least. Moreover, for a few systems only, direct 
surface tension measurements were used to deter
mine the CMC (Fig. IB). As was observed earlier 
[7], the CMC values obtained by the iodine 
solubilization method and by surface tension meas
urements were the same. The CMC values obtained 
by surface tension measurements are given in 
Tables 1-4 in parentheses.

The cloud points of 0.1% Myrj 45 solution in 
the presence of all the additives were determined 
by slowly heating the solution in a test tube under 
constant stirring. At the point of appearance of a 
cloud, the temperature was noted. It was then 
allowed to cool. The temperature at the disappear
ance of the cloud was also noted The average 
of the cloud appearance and disappearance 
temperatures is the reported cloud point

3. Results

The CMCs of Myrj 45 in water and also in 
aqueous additive solutions at 35, 40. 45 and 50CC 
are presented in Tables 1-4. It can be seen from 
these tables that the CMC decreases with increase 
of temperature in aqueous systems, whereas in the 
presence of additives the CMC continues to 
increase with increase of temperature. The effect of 
the additives depends upon both the nature and 
the concentration of the additives. The cloud points 
of 0.1% (w/v) Myrj 45 m each of the solutions were 
also determined and are presented in Tables 1-4. 
In general, the cloud point decreases with the 
addition of PEG 400 and sucrose, whereas the 
cloud point increases with the addition of urea and 
acetamide

Various thermodynamic quantities like the free 
energy AGm. the enthalpy AHm, and the entropy 
ASm of micellization were obtained by using the
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Fig 1 (A! Representative plots of log % T vs log C ®, 0 V'/r Sucrose, A, 03% acetamide (B) Representative plots of surface 
tension vs log C 3, 0.05% Urea, A, no additive, x. 05% sucrose

Tabic 1
CMC values for Myrj 45 in aqueous solution m the presence of PEG 400 at different temperatures, and the cloud points of 0 1% 
Myrj 45 at different concentrations of PEG 400 (see text)

Concentration 
of PEG 400

m

CMC(mM) Cloud
point

rc)35°C 40” C 45<>C 50”C

00 0286 0245 (0 245)“ 0202 0 157 67.7
005 0255 0.270 0286 0305 65 1
01 0.264 0.273 0289 0 302 62 1
0.3 0286 0305 0 324 0 333 58 0
0.5 0.160 0.169 0 179 (0 180)“ 0185 561
07 0.273 0 298 0 321 0 330 58 1
1.0 0.192 0207 0.223 0.236 56 8

* Values m parentheses were obtained by surface tension measurements

following relationships 

AGm = RT In(CMC)

AHm= - RT2 d ln(CMC)/dT 

ASm =(AHm — AGm)/T

where the CMC was on the mole fraction scale. 
The rate of change of AHm with temperature, t.e. 
the specific heat of micellization ACp m was also 
computed for all the systems. These values are 
presented in Tables 5-8. As expected, the free 
energy of micellization is negative. The micelliza

tion process is exothermic m the presence of all 
the additives, although in pure water it is endother
mic. The ASm is positive in all cases, indicating the 
formation of more disordered systems on micelliza
tion and m pure water the value is more than 
double the values obtained for other systems.

4. Discussion

From Tables 1-4 it is seen that the CMC of 
Myrj 45 decreases with increasing temperature m
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Table 2
CMC values Tor Myrj 45 m aqueous solution m the presence of surcrose at different temperatures, and the cloud points of 0 1% 
Myrj 45 at different concentrations of sucrose (see text)

Concentration
of sucrose
<%)

CMC (mM) Cloud
point
rc)35"C 40" C 45"C 50"C

005 0 233 0.276 0.305 0321 66.7
01 0.236 0273 0.308 0317 66 7
0 3 0.236 0273 0 305 0317 66 2
05 0.245 (0.251 )a 0.279 0308 (0305)“ 0 327 65 2
07 0292 0.308 0.321 0 339 64 4
1.0 0314 0333 0.352 0.365 63 3

* Values m parentheses were obtained by surface tension measurements

Table 3
CMC values for Myrj 45 m aqueous solution in the presence 
of acetamide at different temperatures, and the cloud points of 
01% Myrj 45 m the presence of different concentrations of 
acetamide (see text)

Concentration 
of acetamide 
(%)

CMC (mM) Cloud
point
CC)35°C 40’C 45°C 50 "C

0.005 0 283 0 302 0314 0.330 _
001 - 0321 0 327 0 333 -

0 05 0.308 .0 324 0 333 0 333 684
0 1 0279 0277 (0.278 f 0281 0 286 69 2
0.3 0311 0.317 0333 0 336 706
05 0 311 0314 0333 0 336 71 6
07 0.311 0314 0 327 0 333 71 8
1 0 0 308 0 318 0 327 0.333 73 0

* Values in parentheses were obtained by surface tension 
measurements.

water when no additive is present. It is well known 
that the breaking of the water structure, the forma
tion of icebergs of water surrounding the solute as 
well as the presence of the cloud point are responsi
ble for lowering the CMC [23], However, when 
PEG 400 and sucrose were added there was an 
initial decrease in the CMC at all temperatures 
with an increase on further addition of the addi
tives However, for urea and acetamide, the CMC 
starts increasing with the addition of the first 
aliquot of the additives.

It has already been pointed out by us [4,5,7] 
that the addition of additives breaks the water 
matrix. Moreover, there will be a formation of 
structure between the free water molecules and the

Table 4
CMC values for Myrj 45 in aqueous solution in the presence 
of urea at different temperatures, and the cloud points of 0 1% 
Myrj 45 m the presence of different concentrations of urea 
(see text)

Concentration 
of urea

m

CMC (mM) Cloud
pomt
!'C)35"C 40"C 45 C 50 C

0.05 0 295 (0295)“ 0 308 0 317 0330 73 4
0 1 0 298 0311 0 321 0 330 74 4
0 3 0 302 0 314 0 327 0 333 76 2
05 0 305 0 317 0.330 0 336 78 0
07 0 308 0 324 0 333 0 339 802
1 0 0314 0327 0 336 0 343 82 6

' Values m parentheses were obtained b\ surface tension 
measurements

additives, particularly those having hydrogen- 
bond-forming groups. Moreover, cosolubihzation 
as well as mixed micelle formation are possible. 
Both PEG 400 and sucrose are capable of forming 
hydrogen bonds. Hence there is an interplay of 
both water-structure-breaking and water-struc
ture-forming phenomena. On the addition of the 
first aliquot of both PEG 400 and sucrose, the 
system becomes less structured than water and the 
CMC decreases. The further addition of additives 
provides a greater possibility of hydrogen bonding 
and the system becomes relatively more structured 
and the CMC increases However, we would l)ke 
to stress that the CMC values obtained in 0.1% 
acetamide and in 0.5, 0.7 and 1 0% PEG 400 are 
quite unexpected, and we have not been able to
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Table 5
Free energy (AGm), enthalpy, (Atfml, entropy (ASm), heat capacity (ACpJ„), transfer enthalpy (AHmu) and heat capacity (ACpl„„) of 
micelh/ation of Myrj 45 m aqueous solution m the presence of PEG 400 at 40'C

Concentration 
of PEG 400 
(%)

- AGm 
(kJ mol-1)

A H„
(kJ mol-1)

A Sm
(J mol-1 K-1)

ACP.„,
(kJ mol-1 K-1)

A«.u 

(kJ mol-1)
tr

(kJ mol"1 K 1)

00 3208 30.54 20009 0196 _ _
0 05 31 83 -10 13 69 32 -0 065 40.67 -0 262
0.1 31 80 -7 52 76 71 -0.048 38 06 -0 245
03 31 52 -12 78 81.04 0.836 43 32 0 639
05 33 04 -746 82 83 0425 38 0 0.229
0.7 31 57 -12 89 77 75 0572 43.43 0.375
10 32 52 -1485 74 48 0.808 45.39 0612

Table 6
Free energy (AGm), enthalpy, (AHm), entropy (ASm), heat capacity (ACpm) transfer enthalpy (AH 
micelhzaiion of Myrj 45 in aqueous solution m the presence of sucrose at 40 C

m „) and heat capacity (ACP ,r) of

Concentration 
of sucrose (%)

- AGm 
(kJ mol-1)

A Hm
(kJ mol-1)

ASm
(3 mol"' K-1)

ACp,„
(kJ mol-1 K-1)

AHm „
{kJ mol ')

AC„,ro,r
(k3 mol-1 K-1)

00 3208 30.54 200.09 0196 _ _
005 31.80 -2166 3240 1.807 -5220 1610
01 31 80 -20.96 34 64 1617 -51.50 1420
0.3 31.80 -2133 33.46 1 937 -5187 1.741
05 31 74 -19.77 38 24 1 301 -50.31 1 104
07 3149 -8.55 73 29 -0054 -3909 -0251
1.0 31 29 -9 39 6997 0.324 -3993 0 128

Table 7
Free energy (AGm), enthalpy, {AHm), entropy (ASm), heat capacity (ACPJP) transfer enthalpy (AH, 
mtcellizdiion of Myrj 45 m aqueous solution m the presence of acetamide at 40'"C

m,lr) and heat capacity (ACpm,lr) of

Concentration 
of acetamide (%)

-agw
(kJ mol-1)

AHm
(kJ mol-1)

ASm
(J mol-1 K-1)

ACpm
(kJ mol-1 K-1)

A//mlr 
(kJ mol-1)

ACpm.tt
(kJ mol-1 K-1)

00 32 08 30.54 20009 0 196 _ —

0.005 31.56 -8.14 74 81 -0052 -38.68 -0249
001 31 38 -349 89 10 -0022 -34.03 -0.218
005 31.36 -5 97 81 11 0 736 -36.51 0.539
0 1 31.72 -1 49 9683 -00093 -32.03 -0.205
03 31.41 -4.12 87.19 -0034 -34.66 -0 230
0.5 31.41 -543 83 00 -0.035 -35.97 -0 232
0.7 3140 -4 28 8662 -0027 -34.82 -0 224
1 0 31.42 -4 88 84.77 -0096 -35.42 -01002

find a proper coherent explanation. We have 
checked and rechecked our data, including chang
ing the bottle of PEG, but the CMC values were 
reproducible within 1 %.

The water-structure-breaking property of urea

is well known [24]. The effects of an increase in 
temperature and the addition of urea should there
fore be similar. However, it is seen in Table 4 that 
the CMC increases on the addition of urea; this 
was observed in other surfactant systems also
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Table K

*‘a'c enemy (AGm|. enthalpy, entropy (ASm|. heat capacity (ACpm) transfer enthalpy (AH
imcdh/atioii of Myrj 45 m aqueous solution m the presence of urea at 40 C

m l,) and heat capacity (AC of

Oonccnlralion 
of urea ('•f-l

- A(.„,
!kJ mol ')

A//m
IkJ mol 1

AS„,
) (J mol ' K !l

A(pm
tUmol 1 K. ')

A Hmt,
(kJ mol

A(pm„
(k J mol'1 K '1)

0.0 33 08 10 54 20009 0 196
fl.OS 31 49 -597 81.53 -00.38 -36 51 -0 235
0.1 31.46 -6 11 83 74 0.233 -36 65 03)36
0.3 3! 44 -6 51 79 65 0 368 -37.05 0 172
0.5 31.42 -8 59 7299 0643 -3913 0.446
07 31 37 -6 it 8070 0 506 -36 65 0.3 tO
1.0 31 34 - 5 2.7 83 42 0 243 - 35 77 0.046

[25,26], Urea is known to be a strong protein 
denaturant and hence its demicellization property 
(i.e. higher CMC) is probably a manifestation of 
that [17], It has also been suggested that the 
monomers of the surfactants become stabilized in 
aqueous urea solutions, and therefore the micel- 
Iization occurs at higher concentrations [27], 
Therefore, the interplay of various antagonistic 
properties like the breaking of the water structure 
(i.e. a decrease in the CMC) and demicellization, 
monomer stability, solvation of hydrophilic groups 
(i.e. an increase in the CMC) actually determine 
the overall experimentally obtained result.

The effect of acetamide as an additive on the 
CMC of Myij 45 is similar to that of urea. 
However, acetamide is less interactive than urea 
as one NH, group of urea is replaced by a CHj 
group. It was observed earlier by us [4] that 
acetamide increases the CMC of the non-ionic 
surfactant Brij 35. The effect on Myrj 45 is much 
greater (125 pM) than in Brij 35 (19 pM) at 45"C 
for I M acetamide.

Cloud points are the manifestation of the solva
tion/desolvation phenomena m non-ionic surfac
tant solutions. The desolvation of the hydrophilic 
groups of the surfactant leads to the formation of 
cloud in the surfactant solution. By being water- 
structure breakers, urea and acetamide help m the 
solvation of hydrophilic groups of Myrj 45. Hence 
higher temperatures arc required for desolvation, 
i e. a higher cloud point. On the other hand, PF.G 
400 and sucrose are sufficiently hydrophilic to 
interact with water and hence the surfactant hydro
philic groups are relatively less solvated than in 
water. Therefore, a lower temperature would sullice 
lor the desolvation of hydrophilic groups and

hence a lower cloud point. Moreover, urea and 
acetamide probably form mixed charged micelles. 
Therefore the cloud points would be higher. 
However, for unchanged molecules like PEG 400 
or sucrose, the cloud point need not be higher.

Thermodynamic quantities of micellization are 
reported in Tables 5-8. As expected, the free energy 
of micellization in all cases is negative. The varia
tion of free energy with concentration of additives 
is somewhat irregular for PEG 400. As we men
tioned earlier, we have no proper explanation for 
this. In all other cases, the variation of AGm with 
concentration of the additives was regular.

The micellization process in the presence of 
additives in most cases is exothermic. This was 
also observed for Triton X-100 in aqueous ethylene 
glycol [28] and for Brij 35 m aqueous PEG 
solutions [5]. The variation of AHm with both 
temperature and concentration of the additives 
may probably be due to changes in the hydration 
of the oxyethylene groups on micellization. The 
entropies of micellization (ASm) for all systems are 
high, indicating that the process is associated with 
some type of phase separation [7] In aqueous 
systems, in the absence of additives, a positive AHm 
and a negative AGm lead to large positive entropies. 
This is attributed to (a) water-structure breakdown 
on micellization; and {b) increased randomness due 
to the freedom of the hydrophobic chain in the 
relatively non-polar interior of the micelle com
pared to the aqueous environment [29] However, 
in the presence of the additives, A,S'm, though 
positive, is relatively small because of the compara
tive weakness of the hydrophobic bond in these



SB Sulthanael ai/Colbtds Surjuce.s A: Phyucochem Eng Aspccrs !il {1996) 57-65 63

cases [4] Micellization is the manifestation of 
hydrophobic forces. Therefore, a weakness of this 
force requires the addition of more surfactant 
molecules for micelle formation [13,22], and there
fore the CMC increase for the urea systems.

A linear correlation between enthalpy and 
entropy of micellization was observed for all sys
tems (correlation coefficient 0.999), and this is 
shown in Fig. 2. Such an enthalpy-entropy com
pensation effect was observed earlier in many 
physicochemical processes including micellization 
[4,5,7] and monolayer formation [30]. The slope 
of the curve is 315 K, which is not far away from 
the suggested value of 270-294 K for water systems 
[31], This implies that the phenomenon of micelli
zation in all the systems studied here, is governed 
by the same structural property of water [7], i.e. 
at 315 K, the micellization process is totally inde
pendent of structural changes in the system and is 
dependent on enthalpic forces. The heat capacities 
for micelle formation (ACpjn) were also evaluated 
from the plot of AHm vs. T, the slope being ACp m 
(Tables 5-8). The variation of ACp>m with concen
tration of the additives in all cases did not show 
any regularity; this was also observed earlier in 
calorimetric studies [32],

The transfer enthalpies (AHmlT) and transfer 
heat capacities (ACPiin>tr) of micelles from water to 
aqueous additive solutions were obtained using 
the following relationships

A HmJr = A//m(aq.additive) - AHm( aq)

and

ACp,m,tr = ACpm(aq.additive) - ACp,m(aq)

The transfer enthalpies of the Myrj 45 micelle 
as calculated using the above relationships were 
found to be negative (Tables 5-8). Such negative 
transfer enthalpies were reported for the transfer 
of NaCl and amino acids from water to aqueous 
urea solutions [17], It can be concluded that the 
transfer of hydrophilic groups from water to 
aqueous solutions is exothermic, whereas that of 
hydrophobic groups is endothermic, the strong 
hydrophilic group-additive interaction being the 
dominating cause.

The structure-changing properties of both 
hydrophobic (water-structure making) and hydro
philic (water-structure breaking) groups decrease 
in a less structured medium. This results in their 
opposing contributions to the AHmM quantity. The 
decrease in the structure around the monomers

Fig 2 Enthalpy-entropy compensation plot for all the systems •. 35°C; A, 40“C: ■, 45‘C; x, 50”C
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m their solutions, reflecting a greater structure
breaking ability of these groups, may also be the 
reason for negative AHmtr values.

The transfer heat capacities of miceliization 
ACp m tr for the transfer of micelles from water to 
additive-containing solutions are positive for most 
of the systems, indicating increased hydration of 
micelles in these solutions due to the greater extent 
of hydrogen bonding between ethylene oxide 
groups and additives present in the solution. 
Negative ACp m lr values can be attributed to a less 
structured medium compared to pure water [17]. 
However, ACp mM shows a maximum for all sys
tems as a function of the concentration of additives; 
this was observed by other workers also [ 11,33,34]. 
This maximum has been attributed to micellar 
structural transitions [33,34],

5. Conclusion

The CMC of Myrj 45, a non-ionic surfactant, in 
water as well as m aqueous solutions of PEG 400, 
sucrose, acetamide and urea was determined. It 
was observed that the CMC is dependent upon 
temperature and the nature of the additive as well 
as on the concentration of the additive. The micelii
zation process, in general, is exothermic, although 
in water it is endothermic. The entropy of micelliza- 
tion is very highly positive in water. In the presence 
of additives, ASm is positive, although it is less 
than half of that in water. These values indicate 
the formation of a new phase. An enthalpy-entropy 
compensation effect was also observed, with 315 K 
as the compensation temperature.

The heat capacity of miceliization was also deter
mined. No clear relationship to the additive concen
tration was obtained. The enthalpy of transfer of 
the micelle from aqueous systems to additive solu
tions as well as the heat capacity of transfer were 
determined. A maximum was observed m the 
ACpmIr quantities as a function of concentration, 
which was ascribed to micellar structural transitions.
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The interfacial and thermodynamic properties of a nonionic surfactant, poly(oxyethylene(10)) lauryl 
ether [Ci2H25(OCH2CH2)ioOH1, in aqueous solution in the presence and the absence of both polyethylene 
glycol 400 and sucrose have been investigated. Critical micelle concentrations feme’s) were determined 
by surface tension measurements at different additive concentrations and temperatures using a du Nouy 
tensiometer. From the surface tension data, the surface excess concentration (D, the minimum area per 
molecule CAmm), and the surface pressure at the cmc (none) were evaluated. Thermodynamic parameters 
of adsorption and micellization were evaluated and discussed. An enthalpy-entropy compensation effect 
was observed in all solvent systems. Transfer enthalpies of micellization from water to additive solutions 
which are sensitive to the solvent structure have been computed using the enthalpy of micellization data 
AAi/m>lr data were all large and negative, indicating hydrophilic group-additive interaction. The other 
solution properties of this surfactant like the cloud point, viscosity, foaming, and wetting have been 
determined in the presence of different concentrations of PEG 400 and sucrose.

Introduction

The investigation of interfacial and thermodynamic 
properties of surfactants in solutions, both in the presence 
and in the absence of additives, can provide a wealth of 
information about solute-solute and solute—solvent 
interactions of the surfactant in solution. Further, these 
studies are of relevance for enhanced oil recovery and in 
froth floatation processes for metal ore concentration.1 
The interfacial and micellar properties of these solutions 
are governed by a delicate balance of hydrophobic and 
hydrophilic interactions. These characteristics can be 
modified in two ways: (i) through specific interactions 
with the surfactant molecules and (ii) by changing the 
nature of the solvent.2 Such studies on the effect of 
cosolvents on the aggregational and other physicochemical 
properties ofsurfactants are of fundamental and industrial 
interest.3 Because of the present day importance of 
nonionic surfactants in industry and in understanding 
the micellization process as well as our own intense 
interest in these types of compounds,4-8 we decided to 
study the thermodynamics of micellization of polyfoxy- 
ethylenef 10)) lauryl ether particularly in the presence of 
additive molecules which can have a significant influence 
on the system, namely polyethylene glycol 400 (PEG 400) 
and sucrose. PEG 400 is a water soluble low molecular 
weight oligomer. Sucrose is also highly hydrophilic and 
nonionic like PEG 400. Therefore the influence of these

* Corresponding author
* M.S. University ofBaroda.
* Indian Petrochemicals Corporation Limited.
B Abstract published in Advance ACS Abstracts, July 15, 1997. 
(UAnand,K.;Yadav,O.P ; Singh. P.P Colloids Surf. 1991,55,345. 
<2) Ruiz. C. C., Sanchez, F G J. Colloid Interface Sci. 1994,155, 

110.
(3) Is*:, Y. S.; Won, K. W.Colloid Interface Sci. 1995, 169, 34 
M) Ajith, 8., Rakshit, A K.J. Phys. Chem. 1895, 99, 14778.
(b) Ajilh, S.; Itukshit, A. K. Langmuir 1095, //, 1122.
(6) Rakshit, A. K.; Vangnni, V. Bull. Chem. Soc. Jpn. 1994,67,854.
(7) Tessy,E.L;Rakshit.A.K.BulL Chem.Soe.Jpn. 1985.68,2137.
(8) Sharma, B. G.; Rakshit, A. K. In Surfactants in Solutions-, Mittal,

K. L„ Ed.; Plenum: New York, 1989; Vol 7, p 319.
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two additives would be purely chemical and not electro
chemical.9-10

In this paper we report the effect of these additives 
on the various solution properties, such as the critical 
micelle concentration (cmc), cloud point, foaming, vis
cosity, and wetting of the nonionic surfactant C^H^- 
(OCH2CH2)10OH, poly(oxyethylene( 10)) lauryl ether, in 
aqueous media at different temperatures.

To have a better understanding of the properties of 
surfactants in the aqueous solutions containing these 
additives,1 ‘-12 thermodynamic parameters of micellization 
and adsorption at the air/water interface including the 
surface excess (D, minimum area per molecule (A^), and 
surface pressure (EUJ, which measures the effectiveness 
of surface tension reduction, were determined. Transfer 
enthalpies, which are sensitive to the structure of the 
solvent, were also determined.

Materials and Experimental Methods
Poly(oxyethylenedO)) lauryl ether (CI2H25(OCH2CH2)10OH, 

Ci2Eio, SIGMA), molar mass = 626, was used without any fiirther 
purification. The surface tension concentration plot did not show 
any minimum. PEG 400 (Merck, India) and sucrose (AR, 99.9% 
Qualigens, India) were used without any pretreatment All 
solutions were prepared in doubly distilled water (distilled from 
KOH and KMnCh). The purity of PEG 400 and C^io was not 
mentioned by the supplier.

Critical Micelle Concentration Measurement The criti
cal micelle concentration (cmc) was obtained by the surface 
tension method using a du Noily tensiometer (S.C. Dey & Co. 
Calcutta. India). Measurements were made at 35, 40, 45, and 
50 °C. The temperature was maintained constant by circulating 
thermostated water through a jacketed vessel y,e
solution. Surface tension <y) decreases quite rapidly with 
increasing surfactant concentration before reaching a near 
plateau region. Tire concentration of solution was varied by 
adding aliquots of concentrated stock solution to the known 
volume of solution in the jacketed vessel by means of a 5 pL

(9) Koshy. L; Rakshit. A. K Bull. Chem. Soc. Jpn. 1991. 64 2610 
110) Sharma, B. G.; Rakshit, A. K.J. Colloid Interface Sci. 1989,129, 

139.
(11) Dan Gupta, P. K.; Moulik, S. P. Colloid Polym. Sci. 1989,267

246. - *
(12) HofTmann, H.; Possnccker, G. Langmuir 1994,10, 381.
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Figure 1. Representative plots of surface tension vs log C in 
various solvents (concentration in molarity): a, 0.3% PEG at 
50 “C; ©, 0.3% PEG at 45 °C; a, water at 45 °C; •, 0.3% sucrose 
at 40 'C.

Table 1. Critical Micelle Concentration of 
Poly(oxyethylene( 10)) Lauryl Ether in Aqueous Solution 
in the Presence and Absence of PEG 400 and Sucrose at 
______________ Different Temperatures

* cone of additive cmc faM)
(% PEG 4(H) (w/v)) 35 "C -40 “C 45 °C 50‘C point** (°C

0.0 11.8 10.0 8.9 7.1 93.0
0.05 5.6 7.9 8.0 8.4 88.0
0.1 5.7 7.1 8.0 8.2 86 9
0.3 5.5 6.6 7.4 8.0 85.1
0.5 5.7 6.9 7.8 8.3 83.8
0.7 5.6 7.1 7.9 8.4 82 9
1.0 5.9 6 5 7.6 8.5 81 8

cmc faM) cloud
% sucrose 35 “C 40 “C 45 *C 50'C point0 CC)

0.1 5.9 6.8 7.4 8.3 90.6
0.3 6.4 7.1 7.9 8.5 89.5
0.5 6.6 7.6 8.1 89 882
0.7 6.8 7.8 8.3 9.1 87.2
1.0 6.8 7.6 8.5 9.3 86.4

“ The cloud point is for a 1% (w/v) surfactant solution.

Hamilton microsyringe. The ring was cleaned between each 
measurement of surface tension. The standard deviation of the 
mean in y was 0.5%.

The measured surface tension values were plotted as a function 
of the logarithm of surfactant concentration, and the cmc was 
estimated from the break point in the resulting curve. The 
e*PfI7menis were repeated in which aqueous solutions of the 
additives were used as solvent instead of water. Representative 
plots of surface tension vs logarithm of surfactant concentration 
(M) are shown in Figure 1. The reproducibility of the surface 
tension-concentration curves was checked by duplicate runs. 
The reproducibility of individual points was, in general, very 
good. The reproducibility (standard deviation of the mean) in 
the cmc was found to be ±0.9%, calculated from the experimental 
cmc data from at least two runs.

Cloud Points. Cloud points of poly(oxyethylene(10» lauryl 
ether in all experimental solutions were determined. The 
surfactant concentration was l%(wN\ The experimental method 
has been described earlier.13 The cloud points are presented in 
Table 1. These are the averages of the appearance and 
disappearance temperatures, this difference being no greater 
than 0.6 *C, of the cloudiness under constant stirring.

Contact Angle (fl) Measurements. The contact angles of 
the surfactant solutions with Teflon tape were measured with

2741682°*hy' L;S*iyad'A- H-i Rnkshit, A. K Colloid Polym. Sci. 1896,

the help ofa contact 'S’ meter*4 obtained asa gift from Department 
of Color Chemistry, Leeds University, Leeds, U.K. For this 
purpose a strip of polytetrafluoroethyleneffTFE) (Samson, India) 
was washed with chromic acid and water, rinsed in acetone, and 
dried before use. The surfactant solution was placed as a drop 
on the PTFE surfnee using n miernsyringo. Contact angles were 
(lolonnincd. mid tho averages of at least four determinations ure 
reported. The error in the contact angle i»±r. All measure
ments were carried out at room temperature (~27 °G). The 
contact angles of surfactant solutions in the presence of PEG 400 
and sucrose at different concentrations were also determined 
(Figure 4).

Viscosity Measurements. The viscosities of the surfactant 
solutions (5% w/v) were measured with the help of an Ubbelohde 
viscometer14-15 at temperatures of35,40, and 45 “C. The changes 
in the viscosities of surfactant solutions at 0.1, 0.5, and 1.0% 
(w/v) concentrations of PEG 400 and sucrose were also studied.

Foaming Measurements. The foaming efficiency of the 
surfactant was determined by measuring the initial foam height. 
The Ross—Miles method16 was used. The effect of PEG 400 and 
sucrose of different concentrations on the initial foam heights of 
thesurfactantsolutionswasalsodetenmined. The concentration 
of surfactants was 0.01% (w/v), the reproducibility of the initial 
foam heights was within ±2%.

Results and Discussion

The critical micelle concentrations (eme’s) of poly- 
(oxyethylene(lO)) lauryl ether in water as well as in 
aqueous solutions of PEG 400 and sucrose at different 
temperatures are presented in Table 1. It is obvious from 
the tabulated data that in water as the temperature 
increases, the cmc decreases. This was observed earlier 
also17 and may be taken as a typical characteristic of a 
nonionic surfactant within the limited temperature region 
being used here. However this characteristic does not 
seem to hold in the presence of additives,18 particularly 
structure-forming additives like PEG 400 and sucrose. 
The cmc increases with the increase in temperature in 
the presence of the additives, which is generally the 
characteristic of ionic surfactants.19 Nevertheless the 
presence of PEG 400 or sucrose lowers the cmc signifi
cantly.

The formation of the micelle is the result of hydrophobic 
interaction.20 It is also known that the London dispersion 
force is the main attractive force helping in the formation 
of the micelle.21 In the case of nonionic surfactants, the 
cmc decreases with the rise in temperature due to the 
dehydration of the polyoxyethylene moiety of the surfac
tant molecule. In the presence of additives however the 
reverse is seen, which indicates that the micellization 
process is significantly altered by these molecules. The 
additives PEG 400 and sucrose may form hydrogen bonds 
with solvent water molecules and thereby promote the 
water structure. The hydrophobic group of the surfactant 
also promotes water structure. These two reasons to
gether decrease the cmcofthesurfactant.18 In the presence 
of additives as the temperature increases the solvent 
structure is broken and hence the cmc increases.

(14) Saiyad, A. H.; Bhat, S G. T.; Rakahit, A. K. hid. J. Chem. 1995, 
34A, 611.

(16) Uchiyama, H.; Abe, M.; Ogino, K. J. Colloid Interface Set 1990, 
138, 69.

(16) Rosen, M. J. Surfactants and Interfacial Phenomena, John 
Wiloy: New York. 1988

(17) Shimidn, K. Adu Colloid Interface Sci 1992, 41, 81.
(18) Sullhana, S. B.; Bhat, S. G. T.; Rakahit, A. K. Colloids Surf. 

1896, 111. 57.
(19) Piercy, J.; Jones, M. N.; Ibbotaon, G. J. Colloid Interface Sci. 

1971,37,165.
(20) Saito, 8. In Nonionic Surfactants Physical Chemistry; Schick, 

M. J., Ed.; Marcel Dekker; Now York. 1887; Vol. 23, p 885.
(21) del Rio, J. M.; Pombo, C.; Prieto, G,; Sarmiento, F.; Moaquora, 

V.; Jones, M. N. J. Chem. Thermodyn. 1994, 26, 879.
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Table 2. Standard Free Energy (AGi), Enthalpy (AHD, 
n“d Entropy CASi) of Hkdlisation la the Presence of 
PEG 400 In Aqueous SoUntion at Different Temperature a*
cone of

PEG! 400 -AG5,(kJmo|-») ^ ^
(%(w/v)) 35’C 40 'C 45‘C 50 *C (kj mol1) <JmoI-'k-,)

0.0 39,3 40.4 41.4 42.6 27 220
0.05 41.2 41.4 41.7 42.2 -21 66
0.10 41.2 41.3 41.8 42.3 -20 69
03 41.3 41.6 41.9 42.3 -21 67
0.5 41.2 41.4 41.7 42.2 -21 66
0.7 41.2 41.3 41.7 42^ -22 61
10 41.1 41.6 41.8 42.1 -21 66

-The maximum error in AGi is 0.1%; that in AHi, is 25%; and 
that m ASJ, is 26%.

Table 3. Standard Free Energy (AGS,), Enthalpy (AGS,), 
and Entropy (A5SJ of Micellization in the Presence of 

Sucrose in Aqueous Solution at Different Temperatures"

cone
of sucrose 
(% (w/v))

______AG"(kJ mo1 AGJ, ASS,
35 *C 40 °C 45 “C 50'C (kjmol-1) (JmoHK'1)

41.1 41.4 41.9 42.2 -18
41.0 41.3 41.7 42.1 -18
40.8 41.1 41.6 42.0 -16
40.8 41.1 41.6 42.0 -15
40.8 41.1 41.5 41.9 -18

76
74
80
80
74

° The maximum error in AGS, is 0.1%; that in AGS, is 11%; and 
that m ASS, is 11%.

In Table 1 we also present the cloud points for 1% (w/v) 
surfactant solutions in the presence and absence of various 
amounts of additives. It is obvious that as the concentra
tion ofadditive increases, the cloud point decreases. This 
indicates that additives remove water from near the 
micelle and thereby help the micelles to approach each 
other easily. It was stated by Kjellander et al.22 that the 
appearance of the cloud point is entropy dominated. The 
ethylene oxide group is highly hydrated, and the nonionic 
micelles are expected to have water deep inside the micelle. 
As additives are added, the water of hydration of the 
micelles decreases because the additives compete for the 
water molecules with the micelles. Now with two rela
tively less hydrated micelles approaching each other, the 
hydration spheres overlap and some water molecules are 
freed to increase the entropy of the system. At the cloud 
point the water molecules get totally detached from the 
micelles. The overall entropy is high, and henco the free 
energy change is relatively more negative13 and the 
appearance of the cloud point is facile.

The free energy of micellization (AGm) for a nonionic 
surfactant is directly proportional to the In cmc (cmc in 
mole fraction scale) by the following relation.23

AGJJ, = RT In cmc (1)

In Tables 2 and 3, AGJ, values are reported for different 
temperatures in the presence of various amounts of 
additives. The transfer process here indicates the forma
tion of micelles in the solvent from the solvated free 
monomer of unit mole fraction. It can be noted that in the 
absence of additives, the free energy of micellization 
becomes more negati ve with increasing temperature. That 
is the formation of micelles becomes relatively more 
spontaneous. Even in the presence of additives the 
variation is similar though the cmc increases with temp
erature. This is obvious, as the change in tho magnitude

77*2063^C^an<*er' ^ ‘ Elor*u> E. J. Chem. Sac., Faraday Trans. 1881,

(23) Atwood, D.; Florence, A. T. Surfactant Systems. Their Chemistry,. 
Pharmacy and Biology; Chapman and Hall: London, 1983.

of the logarithm of the cmc Is more than compensated by 
the change in the values ofRT. Thetemperaturevariation 
of the, cmc can he used to compute the enthalpy of £ 
micellization AHJ, and hence the entropy of micellization 
ASS,. Hie following relations have been used for these 
computations23

AH^-i^dJncmc

AS1 =
AH° - ag;

(2)

(3)

The (In cmc)-T plot was linear in both PEG and sucrose 
solutions. Hence d(ln cmcVdT was computed from the 
slope of the line. The error in Ais of the order of 25% 
and 10% in PEG and sucrose solutions, respectively, and 
hence average values are given in Tables 2 and 3.

The data in Tables 2 and 3 indicate that the micellization 
process is endothermic though it becomes exothermic in 
the presence of both sucrose and PEG 400, which was 
observed earlier also for PEG 400.® However, in the 
presence of sucrose the micellization process was endo
thermic in the case of Bry 35 for most concentrations of 
additives.8 The exothermic and endothermic character
istics of micellization are specific to the surfactant, the 
additive, and the temperature of micellization.85-24*26 It 
should also be mentioned here that the Avalues 
calculated from eq 2 may be somewhat different from the 
calorimetrically determined data. The calorimetric data 
are in general scarce, and we have not been able to locate 
any for this system for comparison. Ithas been mentioned 
earlier26 that the Af/m for a nonionic surfactant is 
independent of the number of oxyethylene groups when 
the number is over six, and the value is ~32 kJ mol-1 (cf. 
27.3 kJ mol-1 in this work) at 20 °C. It is to be noted that 
the enthalpy of micellization AHm is almost independent 
of temperature in the presence of both PEG and sucrose 
(Tables 2 and 3). This independence can be attributed to 
the fact that there does not occur a remarkable change in 
the environment surrounding the hydrocarbon chain of 
the surfactant molecule in the presence of both PEG and 
sucrose21 as the temperature is changed. Further addition 
of additives does not change A//£, to a large extent, and 
this means that the environment surrounding the mol
ecules does not change any further with additional 
amounts of additives. However this independence may 
also be due to the error associated with AHI,.

The entropy of micellization (ASi) is positive, indicating 
that the micellization process is somewhat entropy 
dominated particularly for the systems where the entropy 
changes are high. High-entropy changes are generally 
associated with a phase change. Hence it can be assumed 
that tho micelles are separate phases in thoso dystonia, 
Shaw27 has suggested that the high-entropy change may 
be due to the freedom of movement of the hydrocarbon 
chain in the core of the micelle. However it is not very 
clear how this movement of hydrocarbon chains in the 
core of the micellar aggregates can have a dominating 
effect on ASS,, which is a macroscopic property. Rosen16 
has stated that the presence of the hydrated oxyethylene 
groups of the surfactant introduces structure in the liquid 
water phase and that the removal of the surfactant via

(24) Hnkshil, A, K,; Nnrnyimnn, 8. Ind. J. Chtm. 1986, iSA, 951.
(25) do) Kin, j. M.; Prieto, U.; Snrmiento, F.; Mosquera, V, Langmuir 

lB85rfi, 1511.
(26) Moral, Y.; Niohikido, N.; Uehara, H.; Matuura, R J. Colloid 

Interface SeL 1976,60, 254.
. (27) Shaw, D. J .Introduction to Colloid and Surface Chemietry, 2nd 

ed.; Buttorwortho: London, 1978.
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14
50 75 OO

AS^ , jmot-V
Figure 2. Enthalpy-entropy plot for all systems together; •, 
rhQ; a, sucrose.

micellization results in an Increase in the overall ran
domness28 and hence an increase in entropy. In the 
presence of additives, the entropy changes are not large 
because the additives still control the formation of the 
three-dimensional water structure.

A linear correlation between AH%, and AS^was seen in 
these systems (Figure 2), which was suggested by Lumry 
et al.29 The slope of the line was found to be 312 K. It 
was suggested earlier29 that this value for water was 
expected to be between 270 and 294 K. Our observed 
value of 312 K is very near to these values. Therefore we 
feel that the micellization is a property dependent upon 
the bulk structure of the solvent. Additives do not have 
much effect on the process. However, the small variations 
that we observe here as well as those observed earlier10 
maybe due to the difference of the bulk structural property 
of the solution from that of the water. It should be clear 
though that the linearity in AH®-ASS. plots should not 
be over-interpreted,30 though this linearity is quite often 
seen.

It is also possible to calculate the change in enthalpy 
of micellization, i.e. the so-called transfer quantities31-34 
denned by

AAH^ = AH® (soln) - AH^(water) (4)

This computation can be easily done, and AAHS/r was 
found to be negative for all systems, as was observed 
earlier. Negative transfer enthalpies were observed for 
the transfer of amino acids and NaCl from water to 
aqueous urea.3® It was concluded that the hydrophilic 
group transfer from water to aqueous solutions was 
exothermic whereas for hydrophobic groups it was en
dothermic. The overall exothermicity of the transfer 
process in the present case indicates that the additive— 
oxyethylene group (of the surfactant) interaction will be 
V?!fy dominating one. Moreover the structure-breaking 
ability of the solutes may be another reason for the 
negative AAHS,-* values.

^<28) Marrignan.J.; Basserau, P.; Delord, F.J. Phya. Chem. 1886,90,

(28) Lumry P.; Blender, a Biopalymen 1870,9, 1125. 
Some8'R R'; Hunt8r>W- C': Grieger, R. A. J. Phya Chem. 1978,

97*17 ^ LW' Ri MUioto- S'; Verr»M. R E J. Solution Chem. 1990. 

^(32) De Uai. R; Milioto, S.; Ingteee, A. J. Phya. Chem. 1991, 9S,

19WM» 6664S': 06 U*i’ R; Mi!ioto- S-: Trione- N- J Phya. Chem.
(34) ^"wyers, J. p.; Gaston, O.; Da tun, R; David. R, Alton, R.; 

O. J. Phya. Chem. 1883,87,1397.
89(W65ha* R‘: Ahluwalia-J-C-J Chtm- Soe- Faraday Tmm. 1993,

Table 4. Surface Excess <r x 10™ mol cm-1) in the 
Presence of PEG 400 and Sucrose at Different 

Temperatures (See Text)
surface excess

PEG 400cone —
of additive ____________
(% (w/v» 35 -C 40 ”C 45 *C 50 *C 35 “C 40 “C 45 “C 50 “C

0.0 2.3 2.4 3.3 3.6
0.05 6.2 6.2 3.7 2.7
0.1 4.8 4.6 3.1 3.0 3.0 2.2 2.1 2.0
0.3 4.8 3.6 2.7 2.4 3.6 3.1 2.0 Uf
0.5 3.4 3.4 2.3 3.4 3.0 2.7 1.9 1.5
0.7 2.6 2.3 2.3 1.2 2.5 2.1 2.4 2.1
1.0 2.1 3.1 2.8 2.6 2.7 2.6 1.7 1.5

It is well-known that the air—solution interface of a 
surfactant solution is well populated36 by the adsorbed 
molecules. Accordingly it has been shown that the 
concentration of the surfactant is always more at the 
surface due to adsorption over and above the concentration 
of surfactant in the bulk.

The Gibbs equation37 (in dilute systems)

r=- J2L
ET d In C (5)

where r, y, R, T, and C are surface excess, surface tension, 
gas constant, absolute temperature, and concentration, 
respectively, can be used to determine the surface excess. 
The slope of the tangent at the given concentration of the 
y vs In C plot was used to calculate T. The curve of the 
y — log C plot was fitted to a second-order polynomial 
equation around the point log C — —5.4. The coefficients 
of the polynomial were then computed, and hence T was 
calculated. The maximum error in y (between calculated 
and experimental) around the point log C = —5.4 was 
around 7%. The maximum error in dy/d log C around 
that point was found to be ~4%. We have also computed 
rcnK (=rm„), where indicates the maximum surface 
excess concentration of the surfactants. The surface excess 
is an effective measure of the Gibbs adsorption at the 
liquid/air interface. In Table 4 the calculated surface 
excess quantities are presented (at log C = —5.4). The 
surface excess quantity increases with an increase in 
temperature (for systems without additive). This is 
because as the temperature increases, the hydration of 
the ethoxy segment of the nonionic surfactant decreases 
and hence the tendency to locate at the air/water interface. 
However for systems where additives (both sucrose and 
PEG 400) are present, the value in general decreases as 
temperature increases. That is, the increase in temper
ature hinders the adsorption of surfactants at the air/ 
liquid interface. This is because of (i) the changed nature 
of water because of the presence of additives, (ii) the 
interaction between surfactant and the additives, and (iii) 
the presence of additives at the air—solution interface. 
From the observed results it can be said that in general 
the surface excess becomes higher and higher when the 
solvent has higher surface energy.

From the surface excess quantity it is possible to 
calculate A„,ia, the minimum area per molecule, from the 
relation1

A 10“ 2

AT„
(6)

where N is Avogadro’a number. The magnitudes of AmiB

(36) Clint, J. H. Surfactant Aggregation’, Blackio: London, 1992; p
e. (37) Chattorqj, D. K; Birdi, K. S. Adsorption And The Gibbs Surface 
Excess; Plenum: New York, 1984; p 22
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Table 6. Thermodynamic Parameters of Adsorption for PoIy(oxyethyleneUO)) Ltuiyl Ether in the Presence of PEG 400 
_____________ and Sucrose

cone of additive 
(% (wAr))

PEG 400 sucrose
-AGW36*Q

(kJmol-1)
AHJd 

(kJ mol'1)
as;,

(kJ mol-» K-*)
-AGW35*0 
(U moT'1)

Alfe 
(U mol-1)

&SL
(kJ mol'1 K->)

0.0 62.1 -267 -0.67
0.05 44.7 161 0.64
0.1 46.1 22 0.22 45.6 295 uo
0.3 44.6 67 0.33 46.8 315 1.18
0.5 45.7 -11 0.11 48.0 447 1.61
0.7 48.9 172 0.72 47.7 54 0.33
1.0 48.9 49 0.32 48.6 109 0.51

Table 6. Intrinsic Viscosity (Igl), Micellar Volume Including Hydration (Vi), and Volume of the Oxyetbylene Chain (Vbg) 
of Poly(oayethylene(10)) Lauryl Ether (6% w/v) in the Presence and Absence of Additives at Different Temperatures

35 *C 40 *C 45 ”C
cone of additives M vb VoE M VoE M vh VoE

(% PEG 400 (w/v)) (cm3/#) (xlO4 A3) (xlO4 A3) (cm3/g) (xio'A3) (xHHA3) (cm3/g) (xl04A3) (xio4 A3)
0.0 7.09 28.71 25.28 6.93 28.07 24.64 6.81 27.59 24.17
0.1 7.10 28.76 25.27 6.94 28.13 24.70 6.83 27.66 24.23
0.5 7.31 29.61 26.18 7.14 28.91 25.48 7.01 28.38 24.95
1.0 7.91 32.05 28.62 7.71 31.23 27.80 7.58 30.71 27.28

35 "C 40 ”C 45 “C

v„ VoE i'/l Vi, VoE [7] vh VoE
% sucrose (cm3/g) <xlO«A3) (xlCA3) (cm3/g) (xl04A3) (xio'A3) (cms/g) (xHHA3) (xK^A3)

0.1 7.11 28.80 25.37 6.94 28.11 24.68 6.83 27.66 24.23
0.5 6.83 27.67 24.24 6.66 26.96 23.53 6.53 26.45 23.02
1.0 6.76 27.37 23.94 6.59 26.71 23.28 6.46 26.18 22.75

are of the order of 1.42 nm2 or less, suggesting that the 
surface is a closed packed one and that the orientation of 
the surfactant molecules is almost perpendicular to the 
surface.38

The effectiveness of a surface active molecule is 
measured by surface pressure at the cmc; i.e., flcmc = y0 
— ‘/cmc where y0 and are the surface tension of pure 
water and the surface tension at cmc, respectively. The 
ncmt iB found to be high at higher temperature at a 
particular concentration, indicating more adsorption at 
the air/liquid interface at higher temperature. This higher 
adsorption at the interface indicates more hydrophobicity 
of the nonionic surfactant with the increase in temper
ature.

In Table 5 the thermodynamic parameters of the 
adsorption of poly(oxyethylene(10)) lauryl ether at the 
air/liquid interface, both in the absence and presence of 
PEG 400 or sucrose, are presented. The standard free 
energy of adsorption AG£j was calculated by the relation39

AG;d =RTln cmc - ATIcmcAcmc (7)

where fl^ and are the surface pressure and area per
molecule at the cmc. The standard state for the adsorbed 
surfactant here is a hypothetical monolayer at its mini
mum surface area/molecule but at zero surface pressure.39 
The second term in the equation represents the surface 
work involved in going from zero surface pressure to IIcmc 
at constant minimum surface area/molecule, j4min (=Aanc).39 
The standard entropy (AS°,i) was obtained from the slope 
of the AG^-7' plot, and the enthalpy (AHli) of adsorption 
was evaluated by using the well-known thermodynamic 
relation. It is observed from Table 6 that the AGJa values 
are negative throughout, indicating that the adsorption 
of the surfactant at the air/water interface takes place 
spontaneously not only in pure aqueous solution but also 
in the presence of PEG 400 or sucrose.

(38) Reference 37, p 16.
(39) Rosen, M. J.: Cohen, W.j Dahanayakc, M.; Hua, X. V. J. Phys.

Chem. 1982, He, 641. J

Moreover AGJa values are more negative than their 
corresponding AGJ, values, indicating 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.1 In the 
absence of additives, AGJd values become less negative 
with an increase in temperature, suggesting that relatively 
more energy is required for the adsorption to occur. 
However, in the presence of both PEG 400 and sucrose 
AGad decreases; i.e., the value becomes more negative with 
respect to the temperature increase, implying that de
hydration of the hydrophilic group is required for the 
adsorption to take place and that since at higher tem
perature the surfactant is less hydrated, comparatively 
less energy is necessary for adsorption.

A//«d in pure aqueous solution is exothermic while 
Mil, is endothermic. In the presence of sucrose and PEG 
400, the results are Bomewhat different. This indicates 
that these additives interact with a surfactant hydro
philic group which is exothermic, but these interactions 
with the surfactant hydrophobic group are endother
mic. The observed data are the final outcome of all these 
phenomena. The standard entropy change of adsorption 
(AS£d) in pure aqueous solution is negative, reflecting that 
well ordered structure at the air/water interface. But, in 
the presence of additives, AS£d values are highly positive, 
which mny be ascribed to a large freedom of motion of the 
hydrocarbon chain at the interface and also due to the 
mixing of surfactant with additive molecules.

The intrinsic viscosity, which indicates solute-solvent 
interaction and also the size and shape of the particle, 
was calculated from the relative viscosities by the relation

I»/l = lim-r-w- (8)
C—o G

where the zero concentration limit indicates the absence 
of inteiparticle interactions. Some researchers have taken 
[»?] to be equal to (tj-lVCwithouttheconditionforlimiting 
concentration.40



Poly(oxyetkylene(10)) Lauryl Ether

_T«W« ^ Thermodynamic Activation Parameters for 
Viscous Plow or Pdy(oxyethylene(10» Lauryl Ether <6% 

wAv) in the Presence and Absence of PEG 400 and 
_____ Sucrose

cone of additive AG*_ AH* AS!*
(■*> PEG 400 (wtv)) (kJ mol-1) (kJ mol-1) (kJ moF7 K-‘)

0.0 63.9 0.52 -0.2
0.1 63.9 0.53 -0.2
0.5 63.9 0.61 -0.2
1.0 64.0 0.67 -0.2

a<4 AffL A•
% sucrose <kJ mol-i) (W mol1) (kJmol-7K-‘)

0.1 63.9 0.55 -0.2
0.5 63.9 0.61 -0.2
1.0 63.9 0.60 -0.2

The intrinsic viscosity, f*?],40 decreases with an increase 
m temperature, indicating pronounced micellar dehydra
tion, Hus is anticipated as micelles become compact with 
an increase in temperature due to dehydration of poly
oxyethylene chains.41 However the effects of PEG 400 
and sucrose on {17] are different at a given temperature. 
Decreased hydration of ethylene oxide chains of the micelle 
m the presence of sucrose probably leads to a lower [»/] 
value while cosolubOization and probable formation of 
mixed micelles with PEG 400 may be the reasons for an 
increasing (17] value.

It was reported that Cj2E„ micelles are spherical, and 
the micellar molecular weight (Mm) of the oxyethylene 
chain of number n is given by the relation42

Mm = AnM = (1025/n - 5.1 )M (9)

where An is the aggregation number and Mis the molecular 
weight of Ci2E„. Therefore the micellar molecular weight 
evaluated for the title surfactant where n = 10 by eq 9 is

Mm = 6.1 x lO*

Prom the intrinsic viscosity the hydrated micellar volume 
(vh) was computed by the relation

2.5N (10)

where is Avogadro's number. The values are given in 
iable 6 .

The volume of the hydrocarbon core (Vc) and the volume 
or the palisade layer of ethylene oxide units (Foe) were 
also calculated using the following equations

Fc = AnV = 10 2*ABMJdN (11)

'OE ’ (12)

where V is the volume of alkyl chain length in a single 
• ™°*e5u^e» Mc is the molecular weight (170), and d
is the density (0.802 g/cm3) of the corresponding liquid 
n-alkane at 25 *C.

Both tiie hydrated micellar volume <Fh) and the volume 
otthepahsade layer of ethylene oxide (F0E)unitsdecrease 
ssboth temperature and concentration of sucrose increase, 
iniswas because water and the aquo-sucrose medium 
become poorer solvents at higher temperature. However, 
in the presence of PEG 400 both Vh and FOE show an

«^tt^:S>teau",K;0toWBU^tN:S^haraG^

(421 S^n*vr*»«*». a, 2666.
(42)Saito, Y.jAbe,M.;Sato,T.J. Am. OilChem.Soc. 1963,70,717.

Ixinfimuir, Vot. 13, No. 17, 1997 4567

Figure 3. Initial foam height vs percent concentration of 
additives: •, PEG 400 at 40 °C; ®, sucrose at 40 °C; a, PEG 
400 at 50 “C; 0, sucrose at 50 “C.

increase. We believe that PEG 400, having a OCH2CH2 
group identical to the hydrophilic part of the nonionic 
surfactant, assumes itself as a part of it, leading to an 
increase in volume of the oxyethylene chain.43 Such 
behavior is not seen with sucrose as additive. The 
thermodynamic activation parameters for the viscous flow 
were evaluated using the Frenkel—Eyring equation44

]n(t}V/Nh) = -^--^ (13)

where V,N, h, and R are the molar volumes, Avogadro’s 
number, Planck’s constant, and the universal gas constant, 
respectively. From the slope and the intercepts of the 
straight line .obtained by plotting In ijV/Nh against 1 IT, 
activation enthalpy (AH^,) and activation entropy 
(AS*ia) for the viscous flow were calculated.

All thermodynamic activation parameters for all sys
tems are presented in Table 7. The AG*la values are 
positive, indicating a nonspontaneous viscous flow. The 
constancy in the AG*ia value indicates no effect of the 
additives in the viscous flow. AHt,. values indicate that 
the viscous flow is endothermic. A negative ASv,a indi
cates a more ordered environment both in the presence 
and the absence of additives.

It is well-known that nonionic surfactants containing 
the polyoxyethylene groups produce less foam and also 
less stable foam than ionic surfactants, in aqueous media. 
However, the foaming efficiency of these nonionic sur
factants can be altered by the addition of some organic 
additives. In Figure 3 the initial foam heights of 0.01% 
(w/v)ofpoly(oxyethylene(10)) lauryl ether at 40 and 50 °C 
in the presence and absence of PEG 400 and sucrose are 
presented. The increase in foam height, which is observed 
particularly in the case of PEG, can be attributed to 
enhanced viscosity, which retards the draining of liquid 
from the bubbles, leading to enhanced foam stability.

Both PEG 400 and sucrose decreased the cmc of the 
surfactant studied. It has been reported15 that the 
additives which decrease the cmc of the surfactant solution 
lower the activity of the monomeric surfactant in solution 
and therefore decrease the rate of migration of the 
surfactant to the surface and the rate of attainment of 
surface tension equilibrium, leading to an increase in the 
foam height. Addition of PEG 400 and sucrose breaks the 
water matrix. Further the formation of structure occurs 
because of the hydrogen bond between free water mol
ecules and these additives. The multiple hydrogen bonds 
with water prevent these polar additives from beingforced

(43) Lin, i. J.; Melzu, J, A. J. Phy*. Chtm. 1971, 75, 3000.
(44) Joseph, R-; Devi, S. G.; Rakshit, A. K. Polym. Ini. 1991, J, 26.
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CMceqfMOat of Sucrose , /.

Figure 4. Plots of contact angle (0) vs concentration of 
additives: (a) PEG 400; (b) sucrose; •, 0.25%; ®, 0.5%; a, 1.0% 
surfactant.

out from between the surfactant molecules and into the 
interior of the micelles in the bulk phase, giving rise to 
greater stabilization of the foam.

The effects of different concentrations of PEG 400 and 
sucrose on the contact angle (0) of a poly(oxyethylene( 10)) 
muryl ether solution of yarying concentrations with a 
Teflon surface are shown in Figure 4. The contact angle 
(0) is found to decrease with increasing additive concen
trations. This reduction in the contact angle indicates 
the lowering of interfacial energy of the solid/liquid 
interface, suggesting interaction of the additives with the 
surfactant.

Conclusions

Die surface and thermodynamic properties of adsorp
tion and micellization ofpoly(axyetoylene{10)) lauryl ether 
in a series of aquo-PEG 400 and aquo-sucrose solutions 
at different temperatures were determined. The micel
lization process was exothermic in the presence of additives 
and endothermic in pure aqueous solution. The overall 
micellization process has been attributed to many features, 
antagonistic to each other. An enthalpy—entropy com
pensation effect was observed in these systems with an 
isostructural temperature of 312 K. Negative enthalpies 
of transfer (AAH^,M) indicate hydrophilic group—additive 
interactions. A decrease in the cloud point shows de- 
solvntion of the hydrophilic group of the surfactant in the 
piommco of those mliliU vos. The fteo energy of adsorption 
was evaluated. The positive values for the Vork of 
transfer’ suggest greater positive change upon adsorption 
than upon micellization. Large positive AS£a values in 
flte presence of additives reflect greater freedom of motion 
of the hydrocarbon chain at the planar air/water interface. 
Variations in the micellar volume including hydration (Vh) 
and the volume of toe oxyethylene chain (Voe) evaluated 
from viscosity data indicate interactions of additives with 
the surfactant. The thermodynamic activation param
eters for the viscous flow favor a more ordered environ
ment. Both PEG400 and sucrose increase the initial foam 
height of the surfactant as well as the stability. Contact 
angles of varying surfactant concentrations decrease as 
the concentration of additives is increased.
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