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Abstract

Cnitical micelle concentrations of the non-ionic surfactant Myrj 45 1n aqueous solution at various temperatures (35,
40, 45 and 50°C) were determined by the iodine solubihization method. A few systems were also studied by direct
surface tension measurement. The effect of additives, eg PEG 400, sucrose, acetamide and urea, on the CMC was
studied The free energy. enthalpy and entropy of micellization were determimned 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
m 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 H,, , was negative throughout. indicating the transfer of hydrophilic groups from water
to the aqueous additive solutions. A maximum observed in the plot of AC,, ,, ,.~concentration of additives was ascribed
to a micellar structural transition.

Keywords~ Critical micelle concentration; Micellization; Myr} 45; Non-ionic surfactants; Thermodynamic properties

1. Introduction

In last few years, extensive structural, kinetic
and thermodynamic stadies have been performed
on surfactant-water systems [1] including the
effect of additives on mucellization [2-10]. The
formation of micelles by tonic 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],
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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 [ 137, acet-
amide [4], urea [ 14,157, 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 poly(ethylene oxides), dodecy! (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 1n the literature.
However, in pursuance of our interest in non-ionic
surfactants [5,18-217], we decided to study the
thermodynamics of micellization of Myrj 45 in
aqueous solution in the presence of additives such
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as PEG 400. sucrose, acetamide and urca, as we
arcinterested in various other properties including
the microemulsion formation of My 45.

The additives were chosen by keeping some
wide-ranging properties in mind. For example PEG
1> a short-chain, 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 [ 177]. 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

Myt 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. Myr} 45
{H(OC,H,); OOC(CH,),sCH;) 1s polyoxyethyl-
ene{8) 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 KMnO,. 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 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 in a thermostatted bath for sufficient time,
and the percentage transmittance (%7T) 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 thun 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 {or 2h at
least. Moreover, for a few systems only. direct
surface tension measurements were used to deter-
mine the CMC (Fig. 1B). 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 stuirring. 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 1s the reported cloud point

3. Results

The CMCs of Myry 45 in water and also in
aqueous additrve solutions at 35, 40. 45 and 50°C
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 0.19% (w/v) Myrj 45 1n 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

Vartous thermodynamic quantities like the free
encrgy AG,,. the enthalpy AH_, and the entropy
AS,, of micellization were obtained by using the
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Fig 1 {A) Representatve plots of log% T vs log C @, 05% Sucrose. A, 03% acetamide (B} Representative plots of surface

tension vs log C O, 0.05% Urea, A, no additive, x. 0 5% sucrose

Table 1

CMC values for Myry 45 in aqueous solution n the presence of PEG 400 at different temperatures, and the cloud points of 0 1%

Myr) 45 at different concentrations of PEG 400 (sce text)

Concentration CMC (mM) Cloud
of PEG 400 pownt
(%) 35°C 40°C 45°C 50°C °C)
00 0286 0245 (0245)° 0202 0157 67.7
805 0255 0.270 0286 0305 651
01 0.264 0.273 0289 0302 621
0.3 0286 0305 0324 0333 580
0.5 0.160 0.169 0179 (0 180) 0135 561
07 0273 0298 0321 0330 581
1.0 0.192 0207 0.223 0.236 56 8

* Values 1n parentheses were obtamed by surface tension measurements

following relationships

AG,, = RT In{CMC)

AH_ = — RT? d In(CMCYdT
AS, =(AH, —AG, )T

where the CMC was on the mole fraction scale.
The rate of change of AH,, with temperature, 1e.
the specific heat of micellization AC, ., was also
computed for all the systems. These values are
presented in Tables 5-8. As expected, the free
energy of micellization 1s negative. The micelliza-

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

4. Discuassion

From Tables 1-4 it is seen that the CMC of
Myrj 45 decreases with increasing temperature 1n
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Table 2

CMC valucs for Myr) 45 1n aqueous solution n the presence of surcrose at different temperatures, and the cloud points of 0 1%

Myr; 45 at different concentrations of sucrose {see text)

Concentration CMC (mM) Cloud
of sucrose pomt
(%) 35°C 40°C 45°C 50“C {-C)
005 0233 0.276 0.305 0321 66.7
01 0.236 0273 0.308 0317 667
03 0.236 0273 0305 0317 662
05 0.245 (0.251) 0279 0308 (0 305y 0327 652
07 0292 0.308 0.321 0339 644
1.0 0314 0333 0.352 0.365 633

# Values m parentheses were obtained by surface tension measurements

Table 3

CMC values for Myry 45 1 aqueous solution m the presence
of acetamude at different temperatures, and the cloud points of
01% Myn 45 m the presence of different concentrations of
acetamide (see text)

Table 4

CMC values for Myry 45 m aqueous seluton i the presence
of urea at different temperatures, and the cloud points of 0 1%
Myr 45 wn the presence of different concentrations of urea
(see teat)

Concentration CMC (mM) Cloud Concentration  CMC (mM} Cloud
of acetarmide pomnt of urea pomt
(%) 35°C 40°C 45°C 50°C (°QC) (%)} 54C 40°C 45 C 0 C Q)
0.005 0283 (302 0314 0330 - 0.05 0295(02958 0308 0317 0330 734
GOl - 0321 0327 0333 - 01 0298 031 0321 0330 744
005 0.308 . 0324 0333 0333 634 03 0302 0314 0327 0333 762
0t 0279 0277(0.278% 0281 0286 692 05 0305 0317 6330 0336 780
0.3 0311 0317 0333 0336 706 07 0308 0324 0333 0339 802
Q5 0311 0314 0333 0336 716 10 0314 0327 033 0343 826
07 0311 0314 0327 0333 118

10 0308 0318 0327 0333 730 ¢ Values in pareuntheses were obtamed by surface tension

* Values in parentheses were obtamned by surface tension
measurements.

water when no addztive is present. It 1s 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
mitial decrease 1 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
ahiquot 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

medsurements

additives, particularly those having hydrogen-
bond-forming groups. Moreover. cosolubilization
as well as mixed micelle formation are possible.
Both PEG 400 and sucrose are capable of forming
hydrogen bonds. Hence there 1s 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 Like
to stress that the CMC values obtamed n 0.1%
acetamide and in 0.5, 0.7 and 10% PEG 400 are
quite unexpected, and we have not been able to



S B Sulthanu et alfCollords Surfaces A Physicochemt Eng Aspects 111 ( 1996) 57-65 61

Table 5
Free energy (AGy,). enthalpy, {AH,,), entropy (AS,,), heat capacity (AC,, ), transfer enthalpy (AH,, ) and heat capacity (AC, i) Of
mucellzation of Myrj 45 1n aqueous solution 1 the presence of PEG 400 at 40°C

Concentration - AG, AH, AS,, AC, AH AC, e
of PEG 400 (kJ mol™") {kJ mol™ 1) {(Jmol"' K™Y (kymol"' K™Y (k] mol™*) (kJmol™' K )
(%}

00 3208 30.54 20009 0196 - -

005 3183 - 1013 69 32 -0 065 40.67 —-0262
[iR] 3180 -752 7671 —~0.048 3806 -0 245
03 3152 ~ 1278 81.04 0.836 4332 0639
05 3304 —746 8283 0425 380 0.229
0.7 3157 - 1289 7775 0572 4343 0.375
10 325 — 1485 74 48 0.808 45.39 0612
Table 6

Free cnergy (AG,,), enthalpy, (AH ), entropy (AS,,), heat capaaty (AC, ;) transfer enthalpy (AH,, ) and heat capacity (AC, , ) of
mceilization of Myr 45 1n aqueous solution 1n the presence of sucrose at 40 C

Concentration ~ AG,, AH,, AS, ACp AH, AC,

pomtr
of sucrose (%) {kJ mol™ "} {kJ mol™%) (Jmol™' K™H) {(kJmol™* K1) (kJ mol™%) (XJmol"' K™Y
00 3208 30.54 200.09 0196 - -
005 31.80 2166 3240 1.807 ~5220 1610
01 3180 — 2096 34 64 1617 ~51.50 1420
0.3 31.80 2133 33.46 1937 - 51 87 1.741
05 3174 -19.77 3824 1301 —50.31 1104
07 3149 —8.55 7329 —0054 —3909 —0251
10 3129 . ~939 6997 0.324 —~3993 0128
Table 7

Free energy (AG,,), enthalpy, {AH,,). entropy (AS,,), heat capacity (AC, ) transfer enthalpy (AH,, ) and heat capacity {AC, o) Of
mucelhization of Myry 45 m aqueous solution in the presence of acetarmde at 40°C

Concentration —AG,, AH,, AS, AC, AH o AC, o

of acetamide (%) (kJ mol™') (kI mol™1) (Jmol ' K™) (kJmol™t K™") (kJ mol™1) (kY mol~' K1)
00 3208 30.54 20009 0196 ~ -

0.005 31.56 —8.14 74 &1 - {1052 ~38.68 —0249

001 3138 -~ 349 89 10 ~0022 - 34.03 ~0.218

003 3136 ~597 8111 0736 ~36.51 0.539

0t 372 —149 96 83 -0 0093 ~ 3203 - 0.205

03 3141 ~4.12 87.19 ~0034 —34.66 -~0230

0.5 3141 —-543 8300 -0.035 -~ 3597 —~0232

07 3140 —~428 8662 —-0027 —~34.82 ~{3224

19 31.42 —4 88 84,77 —0096 ~35.42 -0 1002

find a proper coherent explanation. We have is well known [247]. The effects of an increase n
checked and rechecked our data, including chang- temperature and the addition of urea should there-
ing the bottle of PEG, but the CMC values were fore be similar. However, it 1s seen in Table 4 that
reproducible within 1%. the CMC increases on the addition of urea; this

The water—structure-breaking property of urea was observed in other surfactant systems also
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Fable &

Free enerav (AG,). enthalpy, (Al ), entropy (AS,, ). heat capacity (AC,,,.) transfer eathalpy (AH,, ) and heat capaaity (AC,, ) of
micellization of Myry 45 10 agucous solution m the presence of urea at 40 ¢

Coneentration - Ay, Al AS,, AC, . Ay Al

of urea {75 (hdmol ') tklmol ) Jmot 'K °© (Mmot 'K Y (kI mol %) (AImol P Ky
0.0 3208 10 54 20009 0196

0.05 49 -597 81.53 ~ (038 ~36 51 -0235

0l 3146 ~6 11 8374 0.233 —3665 0036

03 1144 —~651 965 0368 ~37.058 0172

05 142 ~859 7299 0643 -3913 0.446

07 3137 -6 11 %070 0500 ~3665 0.310

10 3134 -523 8342 0243 ~3577 0.046

[2526]. Urea is known to be a strong protein
d‘cnaluram and hence 1ts demicellization property
(1.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-
lization 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
(ie. an increase in the CMC) actually determine
the overall experimentally obtained result.

The effect of acetamide as an additive on the
CMC of Myrj 45 is similar to that of urea.
However, acetamide 1s less interactive than urea
as one NH, group of urea is replaced by a CH,
group. It was observed earlier by us [4] that
acetamide increases the CMC of the non-ionic
surfactant Brij 35. The eflect on Myr; 45 1s much
greater (125 uM) than in Brij 35 (19 uM) at 45°C
for 1 M acetamide.

Cloud points are the manifestation of the solva-
tion/desolvation phenomena in 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 n the
solvation of hydrophilic groups of Myry 45. Hence
higher temperatures are required for desolvation,
t¢. 4 higher cloud pomt. On the other hand, PEG
400 and sucrose are sufficiently hydrephilic to
interact with water and hence the surfactant hydro-
philic groups are relatively less solvated than in
water. Therefore, o lower temperature would suflice
for the desolvanon of hydrophilic groups and

hence a lower cloud point. Morcover, 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 add:tives
is somewhat irregular for PEG 400. As we men-
tioned carlier, we have no proper eaplanation for
this. In all other cases, the variation of AG,, with
concentration of the additives was regular.

The micellization process in the presence of
additives 1n most cases is exothermic. This was
also observed for Triton X-100 1n aqueous ethylene
glycol {287 and for Bry 35 mn aquecus PEG
solutions {5]. The variation of AH, with both
temperature and concentration of the additives
may probably be due to changes in the hydration
of the oxyethylene groups on mucellization. The
entropies of micellization (AS,,,) 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 AH
and a negative AG,, lead to large positive entropies.
This is attributed to {a) water-structure breakdown
on micethzation; and (b} increased randomness due
to the freedom of the hydrophobic chain in the
relatively non-polar intenor of the mucelle com-
pared to the aqueous environment {297 However,
in the presence of the additives, AS,,. though
posttive, is refatively small because of the compari-
tive weakness of the hydrophebie bond m thewe
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cases [4] Micellization 15 the manifestation of
hydrophobic forces. Therefore, a weakness of this
force requires the addition of more surfactant
molecules for nucelle formation [ 13,22], and there-
fore the CMC increase for the urea systems.

A hnear 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
[317. This implies that the phenomenon of micelli-
zation in all the systems studied here, is governed
by the same structural property of water [7], re.
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 (AC, ) were also evaluated
from the plot of AH,, vs. T, the slope being AC, ,,
(Tables 5-8). The variation of AC, ,, 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 (AH_ .} and transfer
heat capacities (AC, ,, ,,) of micelles from water to
aqueous additive solutions were obtained using
the following relationships

AH, .. = AH,{aq.additive) — AH,,(aq)
and
AC, i = AC,, n(agadditive} — AC, (aq)

The transfer enthalpies of the Myr) 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 1s 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 AH,, ,. quantity. The
decrease in the structure around the monomers

24

~AHkd mol )
&

[s.1]

i

i 4.

20

2813 moi K')

Fig 2 Enthalpy-entropy compensation plot for all the systems @.35°C; A, 40°C; B, 45°C; x, 50°C
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n their solutions, reflecting a greater structure-
breaking ability of these groups. may also be the
reason for negative AH,,, values.

The transfer heat capacitics of micellization
AC, 11 Tor the transfer of micelles from water to
additive-containing solutions are posttive for most
of the systems, indicating increased hydration of
mucelles in these solutions due to the greater extent
of hydrogen bonding between ethylene oxide
groups and additives present in the solution.
Negative AC, ..., values can be attributed 1o a less
structured medium compared to pure water [17].
However, AC, ., 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
struttural transitions [ 33,34].

5. Conclusion

The CMC of Myrj 45, a non-ionic surfactant, in
water as well as in 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 micelli-
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, AS,, 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 315K
as the compensation temperature.

The heat capacity of micellization 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
AC, o quantities as a function of concentration.
which was ascribed to micellar structural transitions.
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Studies of the Effect of Additives on the Surface and

Thermodynamic Properties of Poly(oxyethylene(10))
Lauryl Ether in Aqueous Solution
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The interfacial and thermodynamic properties of a nonionic surfactant, poly(oxyethylene(10)) lauryl
ether {C12H25(OCH2CH2),00H], in aqueous solution in the presence and the absence of both polyethylene
glycol 400 and sucrose have been investigated. Critical micelle concentrations {cme’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 (I'), the minimum area per
molecule (Amin), and the surface pressure at the cmc (Ileme) 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 enthelpy of micellization data
AAHGY data were all large and negative, indicating hydrophilic group—additive interaction. The other
solution properties of thia 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.!
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.? Such studies on the effect of
cosolventson the aggregational and other physicochemical
properties of surfactants 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,*? we decided to
study the thermodynamics of micellization of poly(oxy-
ethylene(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
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' M.S. University of Barceda.
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two additives would be purely chemical and not electro-
chemical 310

In this paper we report the effect of these additives
on the various solution properties, such as the critical
micelle concentration (emec), cloud point, foaming, vis-
cosity, and wetting of the nonionic surfactant Cx;Hgs-
(OCH;CH,);00H, 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,'™? thermodynamic parameters of micellization
and adsorption at the air/water interface including the
surface excess (I'), mirimum area per molecule (A,,;,), and
surface pressure (Ile), 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

Polytoxyethylene(10)) lauryl ether (Ci2Hzs(OCH,CH,),0H
CuzExo, SIGMA), molar mass = 626, was used without any furthey
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. Ali
solutions were prepared in doubly distilled water (distilled from
KOH and KMnO,). Thé purity of PEG 400 and C12E10 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 Nody tensiometer (S.C. Dey & Co.
Calcutta, India). Measurements were made at 35, 40, 45 nnd'
50°C. The temperature was maintained constant by r.ircuh'xting
thermostated water through a jacketed vessel containing the
solution. Surface tension (y) decreases quite rapidly with
incrensing surfnctant concentration before reaching a near
plateau region. The concentration of sojution was varied by
adding aliquots of concentrated stock solution to the known
volume of solution in the jacketed vessel by means of a 5 uL

(9) Koshy, L ; Rakshit, A. K Bull. Chem. Soc. Jpn. 1991, 64, 261
! 10) Sharma, B. G.; Rakshit, A. K.J. Colloid Interface Sci. 1989, 123,'
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Table 1. Critical Micelle Concentration of
Poly(oxyethylene(10)) Lauryl Ether in Aqueous Solution
in the Presence and Absence of PEG 400 and Sucrase at

Different Temperatures

+ conc of additive eme (M) cloud
(% PEG 400 (wh)) 35°C 40°C 45°C 50°C point®{°C)
0.0 118 10.0 8.9 7.1 93.0
0.05 5.6 79 80 84 88.0
0.1 5.7 71 8.0 8.2 869
0.3 55 66 74 8.0 85.1
0.5 5.7 6.9 718 8.3 83.8
0.7 5.6 71 19 8.4 829
1.0 5.9 65 76 8.5 818
cme (M) cloud
%sucrose  35°C  40°C 45°C  50°C  point® (°C)
6.1 5.9 6.8 74 83 90.6
0.3 6.4 7.1 79 8.5 89.5
0.5 6.6 76 8.1 89 882
0.7 6.8 7.8 83 9.1 87.2
1.0 6.8 76 85 .83 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 t_he logarithm of surfactant concentration, and the cme was
estimated from the break point in the resulting curve. The
experiments were repeated in which aqueous solutions of the
additives were uged 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
teusmu~eoncgntration 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 cme was found tobe +0.9%, calculated from the experimental
emc data from st least two runs.

Clo‘xd Points. Cloud points of poly(oxyethylene(10)) lauryl
ether in all experimental solutions were determined. The
surfactant concentration wes 1%(wh). The experimental method
has been described earlier.® The cloud points are presented in
'I‘.abla 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 () Measurements. The contact angles of
the aqrfactant. solutions with Teflon tape were measured with

(X%}ag(oshy. L.;Salyad, A. H.; Rakshit, A. K. Colloid Polym, Sci, 1096,
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the helpofacontact ‘0’ meter! obtained asagift from Department
af Color Chemistry, Leeds University, Leeds, UK. For this
purpose nstripof polytetrafluoroethylene (PTFE)(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 surface using 8 microsyringe. Contact angles were
dotormined, and tho avernges of ut leust four delerminutions ure
reported. The error in the contact angle is £1°. All measure-
ments were earried out at room temperature (~27 °C). The
contactangles of surfactant solutiona 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
viscometer'¢!8 at temperaturea of 35,40, and 45 °C. The changes
in the viscosities of surfnctant 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 method!® was used. The effect of PEG 400 and
sucrose of different concentrations on the initial foam heights of
the surfactant solutions was also determined. 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 (cmc’s) of poly-
(oxyethylene(10)) lauryl ether in water as well as in
aqueous solutions of PEG 400 and sucrose at different
temperatures are presented in Table 1. Itis obvious from
the tabulated data that in water as the temperature
increases, the cmce decreases. This was observed earlier
also!” 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 o hold in the presence of additives,!® 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.’® Nevertheless the
presence of PEG 400 or sucrose lowers the cmc signifi-
cantly.

The formation of the micelle is the result of hydrophobic
interaction.?® Itis also known that the London dispersion
force is the main attractive force helping in the formation
of the micelle.? 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 cmcof the surfactant.!® In the presence
of additives gs the temperature increases the solvent
structure is broken and hence the cmec increases.

84}\1‘2 Seiyad, A. H.; Bhat,S G. T, Rekshit, A. K. Ind. J. Chem. 1888,
, 811,
13; 1%)9 Uchiyama, H.; Abe, M.; Ogino, K. J. Colioid Interface Sct 1980,

{16) Rosen, M. J. Surfactants and Interfacial Phenomena, John
Wiley: New York, 1088

(17) Shinada, K. Adv Colloid Interfuce Sci 1002, 41, 81,

(18} Sulthana, S. B,; Bhat, 8. G. T.; Rukshut, A. K. Collids Surf.
1896, 111, 57.

(19) Piercy, J.; Jones, M. N.; Ibbotson, G. J. Colloid Interface Sci.
1971, 37, 165, -

(20) Snito, 8. In Nonwnic Surfactants Physical Chemistry; Schick,

. d., Ed.; Mareol Dekker: Now York, 1987, Vol. 23, p 885.

(21} del Rio, J. M.; Pombo, C,; Pricto, G.; Sarmiente, F.; Moaquera,
V.: Jonos, M. N. J. Chem. Thermodyn. 1094, 26, 879,
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Table 2. Standard Free Energy (AG) Enthalpy (AH},)
and Entropy (AS2) of Micellization in the Presence of

PEG 400 in Aqueous Solution st Different Temperatures®

cone of AGS, (kd

PEG 400 ~AGG (kd mol™?) AHS, AS
% (wiv)_35°C 40°C 45°C B0°C (dmol™) (J mol-1K-1)
0.0 393 404 414 426 27 220
005 412 414 417 422 -21 66
010 412 413 418 423 ~20 69
0.3 413 415 419 423  -21 67
0.5 412 414 417 422  -21 66
0.7 412 413 417 422 2 -22 61
1.0 411 416 418 421  -g1 66

a '{’he maximum error in AGS, is 0.1%; that in AH}, is 25%; and
that in ASZ, is 26%.

Table 3 Standard Free Energy (AGS), Enthal S
py (AHZ)
and En.tropy (AS2) of Micellization il; the Presence :f ’
Sucrose in Aqueous Solution at Different Temperatures®

conc

of sucrose — 4G (kd mol ™) AHG, >4
(% (wiv)) 35°C 40°C 45°C 50°C (kJ mol™1) (J mol™* K-})
0.1 41.1 414 419 422 -18 76
03 41.0 413 417 421 -18 74
0.5 408 411 416 420 -15 80
0.7 408 41.1 416 420 -15 80
1.0 40.8 411 415 419 -18 74

¢ The maximum error in AGS, is 0.1%; that in AH®, i 11%;
that in AS3, is 11%. " ot in A& Is 1%; and

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 of additive increases, the cloud point decreases. This
m.dzcates 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 eloud point is entropy dominated. The
etbylene oxide group is highly hydrated, and the nonionic
mxcelleg 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 lgss hydrated micelles approaching each other, the
h ydrathn 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 hence the free
energy change is relatively more negative!® and the
appearance of the cloud point is facile.

The free energy of micellization (AG3,) for a nonionic
surfactant‘ is directly proportional to the In cme (emc in
mole fraction scale) by the following relation.?

AG; =RTIncme - (1)

In Tables 2 and 3, AG?, 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. Itcanbenoted thatin the
absence of additives, the free energy of micellization
becomes more negative with increasing temperature. That
i8 the formation of micelles becomes relatively more
spontaneous. Even in the presence of additives the
variation is similar though the cme increases with temp-
ernture. ‘This is obvious, as the change in tho magnitude

7(%)5 gﬁellander. R.; Floriu, E. J. Chem, Soc., Faraday Trans. 1881,

(23) Atwood, D.; Florence, A. T. Surfactant Systems, Their Chemisiry, ..

Pharmacy and Biology; Chapman and Hall: London, 1883.
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of the logarithm of the cmc is more than compensated by
thechangeinthevaluesof RT, Thetemperaturevariation _;
of the cmc can be used to compute the ‘enthelpy of
micellization AHZ, and hence the entropy of micellization
AS3. The following relations have been used for these
computations®

o — _pgedincme
AHZ = Rz'“m————-dT )]
_AH - AG], 3
As;..—'-—-m———-—-—T 3)

The (In eme)—T plot was linear in both PEG and sucrose
solutions. Hence d(In cmcVdT was computed from the
slope of the line. The error in AHG, is 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 2and 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 4008 However, in the
presence of sucrose the micellization process was endo-
thermic in the case of Brij 35 for most concentrations of _
additives.? The exothermic and endothermic character-
istics of micellization are specific to the surfactant, the
additive, and the temperature of micellization 832425 ]t
should also be mentioned here that the AHp, values
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. Ithasbeenmentioned
earlier?® that the AHZ 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~? (cf.
27.3 kJ mol~! in this work) at 20 °C. Itis to be noted that
the enthalpy of micellization AH}, 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
sucrose®! as thetemperatureis changed. Furtheraddition
of additives does not change AH;, 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 AH,,.

The entropy of micellization (ASg) 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. Henceit can be assumed
that the micellos are sepnrate phinsos in thoso aystoms,
Shaw?? 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 AS}, which is a macroscopic property. Rosen’$
has stated that the presence of the hydrated oxyethylene
groups of the surfactant introduces structure in the liguid
water phase and that the removal of the surfactant via

{24) Rakshit, A, K,; Narayaonan, S, Ind. J. Chem. 1888, 254, 951.
(26 dol Itio, J. M,; Pricto, G.; Sarmiento, F.; Mosquera, V. Langmuir
18881, 1511,
(26) Moroi, Y.; Nishikido, N.; Uehara, H.; Matuurs, R. J, Colloid
Interface Sci. 1918, 50, 254. , N
. (27) Shaw, D, J. Introducéion to Colloid and Surface Chamistry, 2nd

. ,ed.; Butterworths: London, 1878.
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micellization results in an increase in the overall ran-

domness® and hence an increase in entropy. In the

presence of additives, the entropy changes are not large

becausg the additives still control the formation of the
-dimensional water structure.

A linear correlation between AHZ and AS2was seen in
these systems (Figure 2), which was suggested by Lumry
et al.® The slope of the line was found to be 312 K. It
was sugpested earlier®® that this value for water was
expected to be between 270 and 294 K. Our observed
value of 812 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 earlier'®
may be 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 AH3—~AS?, plots should not
;)::e?lverxnt:erprf:ted,"‘O though this linearity is quite often

It is al_so possible to calculate the change in enthalpy
of micellization, i.e. the so-called transfer quantities®~3
defined by

AAH; " = AH? (soln) ~ AH® (water) 4)

This computation can be easily done, and AAHRM was
foun.d 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.® It was concluded that the hydrophilic
group transfer from water to aqueous solutions was
exothem}m whereas for hydrophobic groups it was en-
dotherm‘xc. The overall exothermicity of the transfer
Process in the present case indicates that the additive—
oxyethyleng group (of the surfactant) interaction will be
& very dominating one. Moreover the structure-breaking
abxht)‘r of the solutes may be another reason for the
negative AAHZ ¥ values.

sé?&) Marrignan, J.; Basserau, P.; Delord, F.J. Phys. Chem. 1988, 90,
(28} Lumry, P_; Rajender, S. Biopolymers 1970, 9, 1125,

89(36) Krug, R. R.; Hunter, W. C,; Grieger, R. A.J. Phys Chem. 1876,
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{34) Desnoyers, J. P.; Gaston, G.; De Lisi, R.; David, R.: Ali :
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Table 4. Surface Excess (F x 10Y mol em™3) in the
Presence of PEG 400 and Sucrose at Different

Temperatures (See Text)
gurface excess
conc -
of ndditive PEG 400 sucrose
(% (wh)) 35°C 40°C 45°C 50°C 35°C 40°C 45°C 50°C
0.0 23 24 33 36
0.05 52 62 37 27
0.1 4B 46 31 30 30 22 21 2.0
a3 48 386 27 24 36 3.1 2.0 1.4
a5 34 34 23 34 30 27 19 15
0.7 26 23 23 12 25 21 24 21
1.0 21 31 28 26 27 26 17 15

It is well-known that the air—solution interface of a
surfactant solution is well populated*® 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 equation® (in dilute systems)

—_ 1 _dy
F=-®TdmcC )

whereT’, 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 I. 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 I was
calculated. The maximum errorin 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
Teme (=), where Fone indicates the maximum surface
excess concentration of the surfactants. Thesurface 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 tolocate 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. Thisis 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 guantity it is possible to
caleulate Ay, the minimum area per molecule, from the
relation!

14
A= I\;I? nm® (6)

where N is Avogadro’s number. The magnitudes of Ania

6 (36) Clint, J. H, Surfactant Aggregation; Blackie: Londen, 1982; p

s Chattoraf, D. K.; Birdi, K. 8. Adsorption And The Qibbs Surface
Excess; Plenum: New York, 1984; p 22
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Table 6. Thermodynamic Parameters of Adsorption for Poly{oxyethylenell0)) Lauryl Ether in the Presence of PEG 400

and Sucrose
. T - " "PEG400 " sucrose
conc of additive —AG(35 °C) Al AS3 —AG35 *C) AHY ASSy
(% (whv)) kJ mol~%) (kJ mol~1) (kJ mol K-} {&J mel™9) (kd mol™9) (kJ mol~1 K-1)

0.0 - 52.1 -257 -0.67"
0.05 4.7 151 0.64
0.1 45.1 22 0.22 456 295 1.10
0.3 44.6 57 0.33 468 315 1.18
0.5 45.7 -11 0.11 48.0 447 1.61
0.7 489 172 0.72 477 54 0.33
Lo 489 49 0.32 486 109 0.51

Tab:e 6. Intrinsic Viscosity ([7]), Micellar Volume Including Hydration (V3), and Volume of the Oxyethylene Chain (Vog)
of Poly(oxyethylene(10)) Lauryl Ether (5% w/v) in the Presence and Absence of Additives at Different Temperatures

35°C 40°C 45°C
conc of additives ] Vi Voe 7 Vi Voe ) Vi Voe
(P PEG400(wiv)) (em¥p) (x104AY) (x104A%) (em¥p) (x1044%) (x104A%) (em¥g) (x10¢AY)  (x10°A3)
0.0 7.09 28.71 25.28 6.93 28.07 2464 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
05 7.31 29.61 26.18 7.14 28.91 25.48 7.01 28.38 24.95
1.0 791 32.05 28.62 1.7 31.23 27.80 7.58 30.71 27.28
35 °C 40°C 45°C
)] Vi Vor in Vi Vor ()] Vi Voe
%sucrose  (em¥Yp) (x100AY  (x10'AY (emWp  (x104A%)  (x104AY)  (emYg)  (x10°AY)  (x10¢AY)
0.1 7.11 28.80 25.37 6.94 28.11 24.68 6.83 27.66 2423
0.5 6.83 21.67 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 tl'.xe order of 1.42 nm? or less, suggesting that the
surface is a closed packed oné and that the orientation of
the surfactant molecules is almost perpendicular to the
surface.®

The effectiveness of a surface active molecule is
measured by surface pressure at the cmc; i.e., e = 0
= Yeme, Where yo and yon. are the surface tension of pure
water and the surface tension at cmc, respectively. The
Nene i8 found to be high at higher temperature at a
parh_cu{ar Foncentration, indicating more adsorption at
the air/liquid interface at higher temperature. Thishigher
adsorptxor{ at the interface indicates more hydrophobicity
oi the nonionic surfactant with the increase in temper-
ature.

in Table 5 the thermodynamic parameters of the
afiso.rpt_lox} of poly(oxyethylene(10)) laury! 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 AG3s was calculated by the relation®™

AGZ; = RT In eme — NI, A (D

where I and A, are the surface pressure and area per
molecule at the cme. The standard state for the adsorbed
surfactant here is a hypothetical monolayer at its mini-
mum surface area/molecule but at zero surface pressure 3
The second term in the equation represents the surface
work involved in going from zero surface pressure to ITeme
at constant minimum surface area/molecule, A i (FAcme) ™
The standard entropy (AS,) was obtained from the slope
ofthe AGZ4—T plot, and the enthalpy (AHZ) of adsorption
was gvaluated by using the well-known thermodynamic
relation. .It is observed from Table 5 that the AGS; 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.

gg; gference 37, p 16, - '
son, M. J.: Cohen, W.; - .
Chem, 1982, 86, 641, ° on. W Dehanayake, M.; Hus, X. Y. J. Phye

Moreover AGZ; values are more negative than their
corresponding AG, 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.! In the
absence of additives, AGgy 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
AGdecreases;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.

AH34 in pure aqueous solution is exothermic while
AH?g, is endothermic. In the presence of sucrose and PEG
400, the results are somewhat 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-
mie. The observed data are the final outcome of all these
phenomena. The standard entropy change of adsorption
(AS2y) in pure aqueous solution is negative, reflecting that
well ordered structure at the air/water interface. But,in
the presence of additives, AS3y values are highly positive,
which may 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

e 1

where the zero concentration limit indicates the absence
ofinterparticle interactions. Some researchers have taken
[} to be equal to ( — 1¥C without the condition for limiting
concentration.*° ) ’



Poly(oxyethylene(10)) Lauryl Ether

Table 7. Thermodynamic Activation Parameters for
Viscous Flow of Poly(oxyethylene(10)) Lauryl Ether (5%
w/v) in the Presence ;nd Absence of PEG 400 and

ucrose

conc of additive AG! AH. A
(RPEG400(wA) (&I mol) (kimol-Y) (kd mol-TK-1)

0.0 63.9 0.52 -(.2
0.1 639 053 ~{.2
05 63.9 0.61 -0.2
10 64.0 0.67 -3.2
AGE, AHY, ash, -
% sucrose {kJ mol™Y) (kJ mol~1) (kd mol"1 K1)
0.1 639 0.55 ~0.2
0.5 63.9 0.61 -0.2
10 639 0.60 -0.2

. Theintrinsicviscosity, 5], decreases with an increase
In temperature, indicating pronounced micellar dehydra-
tion. Thisis anticipated as micelles become compact with
an increase in temperature due to dehydration of poly-
oxyethylene chains®* However the effects of PEG 400
and sucrose on [y] are different at a given temperature.
Decreased hydration of ethylene oxide chains of the micelle
in the presence of sucrose probably leads to a lower {3}
value while cosolubilization and probable formation of
mixed micelles with PEG 400 may be the reasons for an
Increasing [y] value.

1t was reported that C,,E, micelles are spherical, and
the “micellar molecular weight (M) of the oxyethylene
chain of number  is given by the relation*2

M, =AM = (1025/n — 5.1)M (9)

where A, is the aggregation number and M is the molecular
weight of Cy3F,. Therefore the micellar molecular weight
evaluated for the title surfactant where n = 10 byeq9is

M, =6.1 x 10*

From the intrinsic viscosity the hydrated micellar volume
(V) was computed by the relation

_InM,
" 25N

where N is Avogadro” iven i
Tebled g s number. The values are given in

The volume of the hydrocarbon core (V,) and the volume
of the palisade layer of ethylene oxide units (Vog) were
also calculated using the following equations

v, (10)

V.=A, V= 10%A MJIN (1n
VOE = Vh - ‘/c (12)

where V is the volume of alkyl chain length in a singl
- g e
gut%; ?Olet‘:;xle(,o Lga 128 the x;molecular weight (170), and d

ensity (0. 'em?) of th ing liqui
n-alkane ot 35 0. g/ of the corresponding liquid
Both tl3e hydrated micellar volume (V}) and the volume
ofthe palisade layer of ethylene oxide (Vi) units decrease
as l?oth temperature and concentration of sucrose increase.
This was because water and the aquo-sucrose medium
become poorer solvents athigher temperature. However,

=

" in the presence of PEG 400 both Vi and Vg show an

{40) Mukherjee, P,; 3 3 Sugi
Ph{:.nClum. ‘!3;1% ag,.lgnérgar?nuu. K.; Okawsuchi, N.; Sugihars, G. J.
Bahadur, P.; Pandya, K. Langmuir 1893, 8, 2666. -

(42) Baito, ¥.; Abe, M.; Sato, T.J, Am. O Chem. Soc. 1963, 70,717,
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Figure 3. Initial foam height va percent concentration of
additives: @, PEG 400 at 40 °C; ®, sucrose at 40 °C; &, PEG
400 at 50 °C; ©, sucrose at 50 °C.

[Z4

increase. We believe that PEG 400, having a OCH,CH,
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*® Such
behavior is not seen with sucrose as additive. The
thermodynamicactivation parameters for the viscous flow
were evaluated using the Frenkel—Eyring equation*

3+
vis AS, Vil

RT "R 13

In(yVINR) =

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 yV/Nh against 1/T,
activation enthalpy (AH,,) and activation entropy
(AS?,,) for the viscous flow were calculated.

All thermodynamic activation parameters for all sys-
tems are presented in Table 7. The AG“,m values are
positive, indicating a nonspontaneous viscous flow. The
constancy in the AG:,S value indicates no effect of the
additives in the viscous flow. AH,, values indicate that
the viscous flow is endothermic. A negative AS.,, 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) of poly(oxyethylene(10)) lauryl ether at 40 and 50 °C
in the presence and absence of PEG 400 and sucrose are
presented. The increasein foam height, which is observed
particularly in the case of PEG, can be attributed to
enhanced viscosity, which retards the draining of liguid
from the bubbles, leading to enhanced foam stability.

Both PEG 400 and sucrose decreased the cmc of the
surfactant studied. It has been reported!® that the
additives which decrease the cmcof 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 being forced

{48) Lin, 1. J.; Metzu, J. A, J. Phys. Chem. 1971, 75, 3000. -
(44) Joseph, R.; Devi, 8. G.; Rakshit, A. K. Polym. Int. 1881, 1, 25.



4568 Langmuer, Vol. 13, No. 17, 1997

angia, 9 deg

Cantact

Concentrefion of PEG 400, 7. (u/v)

4] o4 0:0 [
Concentration of Sucrose, 7o (N/v)

Figure 4. Plots of contact angle (6) 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 () of a poly(oxyethylene(10))
lauryl ether solution of varying 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 solidliquid
interface, suggesting interaction of the additives with the
surfactant,

Sulinaind €L .
Conclusions

The surface and thermodynamic properties of adsorp-
tion and micellization of palyloxyethylene{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 agqueous 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}, ¥} indicate hydrophilic group—additive
interactions. A decrease in the cloud point shows de-
solvation of the hydrophilic group of the surfactant in the
prosonce of those additives, The trooenergy ofadsorption
was evaluated. The positive values for the ‘work of
transfer’ suggest greater positive change upon adsorption
than upon micellization. Large positive AS2; values in
the 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 (V)
and the volume of the oxyethylene chain (Vog) 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 PEG 400 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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