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Abstract 

The critical micelle concentrations (CMCs) of an n-dodecyl polyoxyethylene glycol monoether 
(CI2H2sO(C2H40)jH) with three different oxyethlyene chain length (~=4, 6 and 8) are experimentally determined 
over the temperature ranging from 10°C to 80°C using the Wihelmy plate technique. It is found that there exists a 
minimum CMC in the CMC-temperature curve. The temperature of the minimum CMC for three systems is around 
50°C. The enthalpy and entropy of micelle formation are evaluated. The correlation of enthalpy and entropy of 
micelle formation exhibits an excellent linearity, and the compensation temperature is 321 K, dramatically larger than 
previous findings for non-ionic surfactants in aqueous solutions. © 1998 Elsevier Science B.V. 
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1. Introduction 

It is well known that the critical micelle concen- 
tration (CMC) varies with temperature. For ionic 
surfactants in aqueous solution, the CMC first 
monotonically decreases to a certain minimum 
with increasing temperature and then increases 
with further increase in temperature, that is there 
exists a minimum in the curve of  CMC vs. temper- 
ature. For ionic surfactants in aqueous solution, 
the minimum in the CMC-temperature  curve 
appears around 25°C, according to the available 
data in literature [1-4]. However, for the non- 
ionic surfactants, only p,t-octylphenol polyoxy- 
ethylene glycol monoether (OPEj) in aqueous solu- 
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tion has been reported [1,5], to the best of  our 
knowledge, to also exhibit a minimum in the 
CMC-temperature  curve. The temperature of  the 
minimum CMC of  OPEis in the CMC-temper-  
ature curve increases as the oxyethylene chain 
length increases. The temperature of  minimum 
CMC is around 50°C for the OPEjs with oxyethy- 
lene chain length j varying from 6 to 10. 

Although polyoxyethylenated non-ionic surfac- 
tants are extensively used, both in industrial appli- 
cations and in fundamental research, the available 
data [6-9] indicate that there is a general trend 
for the polyoxyethylenated non-ionic surfactants 
in aqueous solution according to which the CMC 
decreases with temperature. However, most of  
these experiments were carried out only up to 
45°C. It is fair to assume that 45°C is too low to 
observe the minimum CMC behavior in the 
CMC-temperature  curve. 
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In this study, the n-dodecyl polyoxyethylene 
glycol monoether (C12Ej) with three different oxye- 
thylene chain lengths (j = 4, 6 and 8) are chosen to 
examine the temperature effect on the CMC over 
a wide temperature ranging from 10°C to 80°C. 
CiE i is the abbreviation of non-ionic surfactant 
CH3(CH2)i_ 10(CH2CHzO)jH. It is found that the 
minimum in the CMC vs. temperature curve also 
exists in the surfactant CxzEj in aqueous solutions. 
The enthalpy and entropy of micelle formation are 
then evaluated according to the phase separation 
model. We further discuss the enthalpy-entropy 
compensation phenomenon in the micellization 
process. 

2. Experimental 

Non-ionic surfactants C12E4, C12E6, and C12E 8 
were purchased from Nikko Chemicals Co., and 
used without further purification. Water was puri- 
fied in a Barstead NANOpure II system with the 
resistance around 18 M£2 cm. 

The surface tension measurements were made 
with a surface tensiometer (CBVP-A3, Face) and 
a dynamic contact angle analyzer (DCA322, 
Cahn), using a sand-blasted platinum plate of 
dimensions 1.95 x 1.00 x 0.02 cm 3. 

Solutions were kept in a double-walled Pyrex 
vessel thermostatically controlled at a prescribed 
temperature. To prevent the contamination of the 
solution from dust in the air during the operation, 
the vessel had a cover with a hole only allowing a 
thin wire (attached to the platinum plate) to go 
through, and the whole vessel was placed inside a 
closed sample chamber of the surface tensiometer 
or the dynamic contact angle analyzer. 

Since it was found that the surface tension 
decreases with time, the measurements were carried 
out until an equilibrium was established. For cer- 
tain systems, for example 2 x 10 lo mol cm -3 
C12E8 at 25°C, this phenomenon was very pro- 
nounced, and it took more than 10 h to reach the 
equilibrium. It is believed that this dynamic beha- 
vior of surface tension is mainly due to the slow 
mass transfer of surfactant molecules from the 
bulk solution onto the interface and the slow 
rearrangement of surfactant molecular configura- 

tion at the interface. However, the recent experi- 
mental data of adsorption kinetics of Cx2E8 show 
that the impurity effect is insignificant in the 
surface tension relaxation process [ 10,11 ]. 

3. Results and discussion 

The surface tensions were measured as a func- 
tion of surfactant concentration at several different 
temperatures, as shown in Fig. 1. The CMC was 
then taken as the concentration at the sharp break, 
as listed in Tables 1-3 for three surfactants. Note 
that at a constant temperature the CMC increases 
as the number of oxyethylene groups increases. 
Such behavior is directly related to the increase of 
hydrophilicity of the CiEj molecules with increas- 
ing oxyethylene chain length. 

For each surfactant, as the system temperature 
increases, the CMC initially decreases and then 
increases, as shown in Fig. 2. The initial decrease 
of the CMC with temperature is a consequence of 
the decreased hydrophilicity of the surfactant 
molecules, owing to the smaller probability of 
hydrogen bond formation at higher temperatures. 
In other words, the increase in temperature causes 
the decrease in hydration of the hydrophilic 
oxyethylene group, which favors micellization. 
Consequently, the onset of micellization occurs at 
lower concentrations as the temperature increases. 
On the other hand, while the surfactant molecules 
dissolve in water, the hydrophobic group distorts 
the water structure. The increase in temperature 
also causes the increase in breakdown of the 
structured water surrounding the hydrophobic 
alkyl group, which disfavors micellization. 
Consequently, the onset of micellization tends to 
occur at higher concentrations as the temperature 
increases. Therefore, as the temperature increases 
further, the effect of the hydrophobic groups begins 
to exert an influence and finally predominates as 
the CMC reaches a minimum value and finally 
increases with temperature. 

The temperatures of minimum CMC are found 
to be 320 K, 323 K and 325 K for the surfactants 
C12E4, C12E6, and C12E8 respectively. Note that 
the temperature of minimum CMC is systemati- 
cally higher as the oxyethylene chain length is 
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Fig. 1. The variation of surface tension as a function of surfactant concentration in aqueous solution (a) C12E4, (b) C 1 2 E 6 ,  and (c) 
C12E~ at different temperatures: 10°C (O), 15°C ([3), 20°C (A), 25°C (~), 30°C (x), 40°C (O), 50°C (+), 55°C (O), 60°C (M), 
70°C (A), and 80°C (*). 

longer, in accord with the result of  Crook et al. 
[5] for OPEjs in aqueous solution. 

Surface tensions of  the surfactant solution 7cMc 
at and above the CMC at different temperatures 
are also listed in Tables 1-3. It is obvious that for 
all three surfactant solutions the surface tension 

7cMc decreases monotonically as the temperature 
increases, and C12E 4 is the most surface active 
among the three systems over the whole temper- 
ature range. It should be further noted that the 
decrease in surface tension VCMC is more pro- 
nounced for surfactants with a longer oxyethylene 
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Table 1 

Experimental results of  CMC and surface tension at CMC for 
surfactant ClzE4 

T (°C) CMC 7cMc ncMc 
(tool c m -  3) (mN m -  1) (mN m -  1) 

10 7.2 x 10 -8 28.9 45.4 

15 6 .5×10  8 28.1 45.4 

20 6.0 × 10 -8 27.8 45.0 

30 5.3 × 10 -8 26.9 44.3 

40 4.7 × 10 -8 26.1 43.5 

50 4.8 × 10 -8 25.4 42.5 

60 4.9 x 10 8 24.8 41.4 

70 5.8 x 10 -8 24.2 40.2 

80 6.4 x 10 8 23.7 38.9 

Table 2 

Experimental results of CMC and surface tension at CMC for 
surfactant C12E6 

T (°C) CMC 7cMc ncMc 
(mol cm-  3) (raN m -  1) (mN m - 1) 

10 1.0 x 10 7 33.7 40.5 

15 8.6x 10 8 33.1 40.4 

25 7.2 x 10 -8 31.4 40.6 

30 6.8 × 10-8 30.4 40.8 

40 6.2 × 10 -8 29.2 40.4 
50 6.0 x 10 -8 28.0 39.9 

60 6.2 × 10 -8 26.6 39.6 

70 6.5 × 10 8 25.8 38.6 

80 7.3 x 10 -8 25.1 37.5 

Table 3 
Experimental results of CMC and surface tension at CMC for 
surfactant C12Es 

T (°C) CMC 7cMc ncMc 
(tool cm -3) ( m N m  -1) ( m N m  1) 

15 9.7 x 10 -s  35.5 38.0 

25 8.4 × 10 -8 33.9 38.1 

30 7.6 × 10 -8 33.3 37.9 
40 6.8 × 10 -8 31.7 37.9 

50 6.5 × 10 -8 29.5 38.4 

55 6.8 × 10 8 29.4 37.6 

60 6.9 x 10 -8 28.2 38.0 
70 7.2 × 10 -8 27.4 37.0 
80 9.0 × 10 -8 25.9 36.7 

chain length, as shown in Fig. 3, due to an increase 
of the rupture of hydrogen bonds. It is well under- 
stood that there exists hydrogen bonding between 
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Fig. 2. The variation of CMC as a function of temperature for 
the surfactants C12E 4 (+),  C12E 6 ([~), and C12E8 (©). 
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Fig. 3. The variation of surface tension at CMC 7cMc as a func- 
tion of  temperature for the surfactants C12E 4 (q-), CI2E 6 ([3), 

and C12E8 ((3). 

water and surfactant molecules. While the temper- 
ature increases, some of the existing hydrogen 
bonds would rupture due to thermal fluctuation, 
which makes the surfactant molecules more hydro- 
phobic, and thus the surface tension decreases 
With a longer oxyethylene chain length surfactant, 
e.g. Cx2E8, the oxyethylene chain is greatly 
hydrated. Therefore, the dehydration effect would 
be somewhat more pronounced for longer oxyethy- 
lene chain length surfactants since the surfactant 
molecule binds considerably more water molecules. 

In addition, the surface pressure ~ZCMC, which is 
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defined by 7~CMC=~o--~ICMC, is also listed in 
Tables 1-3. The symbol 7o is the surface tension 
of water. Rosen et al. [7] found a decrease of 
nCMC with rising temperature for C12Ejs with small 
numbers of oxyethylene groups, whereas with more 
than five oxyethylene groups ZCCMC remains almost 
constant for the temperature ranging from 10°C 
to 40°C. Fig. 4 shows the variation of surface 
pressure r~CM c over a wide temperature range 
(10-80°C) for three surfactants C12E4, C12E6. and 
C12E s. For the C12E 4 system, the surface pressure 
r~CM c decreases monotonically with temperature. 
For the ClzE 6 system, the surface pressure ncMc 
remains constant at low temperatures, and then 
decreases with further increasing temperature. 
However, for the C12E8 system, the surface pres- 
sure rCCMC remains almost constant over the whole 
temperature range, except at high temperature 
region, a slight decrease of surface pressure nCMC 
is observed. Our results are consistent with those 
of Rosen et al. [7] in the regime of temperatures 
below 40°C. In contrast, a maximum surface pres- 
sure rCcMc was observed for the OPEis with three 
to six oxyethylene groups [5]. 

The temperature dependence of the CMC can 
be applied to calculate the enthalpy and entropy 
of micelle formation. According to phase separa- 
tion model [12] and mass action model [13], the 
standard Gibbs free energy of micelle formation 
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Fig. 4. The variation of surface pressure ~CMC as a function of 
temperature for the surfactants C12E4 (+), C12E6 ([]), and 
ClzEs ((3). 

per mole of monomer is given by 

A r ~  = R T  In XCMC ( 1 ) 

where XcMc stands for the mole fraction of surfac- 
tant in aqueous solution at the C M C .  

The enthalpy of micelle formation can be 
obtained by applying the Gibbs-Helmholtz equa- 
tion to Eq. (1) 

AlUm = _ T 2 t g ( A G ° / T )  _ R T  2 t~ In XCMC (2) 
0T 0T 

as long as the aggregation number of monomers 
per micelle is not too low and not strongly temper- 
ature-dependent [14]. To evaluate the enthalpy of 
micelle formation, the CMCs are first correlated 
by a polynomial equation 

In XCMC ( T )  = a + b T +  c T 2 + d T  3 (3)  

where constants a, b, c, and d are determined by 
least-squares regression analyses. The enthalpy of 
micelle formation is then calculated numerically 
by substituting the Eq. (3) into Eq. (2). 

AI-F~ = - R T 2 ( b  + 2c T + 3dT 2) (4) 

Once the Gibbs free energy and the enthalpy of 
micelle formation are obtained, obviously the 
entropy of micelle formation can be determined 
by 

1 
A ~  = -~ (AH°~ - A ~ )  (5) 

Fig. 5 shows the temperature dependence of 
AG°~, A/aW~, and - T A ~  for the surfactants 
C12E4, C12E6, and C12E 8 in an aqueous system. At 
low temperatures, the micellization process is endo- 
thermic (A/P~>0) and becomes exothermic 
(A/-P~ <0) at high temperatures. Our result, Fig. 5, 
shows that the negative value of Gibbs free energy 
of micelle formation is mainly due to the large 
positive value of entropy of micelle formation, 
especially at low temperatures. Therefore, the 
micellization is an entropy-driven process. 

The entropy change of miceUization process is 
always positive over the whole temperature range. 
The increase in entropy of micelle formation in an 
aqueous medium can be explained in two aspects: 
(1) the iceberg formation [ 15] of the water mole- 
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Fig. 5. The variations of AG°m (+), AH°m ([]), and - TAR (©) as a function of temperature for the surfactants (a) C12E4, (b) 
C12E6, and (c) CI2Es in an aqueous system. 

cules surrounding the solute (surfactant) molecules 
would increase the system "order", then the micel- 
lization process by removing the surfactant mole- 
cules from the aqueous medium to the micelle 
would certainly increase the entropy of the system 
simply due to the rupture of iceberg; (2) the degree 
of rotational freedom of the hydrophobic chain of 
surfactant molecules in the non-polar interior of 
the micelle is much larger than that in the aqueous 
medium [16]; in other words, the configurational 
entropy of hydrophobic chain of surfactant mole- 
cules is increased when the surfactant molecules 
are removed from the aqueous medium to the 
micelle. 

It is found that AG~ decreases monotonically as 

the temperature increases over the whole temper- 
ature range from 10°C to 80°C. Both A/am~ and 
AS~ appear to decrease monotonically with an 
increase in temperature. According to Eq. (5), 
these two properties (A/Pro and AS°~) have opposite 
effects on AG °. Therefore, AG°~ depends on the 
relative amount of the changes in A/-P~ and AS~. 
Fig. 6 shows the enthalpy-entropy compensation 
plot, i.e. A/Pro vs. AS ° plot. It is interesting to 
observe the good linearity in the compensation 
plot, that can be interpreted by [15] 

AH ° = AH*m + T e A S  ° (6) 

where T c is the compensation temperature and 
AH* m is the intercept of the compensation line. In 
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fact, the compensa t ion  curve o f  all three surfac- 
tants is slightly convex in Fig. 6. In other  words,  
the compensa t ion  temperature  is temperature-  
dependent  and slightly larger at higher temper- 
atures, in accord  with the previous findings [ 15,17]. 
It  is well believed that  the compensa t ion  temper- 
ature is a characteristic o f  hydrophob ic  inter- 
actions between solvent and solute molecules and 
the intercept AH* m is the measure o f  solute-solute  
interaction [18]. The compensa t ion  temperature is 
found  to be 321 K by linear regression over the 
whole temperature  range and over all three surfac- 
tant  systems together. 

Over  the temperature  range 0 -30°C  the compen-  
sation temperature  o f  C12E6 in aqueous solutions 
was previously found  [19] to be 2 8 4 K ,  smaller 
than our  result. It is interesting to note  that  the 
compensa t ion  temperature  o f  this study is dramat i -  
cally larger than that  o f  Jolicoeur and Philip [20], 
who found  the compensa t ion  temperatures 222 K 
and 242 K for  48 non- ionic  surfactants in aqueous 
solutions at 25°C and 50°C respectively. In con- 
trast, our  finding is quite consistent with their 
compensa t ion  temperatures ~ 315 K for  ionic sur- 
factants in aqueous solutions [20], a l though 
C12Ejs are non- ionic  surfactants.  
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