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The phase diagram of the ternary system of sodium dodecyl tri-
oxyethylene sulfate SDES /n-butanol/water is obtained at

30.0+ 0.1 °C. There exists a clear isotropic and low-vis-
cosity L. phase which could be divided into W/O micelle bi-
continuous B. C. phase and O/W micelle by conductivity
measurements. Dielectric Relaxation Spectroscopy DRS mea-
surements are applied to investigate microstructure changes of
this system. For samples with a fixed weight ratio SDES/n-
butanol =3/7 DRS indicates a structure transition from W/O
to O/W micelles via B.C. phase with the increase of water con-
tent. For the samples with a fixed weight ratio SDES/H,0 =
4/6 DRS can presents that there exist changes of onefold struc-
ture size of W/O micelles as n-butanol content increases. The
results obtained from DRS and their analyses are in good agree-
ment with those from phase diagram and conductivity measure-
ments.
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Introduction

It is well known that surfactants in an aqueous solu-
tion could form micelles at a concentration higher than the
critical micelle concentration cme . Knowledge of alcohol
solubilization in aqueous micelle solutions is important in
understanding the aggregation behavior of such systems and
is relevant to several industrial processes.! Many studies
have been reported on phase behavior of ternary systems of
ionic surfactant alcohol and water.”’ Generally in the
case of short chain alcohol a transparent isotropic and
low-viscosity phase appears extending from the water cor-
ner to the alcohol corner which is called L phase. This
region divides into two subregions Ljand I, namely nor-
mal micelles and reverse micelles. Conductivity measure-
ments can determine different microstructures in L phase of
an ionic surfactant system.

% E-mail zhaoks@bnu.edu.cn

Guangzhou

Guangdong 510631 China

Dielectric Relaxation Spectroscopy DRS is a nonin-
vasive and rapid method for the structural characterization
and quality control of materials because it only needs a
small a.c. voltage and it is very sensitive to molecular mo-
tion and structure.® DRS is an effective tool to probe the
physicochemical properties and inner structure of a sys-
tem. It has been successfully used to determine the struc-
tural dynamic and electric properties of some molecular
organized assembles.® 1© Many reports have been focused
on dielectric relaxation behavior of such systems in high
frequency range 10—10""Hz.'""15 A few researchers have
primarily investigated that in low frequency range. !¢ 7

In this paper the ternary phase diagram of sodium
dodecyl trioxyethylene sulfate SDES /n-butanol/water is
obtained and phase behavior is discussed. DRS in low fre-
quency range from 5 to 10° Hz is applied to examine struc-
ture transition when one component content of the system
varies and it is in good agreement with the results ob-
tained from phase diagram and conductivity measurements .

Experimental

Materials

Anionic surfactant sodium dodecyl trioxyethylene
sulfate SDES with  the formula CHs; CH, ;-
OCH,CH; 3;0S03;Na purchased from Henkel Ltd. Ger-
many  was recrystallized three times from ethanol and

148—150 °C  and

cme 2.5% 1073 mol/L.  no minimum point

characterized by the melting point
. n-Butanol
was of analytical reagent grade. All samples were prepared
with deionized water.
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Phase diagram

Samples for phase diagram were prepared by weighing
the desired amount of SDES and n-C4HgOH with a varying
weight ratio from 0: 10 to 10 : 0. Deionized water was
added to the samples gradually while stirring at  30.0 =
0.1 “C. The isotropic uniphasic region L phase of the
phase behavior was determined by visual observation and
conductivity measurements and the liquid crystalline re-

gion was not studied in this paper.
Conductivity measurements

Conductivity measurements were performed with a
conductometer Model DDS—11A  Shanghai Instrument
Lid. China and a glass electrode calibrated with a 10
mmol/L KCI solution. The SDES/n-C4;HoOH solution was
put in a thermostated bottle and the required water was
added. All measurements were done at 30.0+0.1 °C.
To guarantee homogeneity of the solution it was stirred for
10 min and then placed for a while before the measure-
ments of electrical conductivity and dielectric spectroscopy
were carried out.

Dielectric measurements

Dielectric measurements were carried out at 30.0 +

0.1 °C by HP 4192A LF Impedance analyzer made by
Hewlett Packard Co. Ltd. The measuring cell consists of
two concentric platinum cylinderal electrodes fixed at the
bottom of a glass vessel. The applied voltage in all mea-
surements was 5 mV and dielectric response was mea-
sured in the frequency range from 5 to 10° Hz. Data were
collected in the form of parallel connection of capacitance
C and conductance G as functions of frequency.
Many checks and repeated measurements have been made

throughout the process to ensure that the data were repro-

ducible.
Results and discussion
Phase behavior
Fig. 1 shows the L phase of the phase diagram of
SDES/n-C4HoOH/H,0 system determined over the whole

C. The L phase is a

clear isotropic and low-viscosity phase that extends from

concentration range at 30.0+0.1

the water corner to the alcohol corner.
In order to determine different structures in L. phase

wt% /

ratios versus water concentration is shown

conductivity of samples with different surfactant
alcohol  wt%
in Fig. 2. The conductivity values describe an approxi-
mate parabola against water concentration which increase
dramatically at low water content and then increase slowly
to a maximum finally decrease at higher water content.
The shape of conductivity curves could correspond to the
transition from reverse micelles W/0O to normal micelles

sz SDES

Fig. 1 L phase region of the three-component phase diagram for

the SDES/n-C4HoOH/H,0 system at 30.0+0.1 °C.
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Fig. 2 Conductivity versus water content at different SDES
wt% /n-C4HoOH wt% ratios W 2:8 @ 4:6and

A 5:5.

O/W via a transition state that may be bi-continuous
phase B.C.

but not the same as most of surfactant/alcohol/water sys-
57

which is similar to that of microemulsions

tems that only form reverse micelles and mixed micelles.
In reverse micelle region solubilization of water in the
palisade layer and inner core of micelles leads to an in-
crease in the size of micelle and surfactant ionization re-
sulting in a rapid increase of conductivity. However in bi-
continuous phase with water content range from about 40%
to 60% the addition of water cannot make microstructure
evidently change because of the special pipeline structure

so that conductivity almost shows less dependence on water
content. The decrease in conductivity with water concen-
tration increasing in a high water content region agrees
with O/W micelle formation in an aqueous solution. The
amount of surfactant and alcohol decreases at the same
time as the water content increases and conductivity be-
comes smaller. Besides the incorporation of alcohol in
SDES micelles produce surfactant ionization which also
agrees with the decrease in conductivity with the water
content. In addition it also can be seen from Fig. 2 that
conductivity is larger in solution with a higher surfactant



1292 Phase behavior

WEI et al .

wt% /alcohol wt% ratio and it also can be explained
from the viewpoint of surfactant ionization. The increase in
SDES concentration enhances ionic strength of samples
and conductivity increases correspondingly .

Dielectric relaxation spectroscopy

According to the phase behavior of SDES/n-
C4HoOH/H,0 system two groups of samples were investi-
gated by dielectric relaxation spectroscopy DRS  method

i water was added gradually 15.7%—95.0% to the
solution at a fixed SDES wt% /n-C4HoOH wt% ratio
of 3:7 and 1ii alcohol was added gradually 39.6%—
80.0% to the solution at a fixed SDES wt% /H,0

wt% ratio of 4:6 which have been labeled as segments
a and b in Fig. 1 respectively. As can be seen from Fig.
2 the dc conductivity can determine the microstructure of
micelle. Compared to the de conductivity the DRS can
also give structural information of systems measured of
which two main parameters are permittivity and ac conduc-
tivity. In this paper the DRS method was adopted to fur-
ther validate the structural properties of micellar systems.

Varying the water content

Permittivity e and conductivity « are shown in
Fig. 3 a and b as functions of frequency for samples

with different water content. It is obvious that there exists
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Fig. 3 Permittivity a and conductivity b as functions of fre-
quency for the systems with different water content.

a remarkable dielectric relaxation phenomenon over the
frequency range measured which results from the structure
of heterogeneous system because of phase interface be-
tween disperse phase and medium. The conductivity of the
systems changes regularly at high frequency range and the
change extent is different for the different water contents.
The increment in conductivity with water content is so
called dielectric relaxation or conductivity relaxation. Di-
electric relaxation can be caused by interfacial polariza-
tion.!® The steep rise in permittivity at frequency lower
than 20 Hz is attributed to electrode polarization which is
not the characteristic of specimen. Additionally permittiv-
ity in Fig. 3 a is abnormally large. It is possible that
electrode polarization still contributes to the values of per-
mittivity in the frequency range of 20—10* Hz which re-
sults in the value of apparent permittivity deviating from
real value. In order to get rid of the effect of electrode po-

larization raw dada are corrected as follows.'®

C. 1+w?lL.C, +L,G?

C.= 1+ w?l,C, 2+ wl,G, 2 Cr !
G. = ¢ 2

1+w?l,C, >+ wL,G, ?

where C, and G, represent real capacitance and cooduc-
tance of the samples namely data corrected respectively.
C, and G, denote capacitance and conductance measured

respectively. L, and Cy are coefficients of inductance and
pelagic capacitance respectively. C,and G, were used for
further calculation and analyses. It also can be seen from
Fig. 3 that fp
quency when relaxation strength is equal to €] — ¢, /2

shifts to high frequency side for permittivity and relaxation

characteristic relaxation frequency fre-

intensions increase for conductivity with water content at
first and then turn to the low side and decrease respec-
tively when water content is larger than 60.2% in the fre-
quency range 20—10% Hz. This relaxation behavior reflects
microstructure transition of system as discussed in Fig. 1
and Fig. 2.

In order to obtain more detailed information about sys-
tems dielectric parameter group € low-frequency per-
mittivity ey, high-frequency permittivity fo x; low-fre-
quency conductivity k),  high-frequency conductivity
was accurately got by non-linear curve fitting for experi-
mental curves. Fig. 4 gives an example about fitting at the
water content of 55.2% . Over lower frequency range the
steep increase in permittivity caused by electrode polariza-
tion is not discussed in present paper. During the fitting
process Cole-Cole formulae as below were used 2 where
w =2nf and ¢ =1/2xnfy are angular frequency and
characteristic relaxation time respectively and the parame-
ter @ are the values between 0 and 1 the former value giv-
ing the result of Debye model for polar dielectrics .

I-agin wa/2

1+ wT(
2 1-a 3

€1 — €}
ht 1-a -
1+2 wrg sin Ta/2 + wry

g€=¢€
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21-a

€1 —€p WEQ wWTy
1+2 wT !

K=K+ .
“sin ta/2 + wty

The above five dielectric parameters for the samples with
different water content obtained by fitting the experimental
curves in Fig. 3 are listed in Table 1.
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Fig. 4 An example of the fitting for experimental lines.

Table 1 Dielectric parameters obtained by fitting the experimental

curves in Fig. 3

H,O % 1077¢; 10~%y, fo Hz 10%; S/m «, S/m
15.70 2.40 0.94 61.80 0.62 0.11
20.10 2.38  1.02 105.39 0.65 0.18
25.80 2.30  1.09 183.54 0.73 0.31
30.30 2.25 1.13  258.28 0.83 0.42
35.30 2.19 1.22 363.03 0.87 0.57
41.20 2.16 1.26 478.07 0.92 0.75
46.00 2.15 1.28 548.86 1.00 0.86
49.90 2.14  1.26 590.46 1.06 0.92
55.20 2.14 1.26 621.83 1.34 0.97
60.20 2.14  1.22  623.27 1.43 0.99
70.10 2.16  1.18 558.65 1.32 0.90
75.00 2.19 1.12 492.74 1.21 0.82
80.00 2.25 1.03 405.92 1.09 0.70
95.00 2.32 0.98 206.11 0.92 0.36

According to these dielectric parameter values relax-
ation strength Ae and Ax
characteristic relaxation time 7 were obtained as functions
of water content which are presented in Fig. 5 and Fig.

6.

=€/ — €y =Ky — k1 and

As can be seen in Fig. 5 there exist three regions in
both curves. When the water content is smaller than 40%
relaxation strength Ae or Ak decreases or increases dra-
matically. Then the changes become slower and slower in
the range of water content from 40% to 60% . Finally Ae
increases and Ak decreases at higher water content. In
other words there are two inflexions for the changes of re-
laxation strength with water content one at about 40%
and the other at about 60% which is in better accordance

with the structure transition point shown in Fig. 1 and Fig.
2. The fact further indicates that DRS is the macro-exhibi-
tion of the microstructure of systems.
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Fig. 5 Relaxation strength Ae M and Ax @ as functions of
water content.
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Fig. 6 Characteristic relaxation time 7 as a function of water con-
tent.

The pure electrode polarization phenomenon on per-
mittivity and conductivity is that relaxation strength in-
creases and decreases respectively and characteristic relax-
ation frequency shifts to low frequency range with water
content for an electrolyte solution. From Fig. 5 and Fig.
6 it can be seen that the relaxation strength and f exhibit
inflexions with water content. So it could be said that re-
laxations in Fig. 3 a are the reflection of inner structural
changes of the system but not pure electrode polarization
phenomenon. It is estimated that the dielectric relaxation
is just affected by electrode polarization exhibiting in val-
ue of permittivity .

Another important dielectric parameter macroscopic
characteristic relaxation time g that reflects the mean po-
larization velocity is a dynamic parameter. Fig. 6 shows
that 7¢ has an analogous trend with the strength of permit-
tivity Ae when the water content increases 7 decreases
rapidly and then changes slowly and finally increases with
water content. Two inflexions are seen at about 40% and
60% water content too. It is very interesting to find that
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7g also relates to aggregate structure of systems studied.

There is a little water in W/0 micelles
stricts the movement of ions

which re-
resulting in a slower relax-
ation process and a longer relaxation time generally larger
than 1 ms . The increase in water content expedites the
transfer velocity of ions making conductivity of the system
increase and 7 decrease gradually. In B.C. phase be-
cause of the existence of the special pipeline structure the
movement of ions is free and the relaxation process is fast.
Furthermore there is little effect of the increase of water
content on the special structure so 7 is short in B. C.
phase generally less than 0.5 ms  and because of the
existence of the special pipeline structure the movement
of ions will be more free compared with that in W/0 or 0/
W regions and the relaxation process is fast. However in
0/W micelle region the existence of large amount of wa-
ter also speeds up the movement of ions leading to a faster
relaxation process compared with that in W/0 micelles.

On the other hand

decreases with the increase of water content resulting in a

the concentration of ions and micelles

decrease in polarization velocity of particles therefore 7
becomes longer larger than 0.5 ms

It should be reasonable to suppose that the present
system is a concentrated dispersion of spherical particles
so phase parameters ¢ volume fraction «; «, inner
and outer phase conductivity

Hanai formula ?'

were further obtained by

va- €»><~ e-x—
—Ci a 1/3 _
* * _]_¢ 5

*
€, —€; €

where € ™ is complex permittivity for the whole system &;*
and €, are the complex permitivity of inner and continuous
phase and are defined by the equations e, = e, + k,/
jwe, € =e;+ki/ jwe, respectively. According to
Fig. 1 at water content lower than 40% reverse micelles
are substantive in the solution and after 60% normal mi-
celles are predominant. So the W/0 and O/W models
should be adopted to the systems at lower and higher water
content in which ¢, is equal to 17.10 and 80.00 respec-

tively. However there is not a model applicable to the

the W/0 and O/W
models are both applied to calculate the phase parameters
of B. C. phase. All phase parameters calculated by

B.C. phase at present therefore

Hanai’ s method are summarized in Table 2 and Table 3.2

€, 1s equal to permittivity of water 80.00 and that of n-
butanol 17.10 for O/W model and W/0 model respec-

tively in all calculation.

Table 2 Phase parameters in W/0 and O/W micelles

H,0 % 10*¢, S/m 10%¢; S/m 107¢
15.70 1.99 1.00 87.77
20.10 3.08 0.95 88.14
W/0 Model 25.80 4.83 1.00 88.40
30.30 6.41 1.11 88.52
35.30 8.02 1.13 88.83
70.10 60.98 1.55 81.07
75.00 58.19 1.41 80.76
0/W Model
80.00 54.65 1.27 80.19
95.00 29.43 1.18 79.90

In W/0O micellar region solubilization of water in the
palisade layer and inner core of micelles leads to an in-
crease in the size of the micelle resulting in an increase in
the volume fraction of the dispersed phase micellar parti-
in O/

the addition of water reduces the con-

cles with the increase of water content. However
W miceller region
centration of particles so ¢ decreases gradually. The vol-
ume fraction of the dispersed phase in W/O micelles is
larger than that in O/W micelles. In B.C. phase ¢ only
shows the apparent volume fraction of dispersed phase be-
cause the dispersed phase and medium can not be distin-
guished distinctly. The average value ¢, obtained from W/
0 and O/W models will be considered as the volume frac-
tion of dispersed phase in B.C. region. It can be seen that
the volume fraction obtained from O/W model is smaller
than that from W/0O model. The increase of water content
has little effect on the volume fraction ¢, in B.C. phase
which is consistent with the previous results discussed.

Varying the n-butanol content

When the weight ratio of SDES/H,0 is fixed at 4:6
e and x of systems as functions of frequency with the in-
crease of n-butanol content are shown in Fig. 7 a and
b . In the frequency range 20—10* Hz permittivity in-
creases and conductivity decreases gradually with alcohol
content indicating that there exist no essential structural

transition in this process as discussed in Fig. 1.

Table 3 Phase parameters in B.C. phase

0O/W Model W/0 Model
H,0 % 100k, S/m 102 6; S/m 102 6 10° 6, S/m 102k, S/m 102 6 10% ¢,
41.20 4.72 1.05 81.50 1.01 1.17 88.94 85.22
46.00 5.37 1.14 81.58 1.15 1.26 88.98 85.28
49.90 5.84 1.20 81.50 1.25 1.33 88.94 85.22
55.20 6.17 1.57 81.50 1.32 1.72 88.94 85.22
60.20 6.46 1.68 81.30 1.38 1.85 88.82 85.06
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Fig. 7 Permittivity a and conductivity b

Dielectric parameter values are also obtained by non-
linear curve fitting as that in Fig. 4. Fig. 8 shows the di-
electric relaxation strength Ae and Ax
alcohol content. Ae increases and Ax decreases gradually

as functions of

indicating that
W/0 mi-

and it increases gradually with

with the increment of n-butanol content
there is onefold aggregate in this region i.e.
celles. 7 does likewise
the alcohol content as presented in Fig. 9. Phase param-
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as functions of frequency for the systems with different alcohol content.

eters are also calculated by Hanai’ s method and the W/0
model was adopted listed in Table 4. From Table 4 it
can be seen that with the increase of n-butanol content
the micelle concentration decreases and the water core in
the micelle becomes smallar
both k, and «;.

resulting in the decrease in

Table 4 Phase parameters in W/O micelles with the increase of n-
butanol content

C4sHoOH % 10k, S/m 10° k; S/m 107 ¢
39.60 7.54 10.89 89.97
45.50 5.35 8.87 89.91
50.20 3.98 8.48 89.80
55.20 2.87 8.28 89.66
60.20 2.17 8.20 89.47
65.10 1.60 7.84 89.22
70.30 1.32 7.43 88.62
75.10 1.04 7.34 88.33
80.00 0.85 7.53 87.81

Fig. 8 Relaxation strength Ae
alcohol content .
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Characteristic relaxation time 7o as a function of alcohol

According to the previous discussion 7 decreases
and the volume fraction of dispersed phase increases in W/
O micellar region as water content increases. The alcohol
content increases from 39.6% to 80.0%

system studied belongs to W/O micelles from Fig. 2.

so the whole

Therefore the concentration of micellar particles and water
molecules will become small which reduces the conduc-
tivity of systems resulting in an increase in 7o and a de-
crease in volume fraction of micellar particles with the in-
crease of alcohol content. The results are in agreement

with those obtained in Figs. 5 6 and Tables 2 and 3.
Conclusions

Phase behavior and dielectric relaxation spectroscopy
of the SDES/n-C4HyOH/H,0 ternary system are investi-
gated by increasing water or alcohol content at a fixed
weight ratio of the other two components. Cole-Cole formu-
lae and Hanai' s method are applied to fit and calculate di-
electric parameters and phase parameters. DRS is the
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macro-exhibition of microstructure changes of systems stud-
ied. With the increase of water content
laxation time decreases in W/0O micelles and increases in
O/W micelles and the volume fraction of dispersed phase

characteristic re-

shows reverse rules. However in B.C. phase water con-
tent has little effect on the relaxation process and phase pa-
rameters. The results obtained by increasing alcohol con-
tent in W/O micelles are in agreement with the above-
mentioned. Dielectric relaxation spectroscopy provides a
and reasonable method to indicate the

simple  quick

structural transition of surfactant aggregates .
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