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Abstract

Solubilization of ionic dyes in supercntical carbon dioxide has been investigated using the reverse micellar system.
The reverse micelle composed of pentaethylene glycol n-octyl ether and co-surfactant provided suitable solubilizing
space for ionic dyes in supercritical carbon dioxide. The effect of the co-surfactant, alcohol, on the stability of the
reverse micelle was also investigated. It was found that stability of the reverse micelle and capacities to dissolve water
and ionic dyes in the system are greatly dependent on the chain length of alcohol.

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

In recent years, supercritical (SC) fluid has
attracted a great deal of interest since it is viewed
as a potentially important alternative to envir-
onmentally harmful chlorofluorocarbons and
other organic solvents for use in chemical extrac-
tion, polymer synthesis, and industrial processing
[1-4]. In particular, carbon dioxide is a most sui-
table alternative to both water and organic solvent
since it is inexpensive, essentially non-toxic, non-
flammable, requires relatively gentle critical con-
ditions (7.=304.1 K, P.=7.38 MPa), and can
easily be recaptured and recycled after use.
Unfortunately, SC-CO, is a poor solvent for a
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wide range of polar molecules because of its low
permittivity [5]. In order to overcome this prob-
lem, many attempts have been carried out. The
most current technique to dissolve polar molecules
in SC-CO, is to make an addition of a small
quantity of entrainer to increase polarity and
therefore solvent power. However, an addition of
only entrainer does not result in the satisfactory
increase of the solubility of polar molecules in this
system.

Solubilization of water-soluble dyes in SC—CO,
is also no exception to this tendency. In the dye-
ing of fiber in SC-CO,, therefore, insufficient
solubility of water-soluble dyes causes the diffi-
culty of dyeing natural fibers. At the present
stage, dyeing of fibers in SC-CO, is restricted to
hydrophobic fibers with a group of disperse dyes.
If ionic dyes such as acid dyes and the reactive
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dyes can be solubilized sufficiently in SC-CO», the
potential of dyeing natural fibers in this medium
would be greatly increased. The aim of this study
is the preparation of suitable dye bath that con-
tains conventional ionic dyes in SC—CO,. Our
strategy is to dissolve the ionic dye in a SC-CO,/
reverse micellar system that involves dispersing a
small quantity of water in the SC—CO,. Reverse
micelle has a remarkable property for solubilizing
large quantity of water in non-aqueous media and
hydrophilic microenvironment within the micelle,
the water-pool, has high potential to dissolve var-
ious kinds of polar substances. Therefore, this sys-
tem has been used in studies of enzymatic catalysis
[6] and separation of biomolecules [7-9]. Unfortu-
nately, investigation of reverse micelles has been
carried out mainly in organic solvent and SC-
alkanes [10—13] because solubilization behaviors of
surfactant and formation of reverse micelles in SC—
CO, are very complex. In practice, most commer-
cially available surfactants are insoluble or only
slightly soluble in SC-CO, and neither do they
attract and retain significant quantities of water
[14]. At present, fluorinated surfactants synthesized
by Johnston et al. [15-19], and DeSimone et al. [20—
22] seem to have high solubility in SC-CO, and
have high potential to form thermodynamically
stable reverse micelles. However, fluorinated sur-
factants are not necessarily acceptable from the
point of view of environmental problems.

In this study, we have selected pentacthylene
glycol n-octyl ether (CgEs) as a surfactant since it
is known to be soluble in liquid and SC-CO, [23].
According to the previous report, the CgEs/CO,
system has a potential to enhance the solubility of
water remarkably by an addition of co-surfactant,
in analogy with a typical reverse micellar system in
organic media. In particular, alcohol seems to play
a good role as a suitable co-surfactant to accelerate
the solubilization of water in SC-CO, [23]. How-
ever, the relationship between the co-surfactant and
the surfactant in SC-CO, media is still unclear. In
this study, we have investigated the action of co-
surfactant on the phase boundaries of the CgEs
reverse micelle using various kinds of alcohols. In
addition, we have discussed the solubility ionic dyes
in the CgE5 reverse micellar system when co-surfac-
tant, density of CO,, and temperature are varied.

2. Experimental
2.1. Materials

Pentaethylene glycol n-octyl ether (CsEs) was
used as a surfactant. CgEs was purchased from
Nikko Chemicals Co., Ltd., and was used without
further purification. Initial water content of CgEs
molecule was found to be 0.3% (w/w) through
Karl Fisher titration. Carbon dioxide used was
pure grade (>99.9%) and was purchased from
Sumitomo Seika Chemicals Co., Ltd. All other
chemicals were purchased from Kanto Chemical
Co., Inc. and were used after drying with a mole-
cular sieve 3A.

2.2. Procedure

High-pressure reaction apparatus used in this
study was the same as descried elsewhere [24].
Phase boundaries of mixtures were confirmed by
both visual inspection and optical observation
through optical windows. Optical observations
were performed wusing Multichannel Spectro-
photometer MCPD-100 (Otsuka Electronics Co.,
Ltd.) to determine the disappearance of the visible
absorption of the system around the cloud point.
In each experiment, pressures at cloud point were
accumulated by several measurements. Average
pressures observed at each cloud point were con-
verted to density through Ely-Haynes—Bain
method [25]. In this paper, the quantity of solubi-
lized water in the reverse micellar system is
expressed as the molar ratio of water to surfac-
tant, that is, w=[H,O]/[CgEs].

3. Results and discussion

Fig. 1 shows cloud points of the system com-
posed of CgEs/n-alcohol when chain lengths of
n-alcohols are varied. In Fig. 1, clear one phase
region is given at the upper side of the plot. In this
experiment, we have confirmed that measured
pressures at cloud point obtained by both visual
inspection and optical observation give the same
value. As shown in Fig. 1, the lowest pressure is
required to obtain clear one phase when 1-pentanol
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Fig. 1. Effects of co-surfactant on the cloud point of the C4Es
reverse micellar system for a constant water content (0.36 M) at
313 K. [CgE5s]: 62 mM, [n-alcohol]: 0.74 M.

is present in the system. These results indicate that
solubilization of the solute in the CgEs reverse
micellar system can be attained with the mildest
condition when 1-pentanol is used as a co-surfac-
tant. In this study, similar results were also
obtained when temperature was varied. These
results well agree with the fact that 1-pentanol
plays a good role for the suitable co-surfactant to
accelerate the solubilization of water in SC-CO,
[23]. The differences in the chain length of alcohol
seem to be reflected in the ability as a co-surfac-
tant of CgEs in this system. In order to investigate
the effect of alcohols as a co-surfactant of CgEs,
evaluation of behaviors of alcohols in SC-CO,
seems to be necessary. This evaluation may be
carried out in terms of the solubility of alcohols in
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Fig. 2. Comparison of solubility parameters between carbon
dioxide and n-alcohols.

SC-CO.. As is generally known, characteristics of
CO, as a solvent greatly dependent on the pressure
of the system. In other words, solvent power of
CO, remarkably varies as a function of pressure.
Fig. 2 compares the solubility parameter between
n-alcohols and CO,. Solubility parameter (5) was
calculated by the following equation reported by
Krevelen [26].

§=/87+8+6;

2
5 > Fui 5 _VZFPi 5 — 1> Eni
d — p — % h — %

vV

where Fg;=contribution of dispersion forces
F,i=contribution of polar forces Fy;= contribu-
tion of hydrogen bonding

Each 6 of CO; in Fig. 2 is the value at each
cloud point in Fig. 1. As shown in Fig. 2, solubi-
lity parameters of alcohols that have a short chain
(<5 carbons) completely agree with those of CO,.
These results obviously suggest that solubilization
of surfactant/alcohol/water mixtures in SC-CO, is
governed by the solubility of the alcohol. As a
result, surfactant/alcohol/water mixtures are not
solubilized in CO, medium until the 6 of CO,
reaches the same value of that of the alcohol by
the compression of the system. On the other hand,
alcohols that have middle chain length would be
interacted with the surfactant tail more tightly
since the surfactant tail also has similar chain
length to those of alcohols. As a result, higher
solvent power, i.e., higher density of CO,, is
necessary to solubilize the mixtures (surfactant/
alcohol complex). From these results, it can be
assumed that the alcohol would not be adsorbed
on the interface of the micelle but inserted between
surfactant tails to exhibit the ability as a co-sur-
factant in this system. Consequently inserted
alcohols can reduce surfactant tail-tail and
micelle-micelle interactions and to assist the for-
mation of stable reverse micelles. Among the n-
alcohols, chain length of 1-pentanol seems to be
suitable as a co-surfactant. Fig. 3 shows phase
boundaries of the CgE5 reverse micellar system in
SC-CO, as a function of water content. In the
following experiment, 1-pentanol has been used as
a co-surfactant since l-pentanol is most suitable
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Fig. 3. Phase boundary of the CgEs reverse micellar system.
[CgEs]: 62 mM, [I-pentanol]: 0.74 M.

for the solubilization of the solute in the lowest
pressure. For comparison, the solubility of water
in pure CO; is presented as dotted line. The solu-
bility of water in the reverse micellar system is
significantly higher than that in pure CO,. These
results obviously indicate that introduced water is
partially dissolved in bulk CO, and the majority is
solubilized in the interior of reverse micelles.
Under constant temperature, density of CO, that
requires attaining one phase system is linearly
increased with increasing w value. As is generally
known, an addition of further quantity of water
produces an enlargement of micellar size and an
increase of aggregation number [27]. As a result,
higher solvent power is necessary to dissolve the
grown micelle. In this experimental condition,
clear one phase was never obtained over ca. w=38,
suggesting that CgEs aggregate was saturated with
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Fig. 4. Phase boundary of CgEs reverse micellar system at 313
K [CgEs]: 62 mM.

water around w= 8. Fig. 4 shows the shift of phase
boundaries of the CgEs reverse micellar system in
SC-CO, when concentration of 1-pentanol is var-
ied. At the constant density of CO,, maximal w
value without phase separation increases with
increasing the concentration of 1-pentanol. In the
preliminary experiment, we have confirmed that
solubility of water in pure 1-pentanol is quite lower
than that in pure CO». Therefore, an addition of 1-
pentanol provides the stability of the reverse
micelle and becomes feasible to solubilize further
quantity of water. Fig. 4 also shows that the density
of CO, that necessary to obtain clear one phase
increases with increasing the concentration of 1-
pentanol when w value is constant. Reduction of
interfacial tension due to an introduction of
I-pentanol would produce the stability of the
micelle [28]. Fig. 5 shows the relationship between
temperature and w value in the phase boundaries
of CgEs reverse micellar systems. As shown in
Fig. 5, temperature that necessary to obtain clear
one phase increases with increasing w value. These
results completely agree with the results in the
typical reverse micellar system in organic media
[29]. From these results, it can be assumed that the
reverse micelle consist of CgEs/l1-pentanol/CO,
has a potential to solubilize polar molecules in
SC-CO;, media even in mild conditions when a
suitable composition of the system is applied.

In order to evaluate the solubilization of polar
molecules in this system, we have examined the
solubilization of the ionic dye in the CgEs/1-pen-
tanol/CO, reverse micellar system. Fig. 6 shows
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Fig. 5. Phase boundary of CgEs reverse micellar system under
constant CO, density (0.725 g/ml). [CgEs]: 62 mM.
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Fig. 6. Absorption spectra of anionic dye (C.I. Acid Red 52) in
C;Es reverse micellar system at 313 K. [CsEs]: 62 mM, [1-pen-
tanol]: 0.74 M, [dye]: 3.8x10 M, pressure: 12 MPa.

examples of absorption spectra of the ionic dye
observed from SC-CO, media (313 K, 12 MPa).
In this case, the acid dye (C.I. Acid Red 52) was
applied as a model of ionic dyes. Spectra A and B
were observed from the system with and without
the presence of CgEs, respectively. There is no
absorption of C.I. Acid Red 52 when CgEs is not
present in the system, indicating that CI. Acid Red
52 is not solubilized in SC-CO, media at all. Such
an insoluble character of C.I. Acid Red 52 in mere
CO, medium was not improved even if tempera-
ture and pressure were raised to 373 K and 25
MPa, respectively. On the other hand, obvious
absorption of C.I. Acid Red 52 is observed when
CgEs is present in the system. C.I. Acid Red 52
seems to be apparently solubilized in the reverse
micellar system even in low pressure and tem-
perature conditions. In this study, we have con-
firmed that similar solubilization of other ionic
dyes into SC—CO, media is also observed using
several ionic dyes (C.I. Reactive Red 2, C.L
Reactive Blue 74, C.I. Acid Orange 7, C.I. Acid
Blue 9 and C.I. Acid Green 25). According to the
previous report [30], satisfactory solubilization of
dyes in pure SC-CO, medium was never observed
at less than 400 K and 20 MPa even if low polar
dyes were used. It is of interest to note that con-
ventional water-soluble dyes can be solubilized in
SC-CO, media at mild condition when reverse
micellar systems are applied. Fig. 7 shows effects
of water content and pressure (density of CO,) on
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Fig. 7. Effects of water content and pressure on the solubility
of anionic dye (C.I. Acid Red 52) in C4E;5 reverse micellar sys-
tem at 313 K. [CgEs]: 62 mM, [1-pentanol]: 0.74 M.

the solubility of C.I. Acid Red 52 in the CgEs
reverse miceilar system. In each experiment, tem-
perature was kept constant. Solubility of dyes was
compared with the absorbance at absorption
maxima (543 nm) of the spectrum. Effect of pres-
sure on the solubility of the dye was investigated
under the presence of excess quantity of dye and
of fixed quantity of water (w=2). As shown in fil-
led plots of Fig. 7, the solubiity of the dye is inde-
pendent of the pressure. These results are quite
different from those obtained from SC-CO,-solu-
ble dyes such as disperse dye or disperse-reactive
dye in pure SC-CO, [31-33]. According to the
report by Hon et al. [34], disperse dyes were hardly
soluble in SC—CO, at low pressure and tempera-
ture ranges. When temperature was raised at more
than 373 K, solubility of disperse dyes in SC-CO,
increased linearly with increasing pressure. In the
reverse micellar system, the ionic dye would not be
solubilized in bulk CO, but solubilized in the
water-pool. Therefore further increase of the
pressure would not relate to the solubility of the
dye in the system when formation of the micelle
and subsequent solubilization of the dye into the
water-pool is accomplished. In Fig. 7, the effect of
water content on the solubility of the dye was also
presented, In this case, the concentration of the dye
and pressure were kept at 3.74x 107 M and 12 MPa,
respectively. As shown in the open plots of Fig. 7,
solubility of the dye is independent of the quantity of
water in the system. Microquantity of water corre-
sponding to w= 1 seems to be enough to solubilize the
dye introduced in this experiment. Therefore, further
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addition of water results in the microscopic dilution
of the dye solution in the water-pool and is not reflec-
ted in the macroscopic variation of the system. If the
quantity of the introduced dye increases, apparent
solubility of dye in the system may be increased until
the water-pool is saturated with the dye.

From these results, solubility of ionic dye in the
total system seems to be controlled by the solubility
in the water-pool. As far as the water-pool is not
saturated with the dye, therefore, a fixed quantity of
the dye can be stably soluble in the system regardless
of the variation of pressure or further addition of
water.

4. Conclusion

Solubilization of water and ionic dyes in the
SC-CO,/CgE5 reverse micellar system were inves-
tigated. The solubility of water and stability of the
reverse micelle were greatly dependent on char-
acteristics of the co-surfactant, i.e., chain length of
alcohol. We found that 1-pentanol was the most
suitable co-surfactant that assists the formation of
stable reverse micelles. Conventional ionic dyes
were satisfactorily solubilized in the interior of the
micelle even in low temperature and pressure ran-
ges. The solubility of ionic dyes in this system was
independent on the working pressure when stable
reverse micelles were formed.

It can be concluded that solubilization of water-
soluble dyes into SC-CO, media at a mild condition
is very interesting in energy saving. However, utili-
zation of the co-surfactant may not be necessarily
suitable from the viewpoint of the recapture and the
recycle after use when this system is applied to a
supereritical fluid dyeing process. In order to apply
the reverse micellar system in SC—CO, for prac-
tical use, constructions of suitable apparatus or
the development of stable reverse micellar systems
without a co-surfactant would be necessary.
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