
Introduction

Microemulsions are thermodynamic stable mixtures of
two immiscible solvents (nonpolar and polar) stabilized
by amphiphilic molecules or surfactants. They have wide
applications in separation science, reaction engineering
[1], environmental science [2], and material sciences [3, 4]
with some unique advantages.

In the majority of the studies of traditional micro-
emulsions, water was used as the polar component. In
recent years, attempts have been made to prepare and
study waterless microemulsions. In this effort, water has
been replaced by polar organic solvents [5–9]. These
nonaqueous microemulsions are essentially oil continu-
ous and have attracted much recent interest from both

theoretical (thermodynamics, particle interactions) and
practical (potential use as novel reaction media) view-
points [8]. Nonaqueous microemulsion systems have
some advantages over the aqueous ones. They are
especially useful when water should be avoided.

The room temperature ionic liquids (ILs) offer great
potential as environmentally acceptable media for the
process industry [10]. They have been extensively
investigated for electrochemical applications and as
reaction media for catalytic processes [11–18]. However,
many ILs show miscibility gaps with nonpolar solvents.
Combination of ILs, surfactants, and nonpolar solvents
to form micelles or microemulsion systems is a promis-
ing research area. Several papers related to both ILs and
emulsions have been published. Davis and coworkers
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Abstract The phase behavior of tol-
uene/Triton X-100 (TX-100)/1-bu-
tyl-3-methylimidazolium hexaflu-
orophosphate([bmim][PF6]) was
studied. It was demonstrated that
the single-phase microemulsion area
covered about 75% of the phase
diagram at 25 �C. Electrical con-
ductivities of the system with differ-
ent w ([bmim][PF6]-to-TX-100
molar ratio) values were determined,
and the results were used to locate
the sub-regions of the single-phase
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that a transform from [bmim][PF6]-
in-oil ([bmim][PF6]/O) microstruc-
ture via a bicontinuous region to an

oil-in-[bmim][PF6] (O/[bmim][PF6])
microstructure occurred with the
increase of F (weight fraction of TX-
100 and [bmim][PF6] in the system).
The aggregate size of the reverse
microemulsions of [bmim][PF6]/O
was determined using small-angle
X-ray scattering. The results showed
that the size of the reverse micro-
emulsions depended markedly on
the w values.
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have discovered that some fluorous ILs could act as
surfactants and promoted the stabilization of perflu-
orocarbons in a conventional ionic liquid, 1-hexyl-3-
methylimidazolium hexafluorophosphate [19]. Binks
et al. have reported novel emulsions of ILs stabilized
solely by silica nanoparticles [20]. Recent study has re-
vealed that some surfactants may form aggregations or
micelles in ILs [21, 22].

We are very interested in the reverse micelles with an
IL as polar cores or the reverse microemulsions with
nano-sized IL droplets dispersed in oil continuous phase
because they may have some unknown properties and
find various potential applications due to the unique
features of ILs and microemulsions. In previous com-
munication [23], we studied phase behavior of cyclo-
hexane/1-butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF4])/Triton X-100 (TX-100) system, and the
reverse microemulsions with [bmim][BF4] polar cores
were characterized by dynamic light-scattering, freeze-
fracturing electron microscopy. Can other ILs also form
polar cores in other suitable organic solvents? In this
work, we studied the phase behavior and electrical
conductivity of toluene/TX-100/[bmim][PF6] system,
and small-angle X-ray scattering (SAXS) technique has
been used to characterize the structure and size of the
reverse microemulsions of TX-100 in toluene with
[bmim][PF6] cores.

Experimental section

Materials

[bmim][PF6] was synthesized according to the method
reported in the literature [24], and the density and
molecular weight are 1.37 g/ml and 284.2 g/mol,
respectively. TX-100 (CH3C(CH3)2CH2C(CH3)2C6H4

(OCH2CH2)9.5OH,M=646.86 g/mol, d20 =1.063 g/ml),
which is a typical nonionic surfactant, was obtained
from Beijing Chemical Reagent Corporation. Toluene
(M=92.14 g/mol, d20 =0.867 g/ml) was obtained from
Beijing Chemical Reagent Corporation. Before being
used, [bmim][PF6] and TX-100 were dehydrated under
vacuum at 70 �C until their weights were independent of
drying time. In all the experiments the samples were
sealed in order to avoid absorption of moisture.

Procedures to determine phase diagram

Ternary phase diagram of the ternary system was
determined at 25.0±0.1 �C by direct observation of the
phase behaviour. In a typical experiment, [bmim][PF6]
and toluene were added into the glass test tube, and their
masses were determined by a balance (OHAUS Co.)
with a resolution of 0.0001 g. The test tube was then

placed in a constant temperature water bath. After
thermal equilibrium had been reached, the solution was
shaken. The sample was then titrated with TX-100 until
the hazy and milky liquid solution became transparent
and completely clear, which was an indication of the
formation of the single-phase, and the corresponding
composition of the solution was located on the phase
boundary. The mass of TX-100 added was also known
from the mass difference of the glass test tube before and
after adding TX-100. The composition of the solution
was easily calculated from the masses of [bmim][PF6],
toluene, and TX-100. It was estimated that the accuracy
of measurements for the phase boundary composition
was better than ±2%.

Electrical conductivity experiment

The apparatus and procedures to determine the electri-
cal conductivities of the nonaqueous microemulsions
were similar to those used in our previous work [23]. The
cell constant of the electrode used was 0.965 cm)1. A
dilution series of these nonaqueous microemulsions was
prepared by varying the weight fraction F in the range
0.25�1.0 at a fixed w value ([bmim][PF6]-to-TX-100
molar ratio). Here, F is defined as the weight fraction of
TX-100 and [bmim][PF6] in the system:

U ¼ ðWTX�100 þ W½bmim�½PF6�Þ=ðWTX�100 þ W½bmim�½PF6�

þ WtolueneÞ

SAXS experiment

SAXS experiments were carried out at Beamline 4B9A
at the Beijing Synchrotron Radiation Facility (BSRF).
The small-angle X-ray scattering station is located 31 m
from the source. The station was equipped with a SAXS
camera, a detector, an on-line data-acquisition, a con-
trolling system, and an alignment carriage. The data
accumulation time was 3 min. The wavelength used was
1.54 Å, and the sample-to-detector distance was
1.495 m. The detailed description of the spectrometer
was given elsewhere [25]. In a typical experiment, the
desired amount of the reverse microemulsion of toluene/
TX-100/[bmim][PF6] was added into the sample cell of
Kapton membrane, and the X-ray scattering was
recorded at 25.0 �C.

Data analysis of SAXS

The Guinier approximation was often used to obtain the
size of the reverse micelles or microemulsions [26–28].
This approximation is based on the fact that the scat-
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tering curve shows Gaussian shape at small angles, of
which the slope depends on the radius of gyration. After
correction of the scattering data by subtraction of the
background noise, the following analyses were done. In
the lower q region, contributions to the total excess
X-ray scattering, I(q), due to microemulsions can arise
from two sources: the droplet contribution, which
depends solely upon the radius of the droplet, and an
appropriate structure factor, which accounts for attrac-
tive or repulsive interactions between the droplets. When
the system is sufficiently dilute, inter-droplet interactions
are negligible. The magnitude of the scattering vector
q is given in terms of the scattering angle 2h by
q = 4/ sin h/k, where k is incident X-ray wavelength,
1.54 Å. For dilute solutions the apparent gyration ra-
dius Rg of the micellar core can be obtained by using the
Guinier approximation law, which is valid at low q re-
gion and can be expressed by Eq. 1 [26, 28–30].

ln½IðqÞ� ¼ ln½Ið0Þ� �
qRg
� �2

3
ð1Þ

where I(0) denotes the scattering intensity extrapolated
to zero angle. The Guinier plots give a precise value of
the apparent gyration radius only if the representation is
linear at small values of q. In this work, by using Guinier
plot (ln I(q) versus q2) on the data sets in a defined small
q range (0.017�0.032 Å)1) [26, 28], linear regression
analysis of the intensity curves was used to obtain Rg

values.

Results and discussion

Phase diagram studies

The phase diagram of toluene/TX-100/[bmim][PF6]
ternary system at 25.0 �C is illustrated in Fig.1. Above
the phase separation boundary line (A, B and C re-
gions), the system exists as a single phase, and the sha-
dow area (D region) is a biphasic region. The total
single-phase microemulsion area covers about 75% of
the phase diagram. In Fig. 1, the SAXS samples are also
indicated using the symbols of (filled circle), (filled star),
(filled triangle), (filled square) and (open square)

Electrical conductivity studies

The structures of microemulsions have been an inter-
esting topic for years. The single-phase region of mi-
croemulsions can be divided into different sub-regions,
such as water (or polar solvent)-in-oil microemulsion
region (water or polar solvent droplets dispersed in oil),
oil-in-water (or polar solvent) microemulsion region (oil
droplets dispersed in water or polar solvent), and

bicontinuous region. The sub-areas can be conveniently
located by electrical conductivity measurement [31–33].
In this work, we determined the sub-regions by this
method. The variations of conductivity (k) as a function
of F (weight fraction of TX-100 and [bmim][PF6]) for
the microemulsion with different w values at 25.0 �C are
shown in Fig. 2. As expected, k increases with the in-
crease of w values because the conductivity originates
mainly from the IL.

The scanning paths with different w values cover the
entire single-phase microemulsion, as shown in Fig.3a.
The principle to locate the sub-region of the single-phase
microemulsion was described by other authors [31–33].
As an example, Fig. 3b shows how to distinguish the sub-
regions of the microemulsion on the basis of conductivity
data. The figure demonstrates the variation of conduc-
tivity k (ls/cm) vs. F (weight fraction of TX-100 and

Fig. 1 Phase diagram of toluene/TX-100/[bmim][PF6] (in weight
fraction) at 25.0 �C. a [bmim][PF6]/O microemulsion; b bicontin-
uous region; c O/[bmim][PF6] microemulsion; d biphasic region.
Symbols (filled circle), (filled star), (filled triangle), (filled square)
and (open square) mark the conditions at which SAXS experiments
were carried out

Fig. 2 Variation of conductivity k (ls/cm) vs. F (weight fraction of
TX-100+[bmim][PF6]) for toluene/TX-100/[bmim][PF6] system
with different w values at 25.0 �C
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[bmim][PF6]) in the system of toluene/TX-100/
[bmim][PF6] with w=0.25. Up to F =0.60 (Point a), the
toe at the bottom and the medium linear part are char-
acteristic for a percolative conduction in [bmim][PF6]/O
reverse microemulsion. Past point a, k increases more
slowly, and reaches a maximum (point b) at the content
of F =0.72. Then k decreases with increasing F as the
system enters O/[bmim][PF6] microemulsion sub-region.
Consequently, the conductivity curve between points a
and b indicates the existence of a special conduction
mechanism reflecting an intermediary physical state of
the system, i.e. bicontinuous region. The composition
path corresponding to Fig. 3b is illustrated in Fig. 3a.
Microstructure transition points a and b are also marked
in Fig. 3a. The conductivity curve shows that the mi-
croemulsion transforms from a [bmim][PF6]/O micro-
emulsion via a bicontinuous region to an O/[bmim][PF6]
microemulsion. Similarly, we can obtain the micro-
structure transition points (symbols of open circle and
filled circle in Fig. 3a) of the system with different w
values on the basis of conductivity data. Using this
method, we determined three types of sub-regions in the
single-phase microemulsion, [bmim][PF6]/O microemul-
sion, bicontinuous region, and O/[bmim][PF6] micro-
emulsion, corresponding to A, B and C regions in Fig. 1,
respectively. It was estimated that the uncertainty to lo-
cate the boundaries of region B should be less than
±5%.

SAXS studies

SAXS technique is a useful technique to provide the
information on the microstructure of the microemul-
sion. The SAXS curves of the reverse microemulsions
of toluene/TX-100/[bmim][PF6] (CTX-100=0.31 mol/l)
with different w values and the corresponding Guinier
plots of ln I(q) vs. q2 are shown in Fig. 4. It can be
observed that in the small angle region the scattering
intensity increases with increasing w values. One of the

reasons is due to the increase of micelle size, which will
be discussed in the following. The apparent gyration
radii (Rg) of the reverse micelles with w values of 0.33,
0.65 and 0.98 are 43.8, 61.4, and 62.3 Å, respectively,
which are estimated using Eq. 1. As we can see, the Rg

of the reverse micelles increases with increasing w
values. It is easy to understand that the micellar core
increases with the increasing concentration of
[bmim][PF6] at constant concentration of TX-100. In
the defined q range shown in Fig. 4, the linearity of the
ln I(q) vs. q2 is excellent, which in turn proves the
validity of using Guinier approximation law in this
small-angle region.

We also studied the effect of concentration of sur-
factant TX-100 on Rg at a fixed w value. Figure 5 shows
the SAXS curves and the corresponding Guinier plots of
the reverse microemulsions of toluene/TX-100/
[bmim][PF6] with w=1.3 and different concentrations of
TX-100. The apparent gyration radii (Rg) of the reverse
micelles with TX-100 concentrations of 29 and 33 wt%
are 65.7 and 65.9 Å, respectively. Thus, it can be con-
cluded that the concentration of TX-100 has little effect
on Rg in certain concentration range.

Fig. 3 Scanning paths in con-
ductivity measurements at dif-
ferent w values a and variation
of conductivity k (ls/cm) vs. F
(weight fraction of TX-
100+[bmim][PF6]) at w=0.25
(b) for toluene/TX-100/
[bmim][PF6] system at 25.0 �C

Fig. 4 SAXS curves of reverse microemulsions of toluene/TX-100/
[bmim][PF6] (CTX-100=0.31 mol/l) system with different w values,
the inset shows the corresponding Guinier plots
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Conclusion

Phase behavior, conductivity, and SAXS study show
that in the toluene/TX-100/[bmim][PF6] system, reverse
micelles with [bmim][PF6] polar cores can be formed at
the suitable conditions. The reverse micelles may have
some potential applications in different fields, such as
chemical reactions, synthesis of organic and inorganic
materials, and extractions and fractionations.
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Fig. 5 SAXS curves of the reverse microemulsions of toluene/TX-
100/[bmim][PF6] system with different TX-100 concentrations
(w=1.3), the inset shows the corresponding Guinier plots
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