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We have characterized the structure of water/sodium bis(2-ethylhexyl)sulfo-

succinate (AOT)/isooctane water-in-oil microemulsion depending on the

concentrations of monovalent and divalent cations (Na+, K+, Ca2+) in the water

pool. We have found that the presence of salts affects the microemulsion

structures differently at low and high water contents. Increasing the salt

concentration suppresses the oligomerization of the microemulsions at low

water content, whereas it reduces the microemulsion radius at high water

content. The present results clearly indicate that not only electrostatic repulsion

between AOT headgroups but also negative or positive hydration effects by salts

dominate the structure and dynamics of AOT microemulsions, as suggested by a

recent molecular dynamics simulation.

1. Introduction

As we reported previously, the AOTwater-in-oil (w/o) microemulsion

system forms three different structural phases (oligomeric phase,

transient phase and monomeric phase) with increasing w0 values (w0

= [water]/[AOT]) (Hirai, Kawai-Hirai, Yabuki et al., 1995; Hirai,

Kawai-Hirai, Takizawa et al., 1995). The transient phase region

depends on the linear hydrocarbon chain length of apolar solvent and

there exists a penetration limit of apolar solvent into the AOT

surfactant (Hirai, Kawai-Hirai, Sanada et al., 1999). In the present

report, we show how cations in the water pool affect the AOT w/o

microemulsion structures, since cations are expected to change both

the microenvironment of the AOT hydrophilic head portion and the

water structure (Leodidis & Hatton, 1989). Water-soluble enzymes

entrapped in w/o microemulsions are known to show much higher

catalytic activity compared to those in appropriate aqueous solvents,

which has attracted significant interest for possible practical appli-

cations such as microreactors (Pileni, 1989). In fact, the hydrolysis of

esters catalysed by �-chymotrypsins or bovine serum albumin

entrapped in AOT w/o microemulsions is greatly enhanced at low

water content around w0 ’ 12 (Hirai, Kawai-Hirai, Takizaki et al.,

1995; Kawai-Hirai et al., 1995). We also showed that the proteins are

occluded in the water pools of the microemulsion with minor changes

both in the microemulsion structure and in the protein secondary

structure (Kawai-Hirai & Hirai, 2003). Our previous results indicate

that the presence of the oligomeric phase of the w/o microemulsion in

this low w0 range is essential for the enhancement of catalytic activity

of the enzymes entrapped in w/o microemulsions for use as micro-

reactors for process-engineering applications. The importance of the

interfacial properties and droplet size on enzyme activity have also

been suggested (Freeman et al., 2000; El-Batal et al., 2005).

The presence of salts in the water pools of w/o microemulsions has

been assumed to affect the microemulsion structures (Leodidis &

Hatton, 1989). Recently, theoretical studies on the structure of

reversed micelles (w/o microemulsion at low water content)

occluding small amounts of water and ions have been carried out

(Faeder & Ladanyi, 2000; Bulavchenko et al., 2002; Abel et al., 2004;

Pal et al., 2005). Experimentally, the effect of salts on the AOT w/o

microemulsion have been studied intensively by using various spec-

troscopic methods such as infrared, dielectric, conductivity, lumi-

nescence, electron paramagnetic resonance and nuclear magnetic

resonance (Eastoe et al., 1992; Fioretto et al., 1999; Alvarez et al.,

1999; Pitzalis et al., 2000; Burrows & Tapia, 2002). In spite of these

previous studies, there is little direct evidence about the effect of

different salts on the microemulsion structures (Capuzzi, 1997).

Therefore, by using the small-angle X-ray scattering (SAXS) tech-

nique we have studied the effect of cations (Na+, K+, Ca2+) on the

structure of the water/AOT/isooctane system.

2. Materials and method

2.1. Materials

AOT was purchased from Nacalai Tesque Inc. 99+% isooctane,

sodium chloride, potassium chloride and calcium chloride were

purchased from Wako Pure Chemical Industries Ltd. Water purified

by a Millipore system was used. The w/o samples were obtained by

using an injection method. The water content in the reversed micellar

solutions were determined by the Karl Fischer method using a

Metrohm 684 KF coulometer. The water-to-surfactant molar ratio w0

was varied from 0 to 50. The AOT molar concentrations were 0.1 and

0.05 M. The sodium and potassium salt concentrations were varied

from 10 to 100 mM. The calcium salt concentration was varied from

2 to 50 mM.

2.2. X-ray scattering measurements and data analysis

SAXS experiments were carried out by using a SAXS instrument

installed at the synchrotron radiation source (PF) at the High Energy

Accelerator Research Organization (KEK), Tsukuba, Japan (Ueki et

al., 1985). A one-dimensional position-sensitive proportional counter

detected the scattering intensities. Sample solutions were contained

in mica-window cells with 1 mm path length, which were placed in a



cell holder kept at 298 K. The X-ray wavelength used was 1.49 Å. The

exposure time was 300 s for each sample.

The details of the SAXS data analyses have been described else-

where (Hirai, Kawai-Hirai, Yabuki et al., 1995; Hirai, Kawai-Hirai,

Takizawa et al., 1995). The following standard analyses were carried

out. The distance distribution function p(r) was obtained by Fourier

transformation of the observed scattering intensity I(q) as

pðrÞ ¼ ð1=2�2
Þ
R1

0

rqIðqÞ sinðrqÞ dq; ð1Þ

where q = (4�/�)sin(�/2), � is the scattering angle and � is the X-ray

wavelength. The radius of gyration Rg was determined by

R2
g ¼

R Dmax

0 pðrÞr2 dr

2
R Dmax

0 pðrÞ dr
; ð2Þ

where Dmax is the maximum diameter of the particle estimated from

the p(r) function satisfying the condition p(r) = 0 for r > Dmax. The

Guinier approximation for estimating Rg occasionally leads to

inherent systematic errors caused by an interparticle interaction

between solute particles (Hirai et al., 1988). Equation (2) can be used

to reduce such artifacts for the Rg estimation (Feigin & Svergun, 1987;

Hirai, Iwase & Hayakawa, 1999).

3. Results

Fig. 1 (a), (b), (c) and (d) show the w0 dependence of the SAXS

curves of 0.1 M AOTw/o microemulsions at 298 K, where (a), (b), (c)

and (d) correspond to 50 mM KCl, 50 mM NaCl, 10 mM CaCl2 and

without salts, respectively. Fig. 1 is plotted on both logarithmic scales.

The w0 value is varied from 0 to 50. As the w0 value changes from 0 to

50, the scattering intensity in the small-q region increases significantly

accompanying the shift of the shoulder of the SAXS curve from ~0.15

to ~0.03 Å�1, which results from the enlargement of the micro-

emulsion structure due to the occlusion of water in the water pool.

Fig. 2 shows the distance distribution functions, p(r), obtained from

the Fourier transformation using equation (1) of the SAXS data in

Fig. 1, where (a), (b), (c) and (d) are as in Fig. 1. In Fig. 2 the p(r)

functions at 0 < w0� 8 clearly have a peak in the short distance region

followed by a tail or a shoulder in the long distance region, whereas

the p(r) functions at other w0 values mostly show symmetric bell-

shaped profiles. The bell-shaped profiles are attributable to the

globular structure of the microemulsions. As shown previously

(Hirai, Kawai-Hirai, Yabuki et al., 1995; Hirai, Kawai-Hirai, Takizawa

et al., 1995 ; Hirai, Kawai-Hirai, Sanada et al., 1999), this results from

the presence of the oligomeric phase at low water content in the

range 0 < w0 � 8, which is also supported by the following analyses.

Figs. 3 and 4 show the w0 dependence of the radius of gyration, Rg

obtained from equation (2), and of the peak position of the p(r)

function in Fig. 2, PRmax, where (a), (b) and (c) correspond to the

AOT w/o microemulsions whose water pools contain 0–100 mM KCl,

0–100 mM NaCl and 0–50 mM CaCl2, respectively. As an observed Rg

value for a polydisperse system is known to be given by the z-aver-

aged Rg of all solute particles (Hiragi et al., 1988), Rg is very sensitive

to the presence of oligomeric particles. On the other hand, the PRmax

value corresponds well to the radius of the spherical particles in the

case of a solution system composed of identical particles.

In Fig. 3 the relation between Rg and w0 for the microemulsion

without salts is characterized by three different regions. At low water

content (0 < w0 � 8) Rg increases significantly with w0. This increase

stops at 8 � w0 � 16, and at w0 > 16 Rg begins to increase again

linearly with w0.

On the other hand, in Fig. 4 for the case without salts the linear

relation between PRmax and w0 holds for the entire range of w0. Such

relations of Rg versus w0 and of PRmax versus w0 are generally

observed for all AOT w/o microemulsions composed of different

apolar solvents and AOT concentrations (Hirai, Kawai-Hirai, Sanada

et al., 1999). The slope of 1.44 � 0.01 for the microemulsion without

salts in Fig. 4 is described principally by the following simple relation

between the water pool radius (core radius) rw and the water content

w0:

rw ¼ ð3vw=�Þw0: ð3Þ

This equation is well known for w/o microemulsions (Pileni, 1989)

and can be derived from geometric consideration of the dimension

and packing of surfactant molecules (Israelachvili et al., 1976;

Mitchell & Ninham, 1981). In equation (3), vw and � are the volume

of a water molecule and the area per polar head of the surfactant

molecule, respectively. (vw = ~30 Å3 and � = ~60 Å2 for AOT gives a

slope of ~1.5.) The slope in Fig. 4 depends slightly on the hydrocarbon

chain length of the apolar solvent due to the penetration of the

solvent molecule into the hydrophobic tail region of the surfactant

(Hirai, Kawai-Hirai, Sanada et al., 1999). The intercept value

obtained from the linear least-squares fitting in Fig. 4, which corre-

sponds to the microemulsion radius at w0 = 0, is 16.2 � 0.3 Å. This

value agree well with that reported by other authors (Kotlarchyk et

al., 1985). In addition, the slope of ~1.2 at w0 � 16 for the micro-

emulsion without salts in the relation of Rg versus w0 in Fig. 3 is also

reasonably explained by equation (3) when we take into account the

scattering density distribution the microemulsion. The slope of 2.2 �

0.2 at 0 < w0 � 8 in Fig. 3 is much steeper than 1.2, which is followed

by the flat region at 8� w0� 16. Combined with the tailing profiles in

Fig. 2 these deviations from the simple relation of equation (3) in

Fig. 3 clearly indicate the presence of oligomeric particles with an

identical radius in the solutions at low water content w0 � 16 (Hirai,

Kawai-Hirai, Yabuki et al., 1995; Hirai, Kawai-Hirai, Takizawa et al.,

1995). We previously called these different regions of 0 < w0 � 8, 8 �

w0 � 16 and w0 � 16 the oligomeric phase, transient phase and

monomeric phase, respectively.

From Figs. 3 and 4 we can understand the following tendencies

about the effect of the presence of salts within the water pool on the

microemulsion structure. The oligomeric and transient phase regions

become narrower or shallower with increasing salt concentration.

This tendency is clearer for K+ in comparison with the cases of Na+

and Ca2+. Namely, the slope at 0 < w0� 8 decreases from 1.69� 0.2 to

1.27 � 0.08 for K+ and from 2.3 � 0.3 to 1.9 � 0.3 for Na+. In the case

of Ca2+ the slope varies from 2.27� 0.09 to 1.82� 0.15. The approach

of the slope at 0 < w0 � 8 to 1.2 suggests a decrease in the oligomeric

particles. This change occurs more clearly for K+. In the monomeric

phase region (w0 � 20), the relation of Rg versus w0 has a kink at high

water content and greatly deviates from the linear relation shown for

the microemulsion without salts.

On the other hand, as shown in Fig. 4, at low water content (w0 �

20) the linear relation between PRmax and w0 holds well for the

microemulsions in spite of the change of the salt concentration. The

slopes are 1.40� 0.03 for K+ at 10 mM, 1.39� 0.03 for K+ at 100 mM,

1.36� 0.02 for Na+ at all concentrations, 1.38� 0.02 for Ca2+ at 2 mM

and 1.34 � 0.02 for Ca2+ at 50 mM. The average intercept values of

PRmax (w0 = 0) are 16.4 � 0.3 Å for K+, 16.5 � 0.2 Å for Na+ and 16.6

� 0.3 Å for Ca2+. Although the slopes at w0 � 20 show weak

dependence on the species and concentration of the salts, the inter-

cept values agree within experimental errors for all salts because

these values are essentially determined by an icosahedral packing of

AOT polar heads at w0 = 0 (Kotlarchyk et al., 1985). Alternatively, the
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above values indicate that the present results are reasonable. At w0�

20 the slope gradually deviates from the initial one with increasing

salt concentration. The water content at which deviation from the

initial slope of 1.44 starts depends on both the species and concen-

tration of the salts. In the case of K+ the water contents are w0 =’ 30–

40 for 10 and 20 mM, w0 ’ 25–30 for 50 mM, and w0 ’ 20–25 for

100 mM. In the case of Na+, w0 ’ 30–40 for 10, 20 and 50 mM, and

w0 ’ 25–30 for 100 mM. In the case of Ca2+, w0 ’ 30–50 for 2, 10 and

25 mM, and w0 ’ 20–25 for 50 mM.

Fig. 5 summarizes the salt concentration dependence of the PRmax

values at different w0 values, where (a), (b) and (c) are as in Fig. 3. At

low water content (w0 � 20) the effect of the presence of salts on the

structure is relatively small for all cases of the microemulsions with

different salts. However, on increasing the water content from w0 = 20

to 50 the presence of salts in the water pool reduces the droplet radius

more clearly. In the cases of the monovalent cations, the decrease of

the radius for K+ is larger than that for Na+. The divalent cation, Ca2+,

reduces the radius more significantly than the monovalent cations.

4. Discussion

The present results are summarized as follows. In the case of AOTw/o

microemulsions the slope of Rg at low water content suggests that the

appearance of the oligomeric droplets at w0 � 8 is suppressed by the

increase in salt concentration. Such suppression occurs most clearly

for K+. The change of Rg also indicates a decrease of the transient

phase region (8 � w0 � 16), which depends on the cation species and

concentration. In spite of the decrease of the oligomeric particles, the

w0 dependence shows the linear relation between the water content

and the droplet radius in this w0 range. At high water content (in the
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Figure 2
Distance distribution functions, p(r), obtained from the Fourier transformation
using equation (1) of the SAXS data in Fig. 1, where (a), (b), (c) and (d) are as in
Fig. 1.

Figure 1
SAXS curves of 0.1 M water/AOT/isooctane w/o microemulsions at 298 K
depending on water content and on salt species, where (a), (b), (c) and (d)
correspond to 50 mM KCl, 50 mM NaCl, 10 mM CaCl2, and without salts,
respectively. The values of w0 (= [water]/[AOT]) are shown in the figure.



monomeric phase, w0 � 20) the relation between PRmax and w0

deviates from this slope and the droplet radius decreases with

increasing salt concentration. The deviation is most evident for Ca2+.

According to our previous results (Hirai, Kawai-Hirai, Yabuki et al.,

1995), below an AOT concentration of 0.1 M any excluded volume

effect among the droplets at high water content can be ignored since

the linear relation between w0 and PRmax holds well, which is also

clearly seen in Fig. 4. In general, the droplet radius of the w/o

microemulsion depends on the water pool radius given in equation

(3). In equation (3), the � value is given by (Israelachvili, 1992)

� ¼ eðD=2"�Þ1=2; ð4Þ

where � is the oil–water surface tension, e is the charge per surfactant

molecule, D is the thickness of the diffuse electric double layer and "
is the local dielectric constant. Although the exact values of � and "
are unknown, we can estimate the relative change of D depending on

the salt concentration. For example, the ratio of D100 mM/D20 mM for

NaCl is 9.61/21.5, and the ratio of D50 mM/D10 mM for CaCl2 is 7.87/17.6

(Israelachvili, 1992). Experimentally the change of PRmax in Fig. 4 is

from 80 to 58 Å for NaCl from 20 mM to 100 mM at w0 = 50, and from

77 to 50 Å for CaCl2 from 10 mM to 50 mM at w0 = 50. Based on the

simple assumption given by equation (4) and on the definition of the

electric double layer, the change of PRmax can be calculated to be

from 80 to 53 Å for NaCl and from 77 to 52 Å for CaCl2. As the

estimated values agree qualitatively with the experimental ones, the

reduction of the droplet radius at high water content is attributable to

the change of �. Alternatively, at high water content the presence of

salts in water pool would not only affect the electrostatic repulsion

between the polar heads of the surfactants, but would also dominate

the surface area of the surfactant and the droplet radius as in the bulk

solvent due to the enlargement of the water pool radius.

On the other hand, at low water content, w0 � 20, the linear

relation between the droplet radius and w0 suggests that the droplet

radius is dominated by the width of the Stern layer, not by the diffuse

double layer. The suppression of the appearance of the oligomeric

phase at low water content induced by the increase in salt concen-

tration can be explained by the reduction of the dynamic fluctuation

of the microemulsion that is assumed to play an essential role in the

appearance of the oligomeric phase (Hirai, Kawai-Hirai, Iwase et al.,

1999). The above interpretation is supported by other evidence. A

recent theoretical study using Monte Carlo and molecular dynamics
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Figure 3
Radius of gyration of water/AOT/isooctane microemulsions depending on w0 value
and on salt concentration, where (a), (b) and (c) correspond to KCl, NaCl and
CaCl2, respectively. The salt concentrations in the water pools were changed from 0
to 100 mM for KCl, from 0 to 100 mM for NaCl and from 0 to 50 mM for CaCl2.

Figure 4
Water-content dependence of the peak position PRmax of the p(r) functions, where
(a), (b) and (c) are as in Fig. 3. The salt concentrations in the water pools were
changed as in Fig. 3.



simulations has shown two different ion-exchange processes around

the headgroups in the AOT reversed micelle (w0 � 4) which depend

on the species of alkali-metal salts (Pal et al., 2005), indicating that the

larger K+ ions are preferentially localized around the headgroup

region due to the difference in solvation energies of different ions. In

addition, the boundary between positive and negative hydrations is in

between Na+ and K+ ions, and K+ ions work as water-structure

breakers (Mazitov, 1981; Uedaira & Tatara, 1998). Thus, the present

result on the narrowing of the oligomeric and transient phase regions

seen clearly for K+ at low water content would be attributable to the

characteristics of K+ ions that change the dynamics of the surface

area of the droplet. The present results support a recent molecular

dynamics simulation result (Chen et al., 2006).

The SAXS experiments were done under the approval of the

Photon Factory Program Advisory Committee of KEK (Proposal No.

2002G162).
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Figure 5
Salt concentration dependence of PRmax values at different w0 values, where (a),
(b) and (c) are as in Fig. 3.


