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ML  and  IPM  were  used  as  exter-
nal non-polar  solvents  to  formulate
aqueous  AOT  RMs.
Size,  Nagg and  amount  of  water  solu-
bilized in  both  AOT  RMs  are  different.
Higher  viscosity  and  polarity  of  IPM
than ML  promotes  more  interface
penetration.
Comparable  behaviors  between  ML-
n-heptane  RMs  and  IPM-benzene
RMs  are  observed.
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a  b  s  t  r  a  c  t

In this  work  two  different  non-toxic  solvents/sodium  1,4-bis-2-ethylhexylsulfosuccinate  (AOT)/water
reverse  micelles  (RMs)  have  been  investigated  by  dynamic  (DLS)  and  static  (SLS)  light scattering  tech-
niques.  Methyl  laurate  (ML)  and  isopropyl  myristate  (IPM)  were  used  as  external  non-polar  solvents  to
formulate  the  AOT  RMs  without  cosurfactant.  DLS  results  reveal  the  formation  of  IPM and  ML  AOT  RMs
containing  water  as a polar  component  since  the  droplet  sizes  values  increase  as  the W0 values  increase.
To  the  best  of our  knowledge  this  is the first  report  where  ML  is used  to formulate  AOT  RMs.  The  droplets
size  values,  the  maximum  amount  of  water  solubilized  and  the  aggregation  numbers  (Nagg,  determined
by  SLS)  of both  AOT  RMs  are  dissimilar  considering  the  chemical  structure  of  the  external  solvents  and
they  can  be  explained  taking  into  account  the  different  non-polar  solvent  penetration  to  the  interface.
The  results  suggest  that  IPM  penetrate  more  the  interface  than  ML in AOT  RMs,  diminishing  the  inter-
droplets  interactions  and  producing  RMs  with  smaller  sizes  and  Nagg than  ML/AOT.  The  higher  viscosity
and  polarity  of  IPM  in  comparison  with  ML  promotes  the  interface  penetration.  Thus,  the  penetration
of  IPM  into  the interface  is higher  than  ML, making  the  interface  of  IPM/AOT  RMs  more  rigid  and,  in

consequence  with  smaller  droplets  sizes  values.  Finally,  a peculiar  comparable  behavior  (droplets  size,
maximum  amount  of  water  solubilized  and  Nagg) between  n-heptane  and  ML AOT  RMs  and  benzene  and
IPM  AOT  RMs  was  observed.  These  results  present  a very  promissory  field  since  that  the  unique  properties
of  the alkanes/AOT/water  RMs  can  be obtained  using  non-toxic  lipophilic  oils  and,  in  the  same  way  the
opportunity  to  formulate  envi
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. Introduction

Reversed micelles (RMs) are spatially ordered macromolecular
ssembly of surfactants formed in a non-polar solvent, in which the
olar head groups of the surfactants point inward and the hydro-
arbon chains point toward the non-polar medium [1–3]. RMs  have
een an interesting subject for decades due to their broad applica-
ions in chemical reactions, separation science, material science,
nd in the pharmaceutical industry, among others [1–4]. These
anoscale aggregates are suitable media for processes that involve
ydrophobic and hydrophilic reactants in a variety of chemical and
iological reactions [1,2,5,6]. There are a wide range of surfactants
hat form RMs  [1–22] and probably, the most frequently surfac-
ant used is the anionic sodium 1,4-bis-2-ethylhexylsulfosuccinate
AOT, Scheme 1) [4,7–9,15,17,18,20,21,23,24]. AOT has the ability
o form RMs  in aromatic (benzene, toluene, chlorobenzene, xylene)

nd aliphatic (n-heptane, n-hexane, isooctane, decane) solvents
ithout addition of a cosurfactant and, water can be solubilized up

o W0 = [H2O]/[Surfactant] ∼ 60 depending on the external solvent
nd temperature [1–3].

Scheme 1. Molecular structu
cochem. Eng. Aspects 457 (2014) 354–362 355

The potential application of highly biocompatible aqueous RMs
to the food, cosmetic, and pharmaceutical industry as solubilization
media of hydrophilic, hydrophobic, and amphiphilic functional
materials has been of growing interest during the past decade
[25–28]. These applications are mainly linked to their unique prop-
erties such as thermodynamic stability, optical clarity, and high
solubilization capacity [2,29]. However, the most critical problem
regarding the use of RMs  in the food, cosmetic, and pharmaceutical
fields is the toxicity of their partial components. Formulation and
characterization of non-toxic RMs  formulations based on biological
amphiphiles and different oils have been studied for over a decade
[28]. These bio-compatible systems are discussed as potential
substitutes for chlorinated solvents in dry-cleaning applications
and as solvent delivery systems for pharmaceutical applications
[28]. Studies in oil like isopropyl myristate (IPM), which possesses
different physical properties and structure as compared to the

traditional hydrocarbon oils, have been performed before [30–38].
Compared to alkane, IPM is a kind of non-toxic lipophilic oil,
which has been widely used in biological resembling systems,
and pharmaceutical and drug delivery systems [30,39–43]. On  the

re of AOT, IPM and ML.
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ther hand, Paul et al. [31–33,44–48] and Zhang et al. [36] have
nvestigated in detail the behavior of different mixed surfactant
everse micellar systems stabilized by anionic (AOT)–non-ionic(s)
Brijs, Spans, Tweens, Igepal), cationic (DDAB) – non-ionic(s)
Brijs, Spans), and non-ionic (Igepal) – non-ionic(s) (Brijs, Spans)
urfactants in IPM both in absence and presence of electrolytes and
osurfactants [31–33,36,44–48]. In all cases, the systems formed
howed the ability of IPM to be used as external solvent in this kind
f organized system. On the other hand, the data about AOT RMs
repared in other biocompatible solvents [27,49] or in IPM but in
bsence of cosurfactant (where the organized system is “cleaner”)
s scarce. Moreover, nothing is known about interfacial properties
nd droplet–droplet interactions which are crucial to understand
he system in order to use them as nanoreactors.

Previous, investigations about the external solvent composi-
ion of RMs  have been performed [50–52], and they have shown
hat the droplet size and the interdroplet interaction can vary
hanging the composition of the AOT RMs  [50–52]. For example,
n n-heptane:toluene mixtures as the n-heptane molar fraction
ncreases the AOT RMs  droplet sizes are larger and, the toluene

olecules are expelled from the interface. Recently, we  have
tudied the external solvent composition (benzene:n-heptane mix-
ures) in the cationic benzyl-n-hexadecyl-dimethylammonium
hloride (BHDC) RMs  and how modifications on the non-polar
omponent affect different RMs  properties such as: micropolarity,
icroviscosity, water–surfactant interactions and droplets sizes

mong other [19,53]. The results showed that not only the BHDC
Ms  sizes change upon the n-heptane addition (as it was previously
hown for AOT RMs  [50]) but also the RMs  interfacial composition
aries with the non-polar phase blend. As the n-heptane molar frac-
ion increases the RMs  droplet sizes are larger and, the benzene

olecules are expelled from the interface and, this phenomenon
as remarkable effect on the water–surfactant interactions. Par-
icularly, the interfacial micropolarity increase and the interfacial
ater molecules are located more in the oil side of the BHDC RMs

nterface, diminishing the interfacial water–polar head surfactant
nteraction [19,53]. Thus, it was demonstrated that a simple change
n the composition of the external phase, promotes remarkable
hanges in the RMs  interface.

Hence, with the aim to continue the investigations changing the
xternal solvents and to produce bio-compatible and environmen-
ally friendly RMs  that could be used in a range of applications (e.g.
or use in food and drug delivery systems and, for use in cosmetic
ormulations) [39,54], this work was performed with the following
oals: (i) Explore the use of non-toxic lipophilic solvents such as
ethyl laurate (ML) and IPM in order to formulate AOT RMs; (ii)

valuate the water encapsulation by dynamic light scattering (DLS)
n both AOT RMs, (iii) obtain the Nagg for ML  and IPM/AOT/water
Ms  by static light scattering (SLS) and, (iv) compare our results
ith AOT RMs  prepared in traditional non-polar solvents such as

enzene and n-heptane.

. Experimental

.1. Materials

Sodium 1,4-bis (2-ethylhexyl) sulfosuccinate (AOT) from Sigma
>99% purity), was dried under vacuum prior use. Isopropyl

iristate (IPM) and methyl laureate (ML) both from Sigma (>98%
urity), were stored over molecular sieves before use. Ultrapure
ater was obtained from Labonco equipment model 90901-01.
-Methyl-8-oxyquinolinium betaine (QB) was used to evaluate
he polarity of both non-toxic solvents and also to determine
he absence of acidic impurities in the AOT RMs. The UV–vis
pectrum of QB is very sensitive to acidity and the presence of
cochem. Eng. Aspects 457 (2014) 354–362

those impurities would have greatly reduced the intensity of the
solvatochromic B1 band at 502 nm [7].

2.2. Methods

The stock solutions of AOT in the non-toxic solvents (IPM and
ML)  were prepared by mass and volumetric dilution. Aliquots
of these stock solutions were used to make individual reverse
micelle solutions with different amount of water, defined as
W0 = [water]/[AOT]. The incorporation of water into each micellar
solutions was  performed using calibrated microsyringes. To obtain
optically clear solutions they were shaken in a sonicating bath.
The resulting solutions were clear with a single phase and they
were used in dynamic (DLS) and static (SLS) light scattering exper-
iments. The W0 was varied between 0 and 23 for IPM/AOT/water
and, between 0 and 46 for ML/AOT/water RMs. It was  not possible
to obtain higher values of W0 due to turbidity problems. The lowest
value for W0 (W0 = 0), corresponds to a system without the water
addition. In all cases, the surfactant concentration was kept con-
stant and equal to 0.1 M.  It is important to note that water, is not
soluble in neat IPM or ML  at room temperature.

2.3. General

The apparent diameters (dapp) of the different AOT  RMs  were
determined by DLS, in a Malvern 4700 with goniometer with an
argon-ion laser operating at 488 nm.  The cleanliness of the cuvettes
used for the measurements was  of crucial importance for obtain-
ing reliable and reproducible data [9]. The cuvettes were washed
with ethanol, and then with doubly distilled water and dried with
acetone. Prior to use the samples were filtered three times using
an Acrodisc with 0.2 �m PTFE membrane (Sigma) to avoid dust
or particles presents in the original solution. Before introducing
each sample to the cuvette, it was rinsed twice with pure non-
toxic solvent, then with the 0.1 M AOT stock solution, and finally
with the sample to be analyzed. Prior making measurements on a
given day, the background signals from air and non-toxic solvent
were collected to confirm the cleanliness of the cuvettes. Prior to
data acquisition, samples were equilibrated in the DLS instrument
for 10 min  at 25 ◦C. To obtain valid results from DLS measurements
requires knowledge of the system’s refractive index and viscosity in
addition to well-defined conditions. Since we worked with dilute
solutions, the refractive indices and viscosities for the RM solu-
tions were assumed [55] to be the same as neat external solvents.
Multiple samples at each size were made, and thirty independent
size measurements were made for each individual sample at the
scattering angle of 90◦. The instrument was calibrated before and
during the course of experiments using several different size stan-
dards. Thus, we  are confident that the magnitudes obtained by DLS
measurements can be taken as statistically meaningful for all the
systems investigated. The algorithm used was  CONTIN and the DLS
experiments show that the polydispersity of the AOT RMs  size is
less than 5%. The droplets of IPM/AOT/water and ML/AOT/water
systems do scatter very weakly at W0 < 10, and the dapp is under
2 nm,  which is below the particle size magnitude detectable with
reliability by DLS. Consequently, W0 = 10 was  selected as a measur-
ing start point in the experiments.

The aggregation numbers (Nagg) of the IPM/AOT/water and
ML/AOT/water RMs  were determined by SLS in the same equip-
ment that the one used in DLS. All the measurements were made
at an angle of 90◦ and Debye plots were created using solutions
with different AOT concentration at fixed W0 for all the RMs

studied. From the SLS experiments, the weight-averaged molar
masses were determined and the Nagg values for all the systems
investigated were calculated according the procedure detailed in
literature [56,57]. In order to obtain the refractive index increment
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Table  1
Comparison of the maximum amount of water solubilized (Wmax

0 ) in different AOT
RMs. [AOT] = 0.1 M.  T = 25◦ C.

System Wmax
0

Benzene/AOT 12a

n-Heptane/AOT 50b

IPM/AOT 23
ML/AOT 46
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Fig. 1. Apparent diameter (d ) values for IPM/AOT (A) and ML/AOT (B) RMs
a Value obtained from Ref. [2].
b Value obtained from Ref. [15].

dn/dc)  values (data required for the SLS measurements) a differen-
ial refractometer was used (Brookhaven Instruments Corporation,
I-DNDCW model) with a tungsten lamp operating at 470 nm.

All the experiments were carried out at 25 ± 0.5 ◦C.

. Results and discussion

.1. Solubilization of AOT in the non-toxic lipophilic solvents

In order to evaluate if the non-toxic lipophilic solvent ML  can
e used as the external non-polar solvent to generate RMs, the first
xperiment performed was to investigate the phase diagram of the
ernary system. First, the AOT solubility in neat ML  was tested.
s it was described above, there are only few reports [31–33,36]
bout the use of IPM and AOT in absence of other surfactant or
osurfactant. Moreover, at the moment no information about the
mployment of ML  to prepare AOT RMs  is available. Therefore, the
OT solubility in ML  was tested and, additionally it was repeated

he experiments performed by Zhang et al. [36] using IPM as sol-
ent, in order to make the comparison with the system herein
tudied. It was observed that AOT is completely soluble in both
olvents in absence of water (W0 = 0) even at [AOT] = 0.2 M.

.2. Solubilization of water in non-toxic solvents/AOT systems

In view of the facts observed in the previous section, the
ext step was  to evaluate the amount of water that both RMs
an be solubilized forming clear and stable ternary mixtures. In
able 1 are summarized the maximum amount of water solubi-
ized (Wmax

0 ) in different AOT RMs  at [AOT] = 0.1 M.  The results
btained in IPM/AOT are similar to those reported by Mitra et al.
31–33] and Zhang et al. [36] For comparison, also are included
OT RMs  prepared in benzene and n-heptane, two very common
on-polar solvents used to formulate RMs  that gives RMs  with very
ifferent properties [2,4,8,19]. As it can be observed, the Wmax

0
alues reached for IPM/AOT and ML/AOT are different being, the
ater RMs  able to dissolve approximately the double amount of

ater than IPM/AOT. Additionally, the Wmax
0 values observed in

L/AOT and n-heptane/AOT are quite similar and, for IPM/AOT and
enzene/AOT slightly different but both are able to dissolve less
ater than ML/AOT or n-heptane/AOT RMs. These results show

hat not only is possible dissolve AOT in both non-toxic solvents
ut the systems have the ability to dissolve considerable amount
f water. Moreover, different amounts of water can be encapsu-
ated as the traditional oils do [2,4]. The results also suggest that
oth non-toxic solvents present an unexpected different behav-

or as non-polar solvents for RMs  preparation, and may  be due to
ifference in their chemical structures (see Scheme 1) and physico-
hemical properties, which can include viscosity, polarity, among
thers.
.3. DLS experiments

To evaluate the formation of RMs  and to discard the pres-
nce of bicontinuous microemulsions, the systems formed by
app

obtained at 25 ◦C varying W0. [AOT] = 0.1 M. The straight lines were plotted to guide
the  eye.

IPM/AOT/water and ML/AOT/water were studied using DLS tech-
nique. When new reversed micellar systems are explored, a crucial
question has to be answered: is water effectively entrapped by
the surfactant creating a true RMs  in the organic solvent or is
water dissolved only in the organic solvent/AOT mixture without
any molecular organization (bicontinuous microemulsion)? [4,58].
Thus, DLS can be used to assess this matter because if water is
really encapsulated to form RMs  interacting with the interface, the
droplets size must increase as the W0 value increases with a linear
tendency (swelling law of RMs) as it is well established for other
RMs  [2,4,9]. This feature would also show that non-toxic lipophilic
solvents/AOT/water system consists of discrete spherical and non-
interacting droplets of water stabilized by the surfactant layer.

In this work, all the DLS experiments were carried out at finite
surfactant concentrations (0.1 M)  when interdroplet interactions
have been neglected [56]. Hence, it is appropriate to introduce
an apparent hydrodynamic diameter (dapp) in order to make

the comparison with the system herein studied as it was used
before [19,50]. Fig. 1A and B, report the dapp values obtained for
water solubilized in the IPM/AOT and ML/AOT RMs  at different
W0 values, respectively. Additionally, in Table S1 (Supplementary
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Table 2
Comparison of the droplets sizes (dapp) and aggregation numbers (Nagg) values
obtained in different AOT RMs. [AOT] = 0.1 M.  T = 25◦ C.

System W0 dapp (nm) Nagg

Benzene/AOT/water 10 4.5 ± 0.2 33 ± 2a

12 5.1 ± 0.2 –

n-Heptane/AOT/water 10 7.5 ± 0.2 96 ± 5
15 9.0 ± 0.3 180 ± 10b

IPM/AOT/water 10 3.1 ± 0.1 31 ± 2
15 6.9 ± 0.1 49 ± 3

ML/AOT/water 10 7.0 ± 0.2 –
15  8.7 ± 0.2 182 ± 8

a Value obtained at W0 ≈ 9 and [AOT] = 6 × 10−2 M from Ref. [71].
58 V.R. Girardi et al. / Colloids and Surfaces A:

nformation section) are reported the polydispersity index (PDI)
alues obtained. As it can be seen in both Figures, there is
n increase in the droplet sizes values when the water con-
ent increases, showing that the water molecules are effectively
ntrapped by the surfactants layer yielding RMs. For example, the
app value for the IPM/AOT RMs  at W0 = 10 is 3.1 nm and this value
ncreases up to 10.8 nm at W0 = 20. These results are within the
ange the data reported by Zhang et al. [36], although most of their
ork concentrated the efforts in mixed solvents (IPM + alcohols).

n the case of ML/AOT RMs, the dapp value is 7 nm at W0 = 10 and
ncrease up to 16.3 nm at W0 = 34. To the best of our knowledge
his is the first report where it is shown that ML  can be used as
on-polar component in AOT RMs  and that water is entrapped in
L/AOT RMs.
Supplementary Table S1 related to this article can be found,

n the online version, at http://dx.doi.org/10.1016/j.colsurfa.
014.05.077.

The linear tendency observed in Fig. 1 and the low PDI values
eported in Table S1 in both RMs, confirm that the droplets effec-
ively are not interacting and the shapes are probably spherical.
eviation from the linearity could be due to several factors being

he most relevant: strong droplet–droplet interaction and/or other
Ms  shapes [59]. Thus, from the DLS data it is possible to conclude
hat water is in fact encapsulated by IPM/AOT and ML/AOT yielding
Ms  media with the water molecules interacting with the interface.

The largest droplets sizes values are observed for the ML/AOT
Ms  in comparison with the RMs  formed by IPM/AOT (see Fig. 1).
wo main effects can be invoked in order to understand how the
roplets size change: (i) the characteristic of the external solvent
19,53] and (ii) the interaction between water and the RM interface
9,58].

Recently [19,50–53], it was demonstrated that the phase behav-
or and/or the properties of RMs  can be affected by the external
on-polar solvent composition. Even though it is known that the
roperties of RMs  depend on the type of surfactant, the W0 values
1–3,17,18,21] and the external non-polar organic pseudophase,
he influence of the organic media on AOT RMs  has been less
xamined [7,8,60–65]. AOT is a kind of surfactant that can form
Ms  in a variety of non-polar solvents, for example in pure ben-
ene and n-heptane [2]. The properties of both AOT RMs  are
ifferent and, for example: the micropolarity and microviscosity
f the interface, the droplets sizes and the maximum amount of
ater that can be dissolved, are strongly dependent on the kind of

xternal solvent used [2,7,8]. Several authors [50,66–68] and we
19,53] have tried to explain these results trying to understand
ow the RMs  properties are influenced by the interdroplets inter-
ctions. Larger oils molecules have difficulty to penetrate into the
nterface, increasing the magnitude of the droplet–droplet inter-
ctions. The larger radius of gyration of the long chains prevents
hem from close packing on the surfactant interface. In conse-
uence, the surfactants are optimally packed and hence have a

arger network attraction. Consequently, decreasing the oil chain
ength also decreases the network interdroplet attraction since the
xternal solvent molecules can penetrate easily to the interface.
n other words as the oil chain length decreases, the difference
etween oil and surfactant packing decreases and the neat attrac-
ion of two droplets is thus reduced [69]. In this sense it was
oticed that, although the origin of attractive forces in RMs  is
till not clear, the oil penetration to the interface is thought to
e a major factor. For example, comparing benzene/AOT with n-
eptane/AOT RMs  the rigid benzene molecule penetrates easily
o the RMs  interface in comparison to n-heptane, being ben-

ene/AOT RMs  smaller than the n-heptane/AOT RMs  at the same W0
alue [7,8,60,70].

As it was invoked before, the interaction between water and
he RMs  interface also modify the droplets sizes. It is important
b Value obtained from Ref. [72].

to consider that the RMs  droplet sizes depend, among many other
variables, on the effective packing parameter of the surfactants p,
defined as p = v/alc, in which v and lc are the volume and the length
of the hydrocarbon chain, respectively and a is the surfactant head
group area [59]. The RMs  sizes are larger when the surfactant pack-
ing parameter values are smaller [9]. It has been shown using DLS,
that in aqueous and non-aqueous n-heptane/AOT RMs  [4,9], the
polar solvents-AOT interactions are the key for the RMs  droplets
sizes control. For example, when a polar solvent encapsulated inter-
act strongly (for example by hydrogen bonding) with the AOT polar
head group, increases the surfactants’ a values with the consequent
decrease in the surfactant packing parameter and, the increase in
the RM droplet size [9].

Taking into account all these background, the small droplets
sizes obtained for water entrapped in IPM/AOT in comparison
with the values obtained for ML/AOT/water RMs, can be explained
considering both phenomena: the penetration of the external non-
polar solvent and its effect over the water–AOT interaction. Thus,
in IPM/AOT/water RMs  IPM probably penetrate the interface, the p
parameter increase and the droplets size decrease. This also would
produce that the water molecules interact weakly with the anionic
interface. Contrary, when ML  is used as external solvent, it can-
not penetrate into the interfacial pseudophase as IPM does and
water could interact strongly with the surfactant, increasing the
effective area a and, consequently, p parameter decreases and dapp

values increase. Scheme 2 shows the probably location of IPM and
ML,  respectively at the AOT interface. Thus, the simple change in
the external solvents (IPM or ML), promotes remarkable changes
in the RMs  interface. For example, we expect an interface more
polar in ML/AOT/water than in IPM/AOT/water due to the strong
water–AOT interaction and the less external solvent penetration.

Furthermore, if the dapp values of the non-toxic solvents/AOT
RMs are compared with the corresponding values reported in ben-
zene or n-heptane (depicted in Table 2), an interesting observation
emerges. For example, at the same water content value (W0 = 10),
the droplets sizes are quite similar for IPM and benzene AOT RMs
but different for the similar ML  and n-heptane AOT RMs. This ten-
dency is also observed for other values of W0. For example, at
W0 = 12 the droplets size obtained in benzene/AOT is 5.1 nm being
around 5.4 nm for IPM/AOT. Moreover, for ML/AOT/water at W0 = 15
the value obtained is 8.7 nm and 9 nm for n-heptane/AOT/water.
Thus, considering all these data (droplets sizes and maximum val-
ues of W0 shown in Table 1) reported in this work, we suggest a
similar behavior (solvent penetration and water–AOT interactions)
for AOT RMs  formed in IPM and benzene. Besides, when AOT is dis-
solved in ML,  this solvent does not penetrate into the interface,

showing droplets sizes and ability to encapsulate water similar
to the observed when n-heptane is used. Interestingly, these facts
show that it is not easy to predict the external solvent effect on the

http://dx.doi.org/10.1016/j.colsurfa.2014.05.077
http://dx.doi.org/10.1016/j.colsurfa.2014.05.077
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Scheme 2. Schematic representation of the different penetration of the IPM (A) and ML (B) in the AOT RMs  interfaces.
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Table  3
Comparison of the molar volume (Vm), viscosity and ET(30) values of the different
solvents used in the present work. T = 25 ◦C.

Solvent Vm (cm3 mol−1) Viscosity (mPa s) ET(30) (kcal mol−1)

Benzene 89.8a 0.60a 34.3b

n-Heptane 146c 0.38a 31.1b

IPM 317c 6d 39.4
ML  246.6e 2.82f 36.1

a Values obtained from Ref. [73].
b Values obtained from Ref. [80].
c Values obtained from Ref. [32].
d Value obtained from Ref. [75].
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e Value estimated using the density and molar mass values obtained from Ref.
74].

f Value obtained from Ref. [74].

OT RMs, even though the similarity in the chemical structure of
L and IPM.

.4. SLS experiments

In order to obtain more valuable information about the differ-
nt behavior of the non-toxic solvents/AOT RMs  investigated and,
o support the idea about the similarity observed between benzene-
PM and n-heptane-ML, SLS technique was used to determine the
ggregation numbers (Nagg) of the systems at different W0 and, the
alues are listed in Table 2. It can be expected that for AOT RMs
ormed in non-polar solvents that penetrate to the interface, such
s benzene, smaller Nagg should be determined [71], in comparison
ith solvents that cannot penetrate the interface such as n-heptane

72]. As it can be seen in Table 2, the Nagg values are very differ-
nt between IPM and ML  RMs, for example in IPM/AOT/water at

0 = 15 Nagg is around 49, being around 182 for ML/AOT/water.
hus, in concordance with the values reported for AOT in benzene
71] and n-heptane [72], the Nagg value obtained for IPM/AOT is
maller than ML/AOT (See Table 2). Moreover, the similar Nagg val-
es obtained for IPM/AOT/water and benzene/AOT/water, around
0, and for ML/AOT/water and n-heptane/AOT/water around 180
einforces the idea that IPM and ML  have similar behavior
n AOT RMs  that benzene and n-heptane [19,53], respectively.
hese results also suggest that the shape of the RMs  can be
onsidered as practically spherical as it was assumed by DLS
xperiments.

The question is why IPM can penetrate at the AOT interface
nd ML  does not? Recently, it has been shown that the replace-
ent of benzene by n-heptane as external solvent in BHDC RMs

19] produces changes in the magnitude of the interdroplets inter-
ctions and it was attributed to the differences in the solvent
enetration to the RMs  mainly due to the differences in their molar
olume (Vm) values [19]. In Table 3, is summarized the Vm values of
ll the solvents used [73–75]. As it can be observed, the Vm of IPM
s slightly larger than ML  but both values are much larger than ben-
ene or n-heptane. Thus, considering only the Vm of IPM and ML,
t would be expected a more interfacial penetration of ML  (minor
m) than IPM in AOT RMs, producing droplets sizes in ML/AOT
Ms  smaller than in IPM/AOT RMs. Moreover, considering the mag-
itude of the Vm values reported for benzene and n-heptane, no
enetration to the AOT RMs  interface for both non-toxic solvents
ould be expected. However, the results showed herein suggest

hat not only the Vm of the external solvent, but other factors like
olarity, viscosity, molecular geometry (long or branched hydro-
arbon chain), among others of oils [32,33,76,77] may  play key
oles in the solvent penetration to these AOT RMs  interfaces. For

xample, Wang et al. [76] have proposed that IPM, which has a
ranch in the short part of the ester moiety (see Scheme 1), could
enetrate and promote a more flexible interface in several RMs
ormulated with mixtures of non-ionic surfactants (Tween 80 and
cochem. Eng. Aspects 457 (2014) 354–362

Span 20), favoring the formation of smaller RMs  than non-polar
solvents without branch, as for example methyl decanoate. On the
other hand, viscosity has never been suggested as a parameter for
solvent penetration. In our case if the viscosity values of the oils are
analyzed (see Table 3), the much higher viscosity of IPM in compar-
ison with ML  (Table 3) probably reflects its ability to penetrate to
the AOT RMs  interface. It seems that the more viscous is the solvent
the greater is the ability to penetrate to the interface. For example,
long chain alcohols (such as n-octanol) are used as cosurfactants
and they have an appreciable viscosity [73]. Moreover, benzene is
less viscous than n-heptane and penetrates more to the interface
in AOT [78] and BHDC RMs  [19,53].

To explore even more these ideas the solvatochromism of
the molecular probe 1-methyl-8-oxyquinolinum betaine (QB) was
used to evaluate the polarity of both non-toxic solvents. The tran-
sition energy (expressed in kcal mol−1) of QB can be used as a
polarity parameter [7,19], EQB, because it has been shown [7,19]
that correlates in a linear relationship with the Dimroth et al.
ET(30) [79] polarity parameter. Thus, in Table 3 are summarized
the ET(30) values obtained for the non-toxic solvents investi-
gated and the corresponding values for benzene and n-heptane
obtained from literature [80]. As can be seen, IPM is more polar
(ET(30) = 39.4 kcal mol−1) than ML  (ET(30) = 36.1 kcal mol−1) and
consequently can penetrate better the polar interface than ML.
Thus, the viscosities and polarities of these non-toxic solvents can
be invoked to explain why the penetration of IPM into the inter-
face is larger than ML  (see Scheme 2) making the IPM/AOT RMs  less
interactive and, in consequence with smaller droplets sizes values.
It worthy to mention that benzene is also more viscous [73] and
polar [80] than n-heptane and penetrates easily to the AOT RMs
interface. Furthermore, long chain alcohols are used frequently as
co-surfactants and they are solvents very viscous and with high
interfacial activity. Thus the ability of the non-toxic solvent to pen-
etrate or not into the AOT interface produces a new interface with
unexplored physicochemical properties.

4. Conclusions

In summary, in this work the non-toxic IPM/AOT/water and
ML/AOT/water RMs  were investigated in absence of cosurfactant.
DLS results reveal the formation of the corresponding AOT RMs
and that water interacts with the RMs  interface since the droplet
sizes values increase as the W0 values increase. Furthermore, they
show that the RMs  consist of discrete spherical and non-interacting
droplets of water stabilized by the anionic surfactant. To the best
of our knowledge this is the first report where ML  is used to for-
mulate AOT RMs  and encapsulate water. The droplets size values,
the maximum amount of water solubilized and the Nagg of both
AOT RMs  are dissimilar considering the chemical structure of the
external solvents and they can be explained taking into account
the different non-polar solvent penetration to the interface. The
results suggest that IPM penetrate more the interface than ML  in
AOT RMs, diminishing the interdroplets interactions and producing
RMs with smaller sizes and Nagg than ML/AOT. The higher viscosity
and polarity of IPM in comparison with ML  promotes the inter-
face penetration. Thus, the penetration of IPM into the interface is
higher than ML,  making the interface of IPM/AOT RMs  more rigid
and, in consequence with smaller droplets sizes values. Finally, a
peculiar comparable behavior (droplets size, maximum amount of
water solubilized and Nagg) between n-heptane and ML AOT RMs
and benzene and IPM AOT RMs  was observed. These results present

a very promissory field since that the unique properties of the alka-
nes/AOT/water RMs  can be obtained using non-toxic lipophilic oils
and, in the same way  the opportunity to formulate environmentally
friendly AOT RMs.
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