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Microemulsões de água em óleo (ME w/o) constituídas de água, óleo de soja, SDS (dodecil sulfato 
de sódio) e diversos álcoois de cadeia curta foram caracterizadas sob o ponto de vista físico-químico 
e de propriedades eletroanalíticas. Foram testados diferentes co-surfactantes e razões surfactante:co-
surfactante, sendo a ME com a composição mais favorável utilizada para estudar a cinética de processos 
redox. Para tanto, realizaram-se medidas de voltametria cíclica utilizando como eletrodo de trabalho 
um ultramicroeletrodo de disco de Pt e, como eletrodo de referência e auxiliar, foram usados Ag/AgCl 
e Pt, respectivamente, e ferroceno como uma sonda. Verificou-se que a estabilidade termodinâmica 
das MEs aumenta com o conteúdo de co-surfactante. A estrutura molecular e a solubilidade em água 
do co-surfactante afetam a condutividade elétrica e o raio hidrodinâmico das MEs. Devido aos baixos 
coeficientes de difusão observados na ME, foi possível a realização de medidas em estado transiente 
usando velocidades de varredura convencionais. A oxidação do ferroceno na ME demonstrou ocorrer 
em condições de quasi-reversibilidade. Assim, foi demonstrada a possibilidade de realizar estudos por 
voltametria cíclica em óleos vegetais sob a forma de ME w/o.

Water/oil microemulsions (w/o ME) constituted by water, soybean oil, SDS (sodium dodecyl 
sulfate) and several short-chain alcohols were characterized from the viewpoint of its physical-chemical 
and electroanalytical properties. Different co-surfactants and surfactant:co-surfactant ratios were used, 
and the ME with the most favourable composition was used to study the kinetics of redox processes. 
For this purpose, cyclic voltammetry measurements using a Pt disk working ultramicroelectrode, an  
Ag/AgCl reference electrode and a Pt auxiliary electrode, and ferrocene as a probe, were performed. 
It was verified that the thermodynamic stability of the MEs increases with the co-surfactant content. 
The molecular structure and water solubility of the co-surfactant affect the electrical conductivity 
and the hydrodynamic radio of the MEs. Owing to the low diffusion coefficients verified in the 
MEs, measurements in transient state using conventional sweeping rates could be performed. 
Ferrocene oxidation in the ME has been demonstrated to proceed in quasi-reversibility conditions. 
Thus, the possibility of carrying out studies of cyclic voltammetry in vegetable oils under the w/o 
ME form was demonstrated.
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voltammetry, vegetable oils

Introduction

Valuable information relative to structure evolution, 
inter-particle interactions and transport data of mass 
and charge in diverse media, can be obtained by using 

electrochemical techniques.1-3  However, the application of 
these techniques in nanoheterogeneous systems, including 
microemulsions (MEs), has been scarcely exploited. MEs 
are optically transparent, isotropic and thermodynamically 
stable systems. Water in oil (w/o) MEs are formed by 
water droplets dispersed in an oil continuous phase. These 
droplets, coated by monolayers of a surfactant, that may 
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be intercalated by molecules of an alcohol which acts as 
co-surfactant.4-7 Beyond a superior stability, these systems 
present good conducting properties, in general higher 
than those of most organic solvents, and possess a high 
solving power, with the added capability of simultaneously 
maintaining hydrophobic and hydrophilic substances in 
solution.8 

Along the last decades, MEs have been the subject of 
many studies, mainly because of their potential applications 
in several fields, like the preparation of nanoparticles with 
catalytic and electrocatalytic properties, separation of 
water-soluble and lipid-soluble vitamins and other lipidic 
compounds by electrokinetic chromatography or liquid 
chromatography, enhanced oil recovery, liquid-liquid 
extraction, and removal of contaminants from solid surfaces 
or tissue capillaries in the pharmaceutical and cosmetic 
industries.9-11  

Valuable electroanalytical methods for vegetable oils 
may be derived by preparing the samples as w/o MEs. 
Considering that species different from triglycerides 
in edible oils constitute minor components,12,13 the 
maximization of oil amount in a ME is desirable. On 
the other hand, the increase of the oil content affects 
expressively the electrical conductivity of these systems. 
It is known that oil-in-water and bi-continuous MEs 
have relatively high conductivities when compared to 
w/o ME, which are systems with a continuous organic 
phase. However the electrical conductivity of w/o 
MEs is considered high when compared to those of 
mixtures of non polar solvents and vegetable oils.14 In 
this sense, an appropriate strategy is to use a Pt disk 
ultramicroelectrode (UME), which provides several 
advantages over conventional electrodes, making 
feasible the study of electrode reactions in w/o MEs and 
other highly resistive media.14-17 The main advantages of 
UMEs in comparison to classic electrodes are the drastic 
reduction of the ohmic drop, even in the absence of an 
electrolyte, and the fast establishment of the steady 
state. These advantages are due to the small radius of 
UME discs, which are lower than the thickness of the 
diffusion layer (δ).18-21 In relation to a classic electrode, 
the faradaic-to-charging current ratio, i

F
/i

C
, is larger in 

an UME, which is an advantage in trace analysis. In 
transient regime, the i

F
/i

c
 ratio is proportional to v1/2, 

where v is the sweeping rate. Even in this case, an UME 
has the advantage of a reduced charge time,22,23 which 
allows the study of very fast reactions, of the order 
of microseconds.24 In this sense, linear voltammetry 
measurements25 in resistive media26 like the w/o 
MEs employed in this study, can be performed by an  
UME.

The aim of this work was to evaluate the influence of 
the surfactant/co-surfactant ratio on the physical-chemical 
characteristics of water/soybean oil w/o MEs using 
measurements of the hydrodynamic radius (R

H
), refractive 

index, viscosity and electrical conductivity, as well as 
to study the kinetic of redox processes by using cyclic 
voltammetry with an UME in the presence of ferrocene as 
a probe. Vegetable oil analysis is usually performed by a 
number of analytical techniques. However, electroanalytical 
techniques have been seldom employed. Application of 
electroanalytical methods is rapid, has a low cost, and can 
yield very low detection limits. Further, the possibility of 
directly analyzing vegetable oils, with minimal preparation 
of the samples, makes electroanalytical methods in w/o 
MEs to be particularly attractive. Possible analytical 
strategies to characterize the oils by electrochemical 
methods were discussed.  

Experimental

Reagents, samples and solutions

Refined and deodorized soybean oil stored in metallic 
containers was obtained from the local market. To prepare 
the MEs, 99% sodium dodecyl sulfate (SDS) from Merck 
(Darmstadt, Germany), previously distilled milli-Q water, 
and alternatively 99% 1-pentanol, 99% 3-methyl-1-butanol 
(Merck), or 96% 1-hexanol (Riedel, Buchs, Switzerland), 
were used. Sodium tetraborate (STB) from Probus 
(Barcelona, Spain) was used to evaluate the stability of 
the MEs. Ferrocene (98%, Fluka, Buchs, Switzerland) 
was employed as a probe and electrochemical reference 
material.27-29 

Other analytical grade reagents were decaline, 
potassium ferricyanide, potassium perclorate, sulfuric acid 
and acetone (Merck). 

Instrumentation

Voltammograms were obtained with an EG&G PAR 
Model 264A potentiostat (Princeton Applied Research, 
Wellesley, MA, USA). Dynamic light scattering (DLS) 
measurements were performed with a spectrogoniometer 
(Brookhaven Instruments, Holtsville, NY, USA), provided 
with a 264-channel BI-9000 AT digital correlator covering 
seven decades in delay time (Brookhaven), and a model 
170 He-Ne laser with λ = 632.8 nm from Spectra-Physics 
(Irvine, CA, USA). An Abbé refractometer, a Brookfield 
LVDV-II+ viscosimeter (Middleboro, MA, USA), and a 
conductimeter (microCM-2200, Crison, Barcelona, Spain), 
were also used. 
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Procedures

ME preparation and characterization 

MEs were prepared by sequentially mixing the 
surfactant (SDS) with an alcohol co-surfactant and water 
and, finally, adding soybean oil to the mixture. The 
proportions of the ME components were taken from a 
previous work,25 where the best surfactant/co-surfactant 
ratios, capable of producing stable thermodynamic systems, 
were described. However, to acquire a better knowledge 
about the physical-chemical properties of these MEs, 
different surfactant/co-surfactant ratios were also tried. 
The hydrodynamic radius, refractive index, viscosity and 
electrical conductivity were measured.

To perform DLS measurements, a refractive-index-
matching liquid (decaline) was used. In order to characterize 
the hydrodynamic behavior of the suspended particles, 
the multisampling time autocorrelation functions were 
analyzed by one-exponential fit (Microcal Origin 6.0) 
and by inverse Laplace transformation using the REPES 
and CONTIN programs.30 Prior to all measurements, the 
samples were centrifuged during 30 min at 4000 rpm in 
order to minimize the interference of dust particles. The 
DLS experiments were carried out at 25.0 ± 0.5 ºC and at 
a fixed scattering angle of 90°.

The refractive index measurements were carried out at 
21.0 ± 0.5 ºC, and the viscosity and electrical conductivity 
experiments were performed at 25.0 ± 0.1 ºC. 

Influence of salt concentration on the ME stability

Stability of MEs prepared with an alcohol as co-
surfactant, and different surfactant:co-surfactant ratios, in 
reference to the progressive concentrations of STB within 
the 4 × 10-2 - 8 × 10-2 mol L-1 range, was evaluated. Selection 
of STB was justified by its low cost and its capability 
of increasing the electrical conductivity of the medium 
without producing any electroanalytical signal along a wide 
potential range. STB is also widely employed as buffering 
agent in capillary electroforesis.31 Thus, STB solutions at 
different concentrations were used to prepare MEs. The 
loss of stability was evaluated by arising of cloudiness in 
the system.

Electrochemical measurements

Current-potential curves in MEs were obtained at 
25 oC, the electrochemical cell consisting of a three-
electrode assembly with a 1 µm radius Pt disk working 
UME, a reference Ag/AgCl electrode and an auxiliary Pt 

electrode. The Pt UME was obtained from EG&G PAR 
(Princeton Applied Research, Wellesley, MA, USA), and 
its radius was confirmed by means of linear voltammetry 
measurements using a 5 × 10-3 mol L-1 aqueous solution  
of potassium ferricyanide also containing 0.1 mol L-1 
of potassium clorate (DFe(CN)6

4– = 6.32 × 10-6 cm2 s-1).32  
In order to improve reproducibility, the working electrode 
was cleaned before each measurement by immersion in 
acetone for 5 min, followed by 1:1 sulfuric acid/water 
for 5 more min. 

The electrochemical behavior of ferrocene, which was 
added to the MEs in the concentration of 2 × 10-2 mol L-1, 
was characterized by cyclic voltammetry at the Pt disk 
UME, under a N

2
 stream, within the 0.0-1.1 V potential 

range, the potential being swept at 5, 10, 20, 50, 100, 200, 
500, 1000 and 2000 mV s-1.

Results and Discussion

Physical-chemical characterization of MEs 

To achieve stability of the MEs, the recommended 
surfactant:co-surfactant ratios lie between 1:3 and 1:4 in the 
case of 1-pentanol and 3-methyl-1-butanol, and between 1:4 
and 1:5 for 1-hexanol.25 The results of physical-chemical 
characterization of the MEs are shown in Table 1. It was 
verified that the droplet hydrodynamic radius (R

H
) of the 

MEs prepared with 1-pentanol tended to become smaller 
with the increase of concentration of this co-surfactant, while 
for the other two tested co-surfactants, the reverse effect was 
observed; however, the differences were not large. Taking 
into account that, in comparison to the other two alcohols, 
1-pentanol has the largest water solubility (2.7, 2.5 and 
0.58 g/100 g water for 1-pentanol, 3-methyl-1-butanol and 
1-hexanol, respectively),33,34 in the presence of 1-pentanol, a 
higher number of microemulsified water droplets than with the 
other alcohols could be formed. The number of water droplets 
could also increase with the 1-pentanol concentration. Since 
the water content remains constant, these droplets should 
necessarily have progressively smaller diameters. This effect is 
not produced when 3-methyl-1-butanol is used, probably due 
to the smaller separation of the hydrophilic and hydrophobic 
regions in its molecular structure, and maybe also to steric 
effects in the water/oil interface layer. This could explain the 
decrease of the average dimensions of the aqueous nuclei.35 

Owing to the steric hindrance, and for MEs prepared with 
equal alcohol concentrations, the amount of 3-methyl-1-
butanol dissolved in the interfacial region is probably smaller 
than in the case of 1-pentanol. Therefore, in comparison to 
1-pentanol, the 3-methyl-1-butanol concentration in the oil 
phase must be larger for MEs containing this alcohol. 
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  MEs also showed a trend towards the reduction of 
the refractive index with the increase of the co-surfactant 
concentration. This agrees with the smaller refractive 
index of the alcohols with respect to that of the soybean 
oil (1.4093, 1.4061 and 1.4179 for 1-pentanol, 3-methyl-1-
butanol and 1-hexanol, respectively, but 1.475 for soybean 
oil).34, 25  

Viscosity was not expressively affected by the variation 
of the alcohol ratio in MEs; however, by comparing MEs 
with equal SDS:alcohol ratios, the MEs prepared with 
1-hexanol showed the largest viscosity. This agrees with 
the higher viscosity of this alcohol (4.578 cP) with respect 
to 1-pentanol (3.619 cP) and 3-methyl-1-butanol (3.692 
cP).33,34

Then, the stability of MEs prepared with different co-
surfactants, and also using distinct surfactant:co-surfactant 
ratios, and at increasing STB concentrations, was studied. 
As verified by the lack of cloudiness, MEs prepared 
with 1-pentanol in the 1:3.0, 1:3.5, 1:3.7 and 1:4.0 SDS: 
alcohol ratios, up to the maximal STB concentration tried, 
6.5 × 10-2 mol L-1, were stable. On the contrary, MEs 
prepared with low 3-methyl-1-butanol concentrations 
and large STB concentrations were not stable. Thus, 
with an 1:3 SDS:alcohol ratio, MEs were stable up to  
4.5 × 10-2 mol L-1 STB. The stability increased up to  
5.5 × 10-2 mol L-1 STB by using 1:3.5 and 1:3.7 
SDS:alcohol ratios, and up to 6.0 × 10-2 mol L-1 STB 
with a 1:4 SDS:alcohol ratio. When 1-hexanol was used 
as co-surfactant in MEs having 1:4 and 1:5 SDS:alcohol 
ratios, the maximum concentration of STB supported by 
the system was 7.0 × 10-2 mol L-1. Thus, 1-hexanol was the 
co-surfactant which provided the highest stability to MEs 
prepared in the presence of STB.

In a previous study, it was evidenced by cloud point 
determination that the MEs prepared with 1-pentanol or 
3-methyl-1-butanol, in the absence of added salts, are 
stable between 12 and 70 ºC, while MEs prepared with 

1-hexanol are stable between 18 and 70 ºC. Also the 
stability of MEs diminished with the reduction of the co-
surfactant:surfactant ratio.25 

As shown in Table 1, MEs prepared with 1-pentanol 
were the most conductive, followed by those prepared 
with 3-methyl-1-butanol. MEs prepared with 1-hexanol 
presented the lowest values of electrical conductivity, about 
three times lesser than those prepared with 1-pentanol. 
In a previous work, it was verified that, due to the higher 
conductivity imparted to the MEs, the use of 1-pentanol 
as co-surfactant is better than 3-methyl-1-butanol.36 In 
comparison to the use of 1-hexanol, the higher conductivity 
of MEs prepared with 1-pentanol is probably related with 
both its higher water solubility and its lower viscosity. 
These factors should favor percolation of the aqueous 
phase through the continuous oil phase, effect which could 
effectively contribute to the conductivity. Indeed a degree of 
phase percolation of this system (in the absence of soybean 
oil) was verified and reported elsewhere.31

Steric effects due to the molecular structure of the 
alcohol can be significant, especially in the case of 
3-methyl-1-butanol. Thus, steric effects could explain why, 
under equal surfactant:co-surfactant ratios, MEs elaborated 
with this alcohol present the smallest R

H
. In comparison 

to the other alcohols, a smaller amount of 3-methyl-1-
butanol seems to be present in the droplet interface. Work 
about how this effect affects the electrical conductivity 
of MEs is in progress. Owing to the highest stability and 
electrical conductivity of MEs prepared with 1-pentanol 
as co-surfactant, this alcohol was chosen in this work to 
perform electrochemical measurements.

Electrochemical studies

Electrochemical properties of w/o MEs may be 
measured using a suitable probe. Owing to its limited 
water solubility, diffusion-controlled electrochemical 

Table 1. Characterization of w/o MEs with different co-surfactants and surfactant:co-surfactant ratios 

Co-surfactant [SDS]:[alcohol] ratio R
H

a / nm Refractive index Viscosity / cP Conductivity / (µS cm-1) STBb / (mol L-1)

1-pentanol 1:3.0 4.9 1.440 13.8 36.2 6.5 × 10-2

1:3.5 4.8 1.438 14.3 33.0 6.5 × 10-2

1:3.7 4.1 1.436 14.0 31.8 6.5 × 10-2

1:4.0 4.3 1.436 14.7 30.3 6.5 × 10-2

3-methyl-1-butanol 1:3.5 3.0 1.435 14.1 28.8 5.5 × 10-2

1:3.7 3.2 1.435 14.0 25.0 5.5 × 10-2

1:4.0 3.2 1.435 14.1 21.9 6.0 × 10-2

1-hexanol 1:4.0 3.6 1.440 15.4 10.9 7.0 × 10-2

1:5.0 4.0 1.437 14.0 9.6 7.0 × 10-2

aHydrodynamic radio, established by DLS measurements; bmaximum concentration not affecting the ME stability (as established by the cloud point).
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charge transfer and negligible adsorption on the electrode 
surface, ferrocene has been recommended as an adequate 
probe to be used in oils and MEs.17,37,38 Ferrocene also has a 
relatively low molecular mass, it shows redox reversibility, 
electrochemical regeneration at low potential, no pH 
dependence of the redox potential, does not react with 
oxygen and generates stable redox forms.39 In addition, 
the halfwave redox potential of the Fc/Fc+ couple is 
hardly influenced by the solvent,40 and the characteristics 
of the MEs are not affected either by the presence of 
ferrocene.41   

A series of cyclic voltammograms obtained for 
a ME prepared with 1-pentanol in the presence of 
2.0 × 10-2 mol L-1 ferrocene at different potential sweeping 
rates are shown in Figure 1 (left part).

High potential sweeping rates,42 up to 10.000 V s-1,43 can 
be reached by using cyclic voltammetry with a Pt UME. 
Also, cyclic voltammetry is particularly adequate to be 
used in viscous media, as the MEs. Voltammograms of 
Figure 1 indicate that transient states of the redox system 
are reached in longer times in MEs than in aqueous media, 
which should be attributed to the larger viscosity of MEs. 
Taking, for instance, a planar electrode,20 the diffusion layer 
thickness (δ) is given by: 

d = (p D t)1/2	 (1)

where D is the diffusion coefficient of the electroactive 
probe and t, time. Using simplified models, the electrode 
is characterized by only one dimension, i.e. its radius r. 
Models indicate that the necessary time to reach steady state 
is proportional to electrode surface.20 For enough short times 
of potential application, any planar electrode, independently 
of its size, behaves as an infinitely large planar electrode 

in wich mass transport occurs in transient regime. During 
longer times, the mass transport with respect to the 
electrode changes to a steady regime. In this case, a ratio 
of δ/r = 0.1 (δ = diffusion layer thickness) corresponds 
predominantly to a transport of mass in transient regime, 
whereas a ratio of δ/r = 10 corresponds to a steady state. 
For a generic hypothetical species, in function of medium 
viscosity, when the coefficient of diffusion diminishes from 
10-5 to 10-7 cm2 s-1, the time which is necessary to reach the 
transient state (δ/r = 0.1) in a 1 µm radius UME increases 
from 10-6 to 10-4 s. 

The diffusion coefficient of ferrocene was much smaller 
in the ME (5 × 10-7 cm2 s-1) than in pure organic solvents (for 
instance, 1.5 × 10-5 cm2 s-1 in THF containing 0.1 mol L-1 of 
tetrabutylammonium perclorate).44 It was also smaller than 
those of most species in aqueous solution (ca. 10-6 cm2 s-1). 
This made cyclic voltammetry with an UME at conventional 
sweeping rates to be particularly adequate for MEs. The 
data of Table 2 were obtained by processing the data taken 
from cyclic voltammograms of Figure 1.

The right part of Figure 1 shows the linear relation 
between i

pa
 (peak anodic current of ferrocene) and v½ (square 

root of the sweeping rate) for the following sweeping 
rates: 5, 10, 20, 50, 100 and 200 mV s-1. This relationship 
was linear up to 100 mV s-1 (correlation coefficient,  
r = 0.996). The curves showed significant distortions at  
500 mV s-1.

The linearity loss of relationship between the peak 
anodic current of ferrocene versus the square root of the 
sweeping rate, when the rate increases, indicates that 
a process of charge transfer under quasi-reversibility 
conditions occurred in the ME. Therefore, increasing 
the sweeping rate, the process starts to be under kinetic 
control. In addition, when speeds higher than 100 mV s-1 

Figure 1. Voltammograms (left) and relationship between v½ and peak anodic current (right) in a ME containing 40.0% oil, 43.2% 1-pentanol, 10.8% 
SDS, 6.0% water and 2 × 10-2 mol L-1 ferrocene. A Pt disk working UME vs. Ag/AgCl reference electrode was used. Sweeping rates, v, were: 20 (a),  
50 (b), 100 (c) and 200 mV s-1 (d). 
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are considered, an accumulation of the reaction product 
(ferricinium ion) may occur at the electrode region. Both 
depletion of ferrocene and accumulation of the reaction 
product hinder the progress of the electrochemical reactions 
at the surface of the working electrode. Ferricinium ion 
accumulation is probably favored by the high viscosity of 
the ME, as well as for the preferential solubilization of this 
ion in the water droplets. As a consequence, ferricinium 
ion diffuses very slowly from the electrode surface to the 
bulk solution.

The reversibility condition for the transfer process of an 
electron of an electroactive species in the steady state can be 
predicted by applying the Tomes criterion (∆E = E

3/4
 – E

1/4
).45  

An analysis of the curve E versus log [(i
lim

 − i)/i] (Figure 2) 
supplied more precise data about the reversibility of the 
system.46,47 For the oxidation of ferrocene in the ME, 
certain irreversibility of the process was evidenced. The 
value found for the slope of the straight-line was 0.095, 
which is higher than the value that indicates reversibility 
for processes involving one electron (0.059).48 Further, from 
diagnosis tests of the cyclic voltammetry theory,49,50 it was 

confirmed that the process approached quasi-reversibility 
conditions (Table 2 and Figure 1, right side).

Conclusions

In the investigated conditions, the increase of the 
co-surfactant content in relation to the surfactant leads 
to a larger thermodynamic stability of the MEs. This 
was important to prepare stable MEs in the presence 
of STB as buffer and background electrolyte. Also, the 
molecular structure and the solubility of the alcohol used 
as co-surfactant influenced expressively the electrical 
conductivity and the R

H
 of the ME. Cyclic voltammetry 

measurements, which were carried out by using a Pt 
disk UME, evidenced the possibility of carrying out 
measurements in transient state in water/soybean oil 
w/o MEs, using conventional sweeping rates. This is not 
possible in aqueous medium with UME. Finally, ferrocene 
oxidation in ME has been demonstrated to proceed in 
quasi-reversibility conditions.
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