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Adsorption behavior of bis (2-ethylhexyl) sodium sulfosuccinate (AOT) at the 
mercury-electrolyte solution interface as a function of electrode potential and time 

A. Avranas, N. Papadopoulos ,  and S. Sotiropoulos 

Laboratory of Physical Chemistry Department of Chemistry, Aristotle University, Thessaloniki, Greece 

Abstract: The dependence of the differential capacitance (C) of the electrode 
double layer of a hanging mercury drop electrode in bis (2-ethylhexyl) sodium 
sulfosuccinate (AOT) solutions on electrode potential (E) and time is measured 
using three-dimensional phase sensitive ac voltammetry. This .methodology, 
possessing a very wide time window that permits a detailed study of the 
adsorption phenomena, is based on the reconstruction of C vs E curves, 
sampled after many phase-sensitive ac chronoamperometric experiments. The 
shape of these curves allows an estimation of the structure of the layer of AOT 
molecules adsorbed at the electrode surface. AOT molecules form micelles in 
bulk solutions and they also associate in the charged interface under the strong 
influence of the electric field into surface aggregates which depend on their 
concentration and applied potential. The presence of AOT micelles in the bulk 
solution can be linked with the appearance of a surface film at potentials more 
negative than those corresponding to a condensed film linked with 
a capacitance value slightly higher than that normally attributed to a compact 
layer. The whole phenomenon is proved to be very dependant upon time. 
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Introduction 

Sulfosuccinates, mainly in the form of bis (2- 
ethylhexyl) sodium sulfosuccinate (Aerosol OT 
hereafter referred to as AOT) are used extensively 
as wetting and emulsifying agents and in the pro- 
cess of enhanced oil recovery [1]. Two-tailed sur- 
factants, especially if the carbon chains are quite 
long, are generally thought to form bilayer ves- 
icles in water while single-tailed surfactants form 
spherical micelles [2-4] .  

Although AOT is well characterized in non- 
aqueous solvents as a bilayer vesicle [5-6] ,  con- 
ductance and fluorescence quenching methods 
argue for the formation of near spherical micelles 
beyond the C M C  in aqueous solutions of sulfo- 
succinates [7]. Surface tension data [-8, 9], con- 
ductance data  [10], and N M R  studies [11] all 

suggest the formation ofmicelles of small aggrega- 
tion numbers. 

Another interesting feature of the interfacial 
behavior of sulfosuccinates in the water-aqueous 
solution interface is the slow attainment of the 
adsorption equilibrium [12] and the correspond- 
ing slow surface tension changes could be ascribed 
to changes in tilt angle for raw of molecules [13]. 

The interfacial behavior of AOT  at the ideally 
polarized-charged interface between a mercury 
electrolytic solution has not been studied yet. 
Such a study would be of interest in order to 
investigate whether a micelle-forming surfactant 
(which at even higher concentrations exists in 
different phases [10,13,14]) retains its associative 
character under the strong influence of the electric 
field. One could also test whether slow changes in 
the adsorption state still occur under the strong 
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orientation forces that prevail at a charged inter- 
face. The adsorption of AOT on mercury should 
cause a change in the electrode's double-layer 
differential capacitance, as a result of the replace- 
ment of counter-ions and water molecules from 
the electrode surface by surfactant molecules from 
the solution. Many works have been published on 
the adsorption of bulk micelle forming surfactants 
on mercury by means of differential capacitance 
measurements which try to find a correlation be- 
tween the properties of the differential 
capacitance (C) vs applied potential (E) curves 
and the bulk CMC value 1-15-19]. 

Phase changes, such as those expected for AOT 
on the mercury surface, are often kinetically hin- 
dered processes [20, 21]. Furthermore, the need 
to study the influence of time on the adsorption of 
AOT on mercury is obvious since the surface 
tension of aqueous solutions of AOT shows 
a slow equilibration. Therefore, the use of a drop- 
ping mercury electrode, DME, which has a lim- 
ited drop lifetime, or of a hanging mercury drop 
electrode, HMDE, using semistatic ac voltam- 
metry would not be adequate in studying the 
equilibrium properties of the system. A fully auto- 
mated methodology, whose principle lies in cur- 
rent sampled voltammetry, has been developed in 
our laboratory 1-22-26] and allows the study of 
slowly proceeding phase changes almost continu- 
ously up to the point of equilibrium. This method, 
named three-dimensional phase-sensitive ac vol- 
tammetry (3D/ac/V), is based on the reconstruc- 
tion of the differential capacitance C vs. applied 
potential E curves for selected time values t. The 
C vs E curves constructed for relatively long per- 
iods provide the equilibrium situation, whereas 
those at intermediate times provide information 
about the time evolution of the phenomenon. 

The aim of the present work is to study the 
association of AOT on the Hg/electrolytic solu- 
tion interface and how this changes in time. A cor- 
relation (if any) between the CMC value of the 
aqueous AOT solutions and the picture of the 
C vs E curves will also be sought. 

E x p e r i m e n t a l  

The AOT with a purity greater than 98% was 
obtained from Fluka and did not show a min- 
imum in the surface tension near the critical 

micellar concentration, indicating the absence of 
surface active impurities. The surface tension 
measurements were obtained following the Wil- 
helmy plate method using Kruess K10 digital 
tensiometer and the solutions were allowed to 
stand until equilibrium was reached. NazSO 4 was 
obtained from Fluka (puriss p.a. 99.5%) and 
served as supporting electrolyte (0.1 M). All ex- 
periments were performed at 25 ~ using AOT 
concentrations ranging from 10-s to 10-2 M, i.e., 
above and below its CMC. 

The capacitive current Ic was recorded by 
means of phase-sensitive ac chronoamperometry 
using a PAR Model 170 electrochemistry system 
interfaced to an AT compatible (VIP 200 12 MHz) 
via a 14-bit AD/DA card using a standard three- 
electrode cell arrangement. Each mercury drop 
was formed on a HMDE, the working electrode, 
within a period of 3 s at - 1.75V vs SCE (to 
which all potentials in this paper are referred), 
where preliminary experiments for short drop 
times showed a limited adsorption. Experimental 
details are given in Ref. [-25]. 

R e s u l t s  

The C-E-t surface for 5 x 10 -s M AOT in 0.1 
M NazSO 4 is given in Fig. 1, and it can be seen 
that it provides an overall picture of the whole 
adsorption process. 

The differential capacitance vs. applied poten- 
tial curves of the double layer formed between the 
polarized hanging mercury electrode and aqueous 
solutions of four different AOT concentrations 
are shown in Fig. 2 for selected time values in the 
0.5-30 s range. They are constructed from isoch- 
ronous capacitance data sampled after a potential 
step has been applied to the electrode from 
- 1.75 V (no adsorption occurring) to the value 

of interest, during many ac phase-sensitive 
chronoamperometric experiments. These 
curves resemble typical ac voltammograms. 
Figure 3a shows a classic C vs E curve recorded 
on a single mercury drop during a potential 
sweep experiment, and Fig. 3b gives the C vs 
E curve obtained by 3D/ac/V at intermediate 
times (5 s). 

The general feature of the equilibrium curves 
(t > 15 s for concentrations >__ 5 x 10-5 M, Figs. 
2b-d) is the appearance of a wide capacitance pit 
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Fig. 1. C-E-t surface for 5 x 10 -5 M AOT aqueous 
solution in 0.1 M Na2SO4 
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Fig. 2. Differential capacitance vs. applied potential curves, for selected time periods, of the interface formed between a HMDE 
and 0.1 M Na2SO4 aqueous solutions of AOT 

( ~ 4#F/cm 2) surrounded by a rather steep peak 
at far negative polarizations (c.a. - 1.5 V) and 
a wide peak at positive polarizations (c.a. 0 V). 
For the two higher concentrations (Figs. 2c, d) the 
central pit is transformed at c.a. - 1 . 0  V into 
a slightly higher plateau before the cathodic peak 
is observed. 

Although in the far cathodic region, at polariza- 
tions more negative than - 1.6 V, AOT is desor- 
bed (as indicated by the coincidence of all the 
curves with that of the supporting electrolyte), this 
is not the case at very positive polarizations. That 

is, at potentials higher than 0 V there is a large 
decrease of the differential capacitance. 

Figure 4 shows surface tension data of aqueous 
AOT solutions containing 0.1 M NazSO4 deter- 
mined by the plate method, using Kruess K10 
digital tensiometer. These data show a CMC 
value of 3 x 10 .4  M, while CMC values from 2.5 
to 6 x 10-3 are reported in the literature for the 
AOT aqueous solutions [8,10-]. 

Figures 5-8 show C vs t curves recorded when 
the potential of the H M D E  in contact with 
a 5x  10 -5 M solution of AOT was stepped 
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Fig. 3. Differential capacitance vs. Applied potential curves 10 
recorded on an HDME in contact with a 5 x 10- s M AOT 
and 0.1 M Na2SO4 aqueous solution by means of a) a poten- 
tial sweep experiment at 50 mV/s and b) capacitance data 0 
sampled at 5 s after the application of a pulse to a given 0 -  
potential 

from - 1.75 V vs SCE to the potential value of 
interest. 
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Fig. 4. Surface tension vs. the logarithm of molar concentra- 
tion of AOT aqueous solutions in the presence of 0.1 
M NazSO 4 
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Fig. 5. Capacitance transients recorded after the potential of 
the HMDE in contact with a 5 x 10 -5 M AOT and 0.1 
M Na2SO4 aqueous solution was stepped to + 0.2 and 
0 V vs. SCE 

Discussion 

An alternative approach to micellization at 
charged interfaces based on statistical and classi- 
cal thermodynamics has recently been introduced 
in our laboratory [27, 28]. An interpretation of 
the behavior of a few systems according to that 
approach has also been attempted [29, 30]. The 
basic idea of this treatment is that micelle forma- 
tion at a charged interface is a phase transition 
between a condensed or a non-saturated state of 
the interface and the micellar phase. The position 
and shape of the capacitance peaks that corres- 
pond to these transitions strongly depend on the 
size of micelles and the existence of metastable 
states, whereas the presence of deformed peaks is 
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Fig. 6. Capacitance transients recorded after the potential of 
the HMDE in contact with a 5 x 10 -5 M AOT and 0.1 
M Na2SO4 aqueous solution was stepped t o - 0 . 1  and 
- 0.2 V vs. SCE 
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Fig. 7. Capaci tance  t ransients  recorded after the potent ia l  of 
the H M D E  in contac t  with  a 5 x 10 .5  M A O T  and 0.1 
M Na2SO4 aqueous  solut ion was stepped to - 0.8, - 1.0 
and  - 1.2 V vs. SCE 
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Fig. 8. Capaci tance  t ransients  recorded after the potent ia l  of 
the H M D E  in contac t  with a 5 x 10 .5  M A O T  and  0.1 
M Na~SO4 aqueous solut ion was s tepped to - 1.350 and  
- 1.40 V vs. SCE 

a sufficient but not necessary criterion for phase 
transformations within successive layers of the 
interface [27-30]. We believe that this extremely 
deep capacitance "well" at c.a. + 0.2 u corres- 
ponds to the formation of a polylayer (or at least) 
a bilayer of AOT anions. Polylayer formation has 
also been observed for other anionic micelle form- 
ing surfactants at positive potentials [24, 29] and 
cationic ones at negative potentials [23]. Poly- 
layer formation by AOT at these potentials 
( + 0.2 V) is strongly supported by the fact that 
the capacitance of the corresponding state keeps 
on falling with increasing surfactant bulk concen- 
tration (from 4 to 2 #F/cm 2 when one passes from 
5 x 10 .5 to 10 -z M AOT, Fig. 2). At a molecular 

level, we believe that at those extremely positive 
polarizations, AOT monomers are adsorbed with 
their negatively charged sulfonic groups adjacent 
to the electrode surface and a monolayer of close- 
ly packed monomers with their hydrophobic tails 
towards the solution side of the interface is formed 
first. Then, more AOT molecules arrive at the 
interface and a second layer is gradually being 
built up on top of the first layer. The orientation 
of the molecules of the second layer is more likely 
to be opposite of that of the first one. That is, they 
probably have their charged - SO3 groups to- 
wards the solution and their hydrophobic parts 
interacting with those of the molecules of the first 
monolayer. 

The interactions can be both hydrophobic ones 
and hydrogen bonding through the carbonyl 
groups of AOT. Such interactions are wellknown 
to form bilayer AOT vesicles in both solutions 
[7]. 

The central capacitance pit most probably cor- 
responds to a condensed state of the interface 
since it shows many of the general characteristics 
of C vs E curves attributed to compact layers 
[-31,32] (Fig. 2). That is, it has a very low 
capacitance value (c.a. 4#F/cm 2) extended over 
a wide potential range; its limits show hysterisis 
loops in classic voltammetric experiments (Fig. 
3a), and it is surrounded by steep (at least at 
negative potentials) and concentration indepen- 
dent peaks. The AOT molecules are most 
probably with their charged groups towards the 
solution and their hydrocarbon groups interac- 
ting with the hydrophobic Hg surface [24,29], i.e., 
with an opposite orientation from that in the first 
layer of the polylayer present at + 0.2 V. 

The reason why the compact layer is apparently 
destroyed at positive polarizations through 
a "bell-shaped" peak instead of a sharp "needle- 
like" peak as expected for a phase transition 
occurring in a single layer [28], is that the above- 
mentioned peak is the result of two different phase 
transitions at neighboring potentials. The first one 
(at the cathodic part of the anodic peak) corres- 
ponds to a phase transition between a condensed 
AOT monolayer and a non-saturated surface 
solution of AOT monomers. However, as the po- 
tential becomes more positive the AOT molecules 
are not desorbed, but there occurs phase 
transition of the non-saturated surface solution 
into a polylayer (anodic branch of the anodic 
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peak) as described above. The fact that the de- 
composition of the compact layer may be realized 
through a series of transformations into aggre- 
gates ("surface micelles") is also expected to 
"smooth" the anodic branch of the peak. It is 
interesting that two overlapping peaks at negative 
polarizations (one corresponding to the dissolu- 
tion of the compact film and the other to the 
subsequent polylayer formation) can be seen for 
intermediate times or during relatively fast poten- 
tial sweep experiments (Figs. 3a and b), but merge 
at longer periods into a simple peak (Fig. 2b). 

For the two higher concentrations of AOT 
studied (i.e., 10 -4 and 10 -2 M, Figs. 2c and 2d) at 
around - 1 . 0  V the central capacitance pit is 
transformed into a plateau of slightly higher 
(6#F/cm 2) capacitance values which also shows 
a slow increase as the potential becomes more 
negative. Similar capacitance plateau neighboring 
with a central capacitance pit has also been ob- 
served for other micelle-forming surfactants such 
as SDS [29], CDBACI [30] and cholate ions [24] 
and has been attributed to a micellar surface film. 
That is, the compact film of strongly interacting 
adsorbate molecules is raptured into a less cohe- 
sive fi!m consisting of surface aggregates which, in 
analogy with those in bulk solutions, we call sur- 
face micelles. 

A less cohesive film is expected to be more 
conductive and thus exhibit a higher capacitance, 
as is indeed the case in AOT adsorption (Figs. 2c 
and 2d). On a molecular basis the transformation 
of a compact layer into AOT surface micelles can 
be realized by a limited break of some of the 
hydrogen bonds which are expected to be formed 
(through the C = O groups) between neighboring 
AOT molecules in the condensed state. As the 
potential becomes more negative and the adsorp- 
tion of AOT becomes less favored, more hydrogen 
bonds are broken and therefore smaller surface 
micelles are formed (continuous increase of the 
capacitance between - 1.0 V and - 1.5 V) until 
finally a sharp peak, corresponding to the dissolu- 
tion of the micellar film, is observed. 

The onset of the formation of this micellar film 
can be seen at intermediate or short times as 
a capacitance "hump" in Figs. 2b and 2c at c.a. 
- 1 . 2  V. That is, initially small micelles (and 

therefore a less cohesive film) are formed, but as 
time elapses more H-bonds are formed resulting 
in a more compact micellar film which differs very 

little from the compact layer (collapse of the 
"hump" into a plateau). 

An interesting point as far as the bulk CMC 
AOT concentration is concerned is the appear- 
ance of deformed (split) capacitance peaks at in- 
termediate times for concentrations as low as 
5 x 10- 5 M (Figs. 2b and 3b). If one was to rely on 
these deformations (as one would have to if one 
used a DME of a restricted lifetime or a H M D E  in 
a semistatic voltammetric mode) and attributed 
them (as was done in the past [15-19]) to the 
adsorption/desorption of monomers and micelles, 
then one should have to accept that the CMC of 
AOT is as low as 5 x 10-5 M, which is in contrast 
with the CMC determined by the surface tension 
data (Fig. 4). 

Thus, these deformations should be treated as 
phase changes which occur within the interface 
[29, 30], and not as corresponding to the adsorp- 
tion/desorption of entities already present in the 
bulk solution. Furthermore, the fact that these 
deformations vary strongly with time proves the 
validity of our approach by means of the 3D/ac/V 
in order to obtain the final, close to steady state 
picture of the C vs E curves. 

The only correlation between the bulk CMC of 
AOT and the C vs. E curves recorded for long 
times (which is empirical and indeed very weak) is 
the transformation of the compact layer into a less 
cohesive micellar film for concentrations higher 
than the CMC (Fig. 2d). 

Finally, we would like to comment on some of 
the original chronoamperometric (or more accu- 
rately, "chronocapacitometric") data that we used 
to reconstruct the C vs. E curves and try to inter- 
pret their features qualitatively (Figs. 5-8). In dis- 
cussing these curves the C vs E curves of Fig. 2b 
should be our "map" as far as the final potential of 
the pulse is concerned. 

When the potential is stepped at + 0.2 V (Fig. 
5), i.e., in the region of polylayer formation, the 
capacitance keeps on falling as more AOT mol- 
ecules are reaching the interface and are being 
adsorbed. When the surface concentration of 
AOT reaches a critical value (after c.a. 20 s) then 
there occurs the phase transition of the saturated 
surface solution into a condensed layer or poly- 
layer. The other curve in Fig. 5 depicts the situ- 
ation when the system is stepped to 0 V (i.e., on 
the top of the anodic capacitance peak). At this 
potential the compact layer has been dissolved 
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into a non-saturated interracial solution which 
has not reached the critical concentration to be 
transformed into a polylayer. What  we observe 
therefore is the intermediate between two surface 
states which, according to the phase transition 
model, has to lie on a peak and thus exhibit the 
high capacitance value recorded (Fig. 6). 

When the potential is stepped at - 0.1 V, the 
region on the positive verges of the capacitance 
peak, there is an initial decrease in the capacitance 
due to a continuous diffusion of AOT molecules 
towards the electrode surface. However, since the 
completion of the first layer seems to be slow at 
that potential, it is likely that new AOT molecules 
are being deposited on top of monolayer  islands, 
interacting with them, and forming three-dimen- 
sional aggregates which are loosely bound to the 
electrode and thus cause an increase in the differ- 
ential capacitance with a peak at around 3 s. Such 
a behavior was also observed and an analogous 
interpretation was also given by Wandlowski and 
Pospigil for some imine complexes [32], and by us 
in the case of cetyldimethylbenzylamminium 
chloride [23]. As time passes though, the first 
layer is completed with AOT molecules and a sur- 
face state exhibiting a capacitance of c.a. 
14#F/cm 2 is established, probably consisting of 
small surface micelles. 

At - 0.2 V the other curve in Fig. 6, the situation 
is simpler and an induction period of c.a. 2 s is 
needed until the surface nuclei-aggregates ("surface 
micelles') reach an adequate number and size for the 
compact layer to start to grow through extended 
H-bonding and for the differential capacitance to 
start to decrease. Similar induction periods for the 
formation of the compact layer at potentials close 
to its negative verges are shown in Fig. 7. 

Finally, Fig. 8 shows the transient resulting 
from a step to the top of the desorption peak 
( -  1.35 V) and a constant capacitance in the 
region where no adsorption occurs ( - 1.4 V). 
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