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Molecular dynamics simulations of decanemolecules adsorbed on a graphite substrate were carried out to study
removal of alkanes from the solid surface by using two surfactants. Three different systemswere prepared to un-
derstand, from the molecular point of view, the removal process. The first system was constructed with sodium
alpha olefin sulphate surfactants (AOS), the second system with betaine surfactants and the third system with a
mixture of both surfactants. In each case different features were observed. Studies of density profiles show how
the decanemolecules were adsorbed on the solid surface in a layer structure. Although both surfactants promot-
ed the formation of an additional decane layer, indicating separation or removal from the graphite surface, it was
observed that the AOS surfactant had less influence than betaine. Studies of adsorption and orientation of decane
molecules were also analysed on the graphite surface, with the different surfactants and the mixture, and it was
observed that those molecules present more structure on the surface with the AOS surfactant than with the be-
taine surfactant. However, the best removal of decane molecules was obtained with the surfactant mixture. In
this case it was observed that the first layer close to the surface wasmodifiedwhile an extra layer of decanemol-
ecules emerged suggesting decane separation from the surface. Moreover, the maximum removal was found at
AOS/betaine ratio concentration of 0.24/0.76.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

For several years investigations of surfactant molecules at liquid/va-
pour, liquid/liquid and liquid/solid interfaces have been the subject of
extensive studies not only for their scientific interest but also for their
industrial applications. For instance, Rosen [1], showed that attractions
between the hydrophilic head groups in surfactants are mainly domi-
nated by electrostatic interactions. Nyuta et al. [2], by conducting differ-
ent experiments (small-angle neutron scattering (SANS), dynamic light
scattering (DLS), cryogenic transmission, electron microscopy (cryo-
TEM)) studied zwitterionic surfactant aggregation, with nonidentical
headgroups, in aqueous solution and they found that aggregation
strongly depended on the hydrocarbon chain length and the surfactant
concentration. They observed a change in the structure from spherical
to rod-like shapes to vesicle by increasing surfactant concentration.

Several studies have been carried out on single surfactants by using
different experimental techniques including fluorescence, Raman
scattering, vibrational sum-frequency spectroscopy, Brewster angle
l Autónoma de México, UNAM
microscopy and atomic force microscopy [3–6], however, most of the
actual problems, such as commercial products, consist of a mixture of
surfactants that have more interesting properties, such as the reduction
of the interfacial tension, than individual ones. For instance, anionic sur-
factants are generally usedwith zwitterionic surfactants as active ingre-
dients for distinct industrial applications such as shampoo, washing
powders and in petroleum industry to remove oil from rocks. Therefore,
studies of surfactant mixtures have also been conducted using different
experimental techniques such as calorimetry, X-ray, neutron scattering,
and surface tension measurements among others [7–14]. One of those
interesting works was conducted by Christov et al. [15] who observed,
through dynamic light scattering experiments, the phase transition of
micellar aggregates from spheres to rods for pure surfactants and for bi-
narymixtures of betaine/SDS inwater. They found that formation of rod
micelles from sphereswasmore stable for a betaine/SDS fraction ratio of
0.8/0.2. They related the phenomenon to a loss of entropy (due to a de-
crease number in themicelle concentration) that should be compensat-
ed by a gain in the interaction energy between the molecules. On the
other hand, Danov et al. [16] performed surface tension measurements
of SDS and betaine in water and they found lower critical micelle con-
centration (cmc) for a betaine/SDS fraction of 0.75/0.25, suggesting
that only a small amount of SDS in themixture helps to reduce the con-
tact area at the interface. In fact, several works have reported the
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effectiveness of mixtures of anionic surfactants with zwitterionics
[17–19] such as the work of Basheva et al. [19] who found that foaming
and foam stability decrease may be impaired by the presence of
surfactants.

The study of surfactants on solid surfaces has also been a subject of a
lot interest, in particular to understand adsorption (desorption) pro-
cesses. In fact, several of those investigations have been conducted
using computer simulations which have proved to be a powerful tool
to investigate such complex systems. For instance, Hu et al. [20] con-
ducted molecular dynamics simulations to study adsorption of zwitter-
ionic surfactants (dodecyl sulfobetaine) and divalent cations (calcium
and magnesium) on a surface of silica. Liu et al. [21] investigated
dodecane desorption on a silica surface in an aqueous dilution of
cetyltrimethylammonium bromide (CTAB) by showing that the forma-
tion of a water–oil channel is needed for detachment. However, due to
the water and oil nature, the formation of that channel is not possible
without the presence of a surfactant. Wettability has also been investi-
gated and it was found how it is modified by the presence of surfactants
[22,23].

In previousworkswe carried out simulations of SDS andmixtures of
SDS/dodecanol to obtain more insights about aggregation and adsorp-
tion of those molecules on different substrates [24–26]. In the present
paper we are interested to investigate, from a molecular point of view,
how surfactants help desorption of alkane phases from a substrate. In
particular we focus on zwitterionic and anionic surfactants with decane
molecules deposited on a graphite surface.

2. Computational model

Simulations of three systems were conducted using two surfactants
on a graphite substrate with a layer of decanemolecules; system 1with
an anionic sodium alpha olefin sulphate (AOS), system 2 with a non-
ionic cocoamidopropyl betaine (see Fig. 1 of Supplementary data) and
system 3withmixtures of AOS/betaine. The initial configuration started
with 2416 water molecules in a bulk phase on a graphite wall where 40
decanemolecules were previously deposited. Then, the systemwas run
until decanewas adsorbed on the substrate by forming a layer structure
(Fig. 1a). It was used a graphite surface due to the good affinity with al-
kane molecules, therefore, a strong adsorption of decane molecules on
the surface was expected. The dimensions of the simulation cell were
X = Y = 40.249 Å and Z = 150 Å, i.e. the Z-length was large enough
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Fig. 1.Density profiles for a) the decane/water system b) decane with AOS surfactant c) decane
centration in each system is given in colours as indicated in the inset tables. The graphite surfa
to have a liquid/vapour interface at one end of the simulation box to
prevent the formation of a secondwater/solid interface due to the peri-
odicity of the system.

Then, systemswith individual surfactants at 7 different number con-
centrations; 0.0021, 0.0041, 0.0062, 0.0082, 0.0102, 0.0123 and 0.0143,
(5, 10, 15, 20, 25, 30, 35 surfactant molecules) of AOS or betaine mole-
cules were prepared. The concentration was calculated as the number
of surfactants divided by the total number of water molecules. For the
systems with anionic surfactants a sodium anion (Na+) per each AOS
molecule was included. For the mixtures (AOS/betaine) the total num-
ber of molecules was constant (19 total surfactant molecules) and the
results were given in terms of the betaine concentration (number of be-
taines/number of water molecules) 0.0033, 0.0045, 0.0062 and 0.0078.
Due to the affinity between surfactant tails and alkane groups the sur-
factants were initially placed with their tails close to the alkane layer
to save computer time. Simulations with heads close to alkanes and
tails next to water were also tested, however, the main results did not
change significantly.

The AOS and the betaine force fields consisted of intra and inter mo-
lecular interactions. The intra-molecular interactions included harmon-
ic bonds, harmonic angles and dihedral potentials whereas the inter-
molecular interactions consisted of Lennard Jones and coulombic poten-
tials. The parameters for the AOS headgroup were taken from Yan et al.
[27]whereas the parameters for the tail were taken from the tails of SDS
reported in the literature (due to the similarity in both tails) [24–26].
The parameters for the betaine molecule were taken from references
[28,29]. The charges for both AOS and betaine were obtained from
quantum chemistry calculations using the GAUSSIAN software (Fig. 1
of Supplementary data). The parameters, used in thework, for both sur-
factants are given in Tables 1–3 of the Supplementary data. Decanemol-
ecules were simulated with the force field proposed by Nath et al. [30]
whereas water was simulated using the SPC model. The water model
has been used in similar systems (of SDS/water/solid interfaces,
[24–26]) and good tendencies with experimental results have been ob-
served. The graphite plate was simulated using an atomistic model con-
structed with four layers (2706 atoms) [24,25] where all the atoms
were frozen to have a rigid wall.

All simulations were carried out in the NVT ensemble with a time
step of 0.002 ps using the DL_POLY package [31]. As mentioned above
there is a vapour–liquid interface at one edge of the simulation box
which should allow the systems to have appropriate thermodynamic
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conditions, such as the correct density value for water (see Fig. 1a). Pe-
riodic boundary conditions were imposed and the temperature was
controlled with the Hoover–Nosé thermostat with a relaxation time of
0.1 ps at a temperature of T = 300 K. The electrostatic interactions
were handled with the particle mesh Ewald (PME) method and the
Van der Waals interactions were cut off at 10 Å. Finally, all systems
were run up to 15 ns after 2 ns of equilibration and the last 3 ns were
taken for data analysis.
3. Results and discussion

Several simulations were conducted to study the behaviour of
adsorbed decanes on the graphite surface as a function of pure andmix-
tures of two surfactants (AOS and betaine).
)a

c)

Fig. 2. Snapshots of the decane–water interface on the solid graphite surface a) without any su
taine mixture. Water is represented in red, decane molecules in purple, AOS in green, betaine
3.1. Density profiles

The first simulations were carried out for the system decane/water
to observe adsorption of the alkane molecules on the graphite surface.
In Fig. 1 plots of density profiles are shown where it is possible to ob-
serve two layers of decanemolecules adsorbed on the surface. The den-
sity profiles were constructed by considering all the CHn unit atoms of
the decane molecules. Then, subsequent simulations were conducted
by introducing AOS or betaine molecules at different concentrations to
study the effects on alkane adsorption.

In Fig. 1b and c the density profiles of the decane molecules for dif-
ferent AOS and betaine concentrations are shown, respectively. As stat-
ed before, it is possible to observe two well adsorbed layers of decanes
on the surface in the absence of surfactant molecules in the system.
However, when AOSmolecules were added, the first peak in the decane
)b

d)

rfactant b) with the AOS surfactant c) with the betaine surfactant and d) with the AOS/be-
in blue and graphite substrate in pink.
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Fig. 3. Concentration of decane molecules in three regions (defined in the text) for differ-
ent surfactant concentrations. a) AOS, b) betaine and c) AOS/betaine mixture in terms of
the betaine concentration.
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density profile became higher (Fig. 1b) suggesting adsorption on the
surface. The second layer peaks decreased when AOS concentration in-
creased and a third layerwas created indicating desorption of decane. In
Fig. 2b a snapshot of the last configuration is shown.When betainemol-
ecules were used, different issues were observed (Fig. 1c). The peak of
the first adsorbed layer did not change with concentration. The second
layer decreased with surfactant concentration and at the same time a
small third layer started developing. The last results indicated that
some decane molecules began to separate from the surface as noted in
the snapshots of Fig. 2c.

As it was mentioned in the Introduction, it has been observed that
surfactant mixtures might enhance and help some properties, such as
stability of rods [15,16]. Therefore, in the presentworkwe also conduct-
ed simulations of AOS/betaine mixtures to investigate the difference
with pure surfactants. The mixtures were constructed with a total of
19 (AOS + betaine) surfactants. In this case, it was observed that the
first peak in the density profiles became smaller and at the same time
a third layer of decane molecules appeared (Fig. 1d). These results sug-
gested separation of few decane molecules from the surface (Fig. 2d).

3.2. Adsorption of decane on the surface

In order to have more information about decane attachment on the
surfacewe conducted amore detailed analysis of themolecules in three
different regions defined in the density profiles of Fig. 1. Region 1 is de-
fined from the graphite surface to the first minimum of the first layer,
region 2 is defined to the end of the second layer and region 3 starts
from the end of the second layer. In Fig. 3 the ratio of decane molecules
in each region is calculated as a function of surfactant concentration
(AOS and betaine) where the ratio was calculated by the number of
CHn groups in each region divided by the total number of CHn groups
of all decane molecules.

In Fig. 3a the number of CHn groups are plotted where it is observed
that the number of those groups increasedmore than 10%, in thefirst re-
gion, once AOS was added in the system. On the other hand, as the AOS
concentration increased the number of CHn groups in the second region
decreased up to 30% from concentration 0.010. In fact, it seems that few
CHn groups of the second region moved to the first region whereas
others moved away to region three. It is worthy to mention that error
bars were calculated for the data, however, they are of the size of the
symbols.

In Fig. 3b the results for the betaine surfactant are shown. In the first
region the number of CHn groups did not change for any betaine con-
centrationwhereas in the second region the ratio decreased up to rarely
30–40% from concentration 0.0062. In region 3 an increment of decane
molecules of≈30% from concentration 0.0062was observed. In fact the
increment of decane molecules in that region came from molecules in
region 2 suggesting desorption of decane from the surface.

It was observed that the first surfactant (AOS) produced attachment
of some molecules to the surface and at the same time it made a reduc-
tion of decanes in the second layer. On the other hand, the second sur-
factant (betaine) also made a reduction of decane molecules in the
second region, however, in that case decane moved towards the water
phase as suggested by the presence of a third layer.

In Fig. 3c plots of the variation of decane molecules in the three dif-
ferent regions, as a function of the betaine concentration, are shown for
the AOS/betainemixture. Here, in region 1 the amount of decanemole-
cules slightly decreased up to concentration of 0.033, then reduction in
the number of CHn groups was depicted. In region 2, an increment of
CHn groups (probably due to the CHn groups which moved from region
1) up to concentration 0.033was observed. In region 3 different features
were observed, i.e., a slight reduction, up to concentration of 0.0045, in
the amount of CHn groups with betaine concentrations, then a signifi-
cant increment of CHn groups was noted. The reduction in the first
layer and the increment in the third one, at betaine concentration of
0.0062, indicated that decane was removed from the surface. It is
worthy to mention that the increment of decanes at the concentrations
0.0062 (betaine)–0.0017 (AOS) corresponded to a fraction ratio (AOS/
betaine) of 0.24/0.76.

3.3. Structure of surfactants at the interface

To better understand adsorption of decane on the surface we also
analysed the surfactants behaviour at the oil–water interface. In Figs. 4
and 5 the CHn group (for betaine even those in the backbone) and
headgroup density profiles of AOS, betaine and the mixture are
shown. As it was expected the surfactant tails were deposited close to
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the decanemolecules whereas the headgroupswere immersed into the
water phase. From Fig. 4a it is possible to observe that surfactant tails
(CHn groups) stratified at the interface. Moreover, due to the affinity
of the hydrocarbon tails with alkane molecules, some surfactant CHn

groupswere located at the samepositions of thefirst and seconddecane
layers (only few in the first layer).

For the simulations with the betaine surfactant we also noted the
formation of layers at the interface (Fig. 4b). However, the peaks of
the surfactant CHn profiles were smaller and the layer at the interface
was significantly broader which could explain the presence of decane
molecules far from the surface. In fact, the effect was more pronounced
at higher surfactant concentrations.

Similar features were observed for the AOS and the betaine density
profiles in themixtures (Fig. 5), i.e. it was observed broader betaine pro-
files as the betaine concentration increased (Fig. 5b). At low concentra-
tions the two main peaks in the profiles were asymmetric (for both
surfactants), however, those peaks became alike as the concentration
increased. When the mixture ratio concentration was 0.24/0.76 the
two main peaks became symmetric (in betaine profiles) and an addi-
tional small peak appeared. It isworthy tomention that at this ratio con-
centration it was observed the maximum desorption of decane
molecules from the surface (see Fig. 3c).

3.4. Structure of the adsorbed decane molecules on the Surface

In Figs. 6–8 configurations and orientation probabilities of decane
molecules in region 1, i.e. deposited on the first adsorbed layer, are
shown. The orientation was measured as the angle of the horizontal
axis with the molecular orientation vector, defined from the first to
the last CHn groups in the chains. Figures with AOS, betaine and mix-
tures are given in Figs. 6, 7 and 8, respectively. At low and high AOS con-
centration it was possible to observe some preferred orientation of
decanemolecules (Figs. 6a and 7a). Those images suggested good affin-
ity and strong interaction of decanemolecules with the graphite surface
which could explain the raise of the first peak in the density profiles
(Fig. 1b).

In the case of the systems with betaine molecules different features
were observed. At low betaine concentration it was not observed any
preferred orientation (Fig. 6b), the molecules were more disordered
that those molecules interacting with AOS at the same surfactant con-
centration. As the surfactant concentration increased the same tenden-
cy was observed in the adsorbed decanes, i.e. without any preferred
orientation even at the highest concentration (Fig. 7b). These results
were in agreement with those given in the density profiles of Fig. 1c
where it was observed that the first adsorbed layers looked alike each
other at all surfactant concentrations. Moreover, the results suggested
that, due to the betaine surfactant, the alkane–graphite interactions
were reduced helping removal of decane from the surface.

The orientation of decanemolecules on the graphite surfacewith the
surfactant mixture is shown in Fig. 8. At low betaine concentration it
was observed some orientation of the decane molecules (see e.g.
Fig. 8a) similar to that observed in Fig. 6a. As the betaine concentration
increased itwas not possible to define a preferred orientation and,when
the mixture is rich in betaine molecules the decane molecules on the
surface present more uniform orientations (e.g. see Fig. 8b). Those re-
sults suggest that the attraction of decane with the graphite substrate



a)

b)
Fig. 6. Snapshots (left) and orientation probability (right) of decanemolecules on the first adsorbed layer at surfactant concentration of 0.0021 for a) AOS and b) betaine. Decanemolecules
are given in grey and graphite substrate in pink.
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changed as the betaine concentration increased by modifying adsorp-
tion of decane molecules from the surface.

4. Conclusions

A set of computer simulationswere carried out to study the removal
of decanemolecules on a graphite surface interacting with AOS and be-
tainemolecules and amixture of both surfactants. Fromall the above re-
sults it was observed that both surfactants break water–hydrocarbon
interface, however, they did it in different ways. In each layer distinct
featureswere depictedwhich lead to a different behaviour of thedecane
phase. Molecular dynamics simulations for several surfactant concen-
trations were conducted and different effects on the alkane desorption
for each surfactant was depicted. The anionic AOS molecules had less
effect on the decanes whereas the zwitterionic surfactants (betaines)
had more influence on the removal of the alkane molecules. Since the
betaine backbone likes water (due to the electrostatic interactions)
the surfactant chains did not move deep into the oil phase and they
stayed on the interface. As the surfactant concentration increased the
betaine–water attraction also increased and betaine moved away from
the solid surface with attached decanes in the surfactant tails which
could explain the appearance of an additional alkane layer. However,
the best removal was obtained for the AOS/betaine mixture with maxi-
mumdesorption ratio at a 0.76/0.24. Despite theworks on solid surfaces
using surfactants (e.g. [22–24]), as far as we know, there are not reports
of a specific concentration to enhance adsorption (desorption). Here,
we observed a competition between the interactions of surfactants
with water and with decane until an optimal ratio concentration was
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b)
Fig. 7. Snapshots (left) and orientation probability (right) of decanemolecules on the first adsorbed layer at surfactant concentration of 0.0143 for a) AOS and b) betaine. Decanemolecules
are given in grey and graphite substrate in pink.
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reached which produced better removal of decane molecules from the
solid surface.

From previous experimental works people have found that AOS and
betaine surfactants exhibit good foam stability in the presence of oil
while themixture presents less stability [32,33] and that amphoteric sur-
factants help separation of oil-in-water emulsions [34]. Then, it seems
that our systems have those contributions, on one hand the AOS helps
the stability of the system and on the other hand the betaine in the mix-
ture promotes separation of decane molecules which could explain why
the mixture works better for removal of the alkane from the surface.

Finally, It is not clear if there is a unique ratio concentration in
mixtures to enhance desorption from solids and more simulations
will be needed to have a general conclusion (they are considered
for a future work), nevertheless, we think that all of these results
can give us more insights to understand much better the removal
and desorption of alkane phases from solid surfaces.
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