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Metallic ion adsorption on surfactant aggregates were studied with Molecular dynamics simulations. Using ionic
salts, such as lead sulfate (PbSO4) and aluminum sulfate [Al2(SO4)3], adsorption of lead and aluminum wereinvestigated at different salt concentrations and different surfactant aggregates (micelles) sizes. The micelles
were constructed with spherical shapes composed of sodium dodecyl sulfate (SDS) anionic surfactants. The
electrostatic interactions between the positive ions and the negative SDS headgroups promote capture of the
metal particles on the aggregate surface. Metal adsorption was analyzed in terms of radial density profiles,
partial pair distribution functions and adsorption isotherms. It is showed that SDS micelles adsorb better lead
than aluminum ions regardless of the size of the aggregates and salt concentrations.
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1. Introduction

For several years metal pollution in aquatic systems has been the subject of a few investigations due
to the severe environmental problems. In particular, heavy toxic metals such as lead, mercury, cadmium
and aluminum, among other metallic particles, have been the subject of various studies [1–4] as they
are the cause of many health problems in humans. For example, lead can damage the kidneys and liver,
while mercury can cause lung damage and kidney impairment. Therefore, removal of those toxic metals
from aqueous solutions has become a very important topic not only from a scientific point of view but
also for the many industrial applications. Nowadays, different techniques have been used to investigate
metallic ion removal, such as chemical precipitation [5], ion-exchange [6], adsorption [7] and membrane
precipitation [8]. However, due to their polar properties, surfactant molecules have been used as an
alternative to trap metallic ions from aqueous solutions [3, 9–11]. For instance, porous carbon has been
used with anionic and cationic surfactants to increase the removal of metal ions.

An alternative tool to investigate such complex processes are computer simulations. For example,
Hu et al. [12] and Liu et al. [13] studied adsorption and desorption phenomena on solid surfaces. In
particular, they investigated adsorption of divalent cations and dodecane desorption from silica surfaces in
an aqueous dilution of cetyltrimethylammonium bromide (CTAB). On the other hand, removal studies of
organicmoleculeswith surfactants have also been investigated usingmolecular dynamics simulations [14–
17].

In a previous work, the removal of lead and mercury ions from aqueous solutions was investigated
using an anionic surfactant, sodium dodecyl sulfate (SDS) [18]. For those studies, lead nitrate (Pb(NO3)2)
and mercury chloride (HgCl2) salts were used. In that paper it was observed that surfactants improve
the retention of metal ions and they work better for mercury than for lead. In the present paper, lead
and aluminum ions are studied using the same SDS anionic surfactant, though in this case lead sulfate,
PbSO4 and aluminum sulfate, Al2(SO4)3, are tested. The use of different salts will allow us to study the
effects of salt counterions (sulfate) on the adsorption process.
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Figure 1. (Colour online) Snapshots of a SDS micelle with PbSO4 salt. Left-hand: Initial configuration.
Right-hand: Final configuration. Red and yellow colors represent the SDS headgroups, green represents
the SDS tail groups and blue represents the lead ions. For visualization, water and SO4 groups are
removed.

2. Computational model

Simulations were conducted for two metal ions, lead (Pb) and aluminum (Al) in lead sulfate, PbSO4
and in aluminum sulfate, Al2(SO4)3 salts, respectively. Surfactant micelles were prepared with sodium
dodecyl sulfate (SDS) molecules using an united atom model. Each SDS molecule consisted of a
hydrocarbon chain of 12 united carbon atoms attached to a headgroup, SO−4 , i.e., CHn groups were
treated as a single site atom whereas the headgroup atoms were explicitly modelled. The neutrality of the
systems was maintained by including a Na+ ion for each SDS molecule.

The SDS force field considered intra and intermolecular contributions and the parameters were taken
from reference [19], whereas the force field for the metallic ions and for their counterions was taken
from [20, 21]. It is worth mentioning that the σ Lennard-Jones parameters for the SO4 salt were scaled by
a factor of 0.085 to better reproduce the PbSO4 density. For the SO4 ion in the salt, the charges were set to
qS = 0.288 and qO = −0.572 whereas for the metallic ions, the charges were set to qPb = 2.0 for lead and
qAl = 3.0 for aluminum. For the aqueous media, water molecules were used with the three-site SPC/E
model [22]. The interactions between unlike atoms were obtained using the Lorentz-Berthelot (L-B)
combination rules.

Initial configuration started with a single spherical micelle, previously constructed, with SDS
molecules and placed in the center of a cubic box. Then, the simulation box was filled with water
and the micelle was free to move.

Two systems were prepared with 60 and 90 SDS molecules, respectively for each system, in 11226
water molecules and they were all together equilibrated up to 10 ns. Then, a different number of salt
molecules, PbSO4 or Al2(SO4)3, were randomly located in the simulation box (using individual ions of
Pb, Al and SO4), i.e., 30, 60 and 90 salt molecules completely dissolved in water, see figure 1.

All simulations were run in GROMACS-5.1.2 software [23] in the NPT ensemble at temperature
T = 298.15 K and pressure P = 1 bar, using the Nosé-Hoover thermostat [24] with a relaxation time
of τT = 0.1 ps, and the Parinello-Rahman barostat [25], with a relation time of τp = 2 ps, respectively.
Periodic boundary conditions were used in all directions and long-range electrostatic interactions were
handled using the particle mesh Ewald method [26]. Bond lengths were constrained using the Lincs
algorithm [27] and the short range interactions were cut off at 2.0 nm. Then, simulations were carried
out up to 50 ns after 5 ns of equilibration with a timestep of dt = 0.002 ps. Results were analyzed for the
last 20 ns and configuration energy was monitored as function of time to determine when the systems
reached equilibrium.
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3. Results

3.1. Micelle and ions structure

As stated above, initially a spherical micelle was placed in the center of the simulation box. Therefore,
to study whether the micelle presents some modification in its shape once salts were added to the system,
radii of gyration were investigated. Then, the radii of the micelles were calculated with and without the
presence of salt. The radius of the micelle (Rs) is related to the radius of gyration (Rg) as,

Rs =

√
5
3

Rg . (3.1)

The eccentricity of the micelle was also calculated as,

e = 1 −
Imin
Iavg

, (3.2)

where Imin and Iavg are the moment of inertia with the minimum magnitude and the average of all three
moments of inertia, respectively. For a sphere, this value should be zero. The radii of the micelles without
salt were 2.06 nm and 2.36 nm for the systems with 60 and 90 SDS molecules, respectively, in agreement
with previous computational and experimental results [28, 29]. The eccentricities were 0.12 and 0.15
for micelles with 60 and 90 SDS, respectively. When salt was included, those values did not change
significantly. In the case of PbSO4 with 60 SDS, the radii were between 2.03–2.13 nm, for systems with
30–120 ion salts. The average eccentricity for those micelles was ≈ 0.13. For the same system with 90
SDS, the radii of the micelles were between 2.30–2.32 nm, for systems with 30–120 ion salts. Here,
the average eccentricity of the micelles was ≈ 0.12. In the case of the Al2(SO4)3 with 60 SDS, the
values were similar, for the different ion concentrations the radii were between 2.01–2.10 nm with an
average eccentricity ≈ 0.1. For the system with Al2(SO4)3 and 90 SDS, the radii, for the different salt
concentrations, were between 2.33–2.38 nm with an average eccentricity ≈ 0.11. Then, it was observed
that once salt was added in the systems, the size of the micelles did not change and since the eccentricities
were small, they remained nearly spherical, see figure 1.

At the beginning of the simulation the ions were distributed throughout the box, at the end some
of them were adsorbed on the micelle and they were deposited close to the SDS headgroups as it is
observed in figure 1. In terms of partial pair correlation functions [radial distribution functions, gi j(r)]
it was studied how the metal ions were distributed around the SDS micelles. In figure 2 typical radial
distribution functions of the Al ions [of the Al2(SO4)3] with the sulfur atoms (of the SDS surfactants)
are shown. In the figure, the gS−Al(r) of the systems with micelles of 60 SDS and 90 SDS at different
Al2(SO4)3 salt concentrations are depicted. There is observed a first high peak suggesting a strong
interaction between the Al ions with the sulfur atoms (SDS headgroups). It is also noted that the peak
decreases as the salt concentration increases (the number of ions), i.e., there is less probability to find
Al ions close to SDS headgroups at high salt concentrations. Furthermore, higher gS−Al(r) peaks are
detected in the big micelle (90 SDS) than in the small one at the same salt concentrations, i.e., there is
less probability to find Al ions per SDS headgroups in the small micelle. Similar issues were observed
for micelles with PbSO4 salt.

3.2. Metal ion retention

Retention of the metal ions by the SDS headgroups were studied in terms of radial number density
profiles,

ρ(r) =
dNi(r)

dV
, (3.3)

dNi(r) is the number of ions in a spherical shell of volume dV (= 4πr2dr).
In figures 3 and 4, typical radial density profiles for the SDS headgroups (represented by the sulfur

atoms) and Pbmetal ions are shown. At the end of the simulations, the average density profiles of themetal
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Figure 2. (Colour online) Radial distribution functions, gS−Al(r), for the SDS micelle with different
number of Al2(SO4)3 salt ions. Top: with 60 SDS molecules, Bottom: with 90 SDS molecules. The
gS−Al(r) is calculated for the aluminum [Al2(SO4)3] and Sulfur (SDS) pairs.
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Figure 3. (Colour online) Radial density profiles for sulfur (SDS) and lead (PbSO4) at different salt
concentrations, i.e., the number of Pb ions, for a micelle of 60 SDS.

ions show a first high peak close to the SDS peak, suggesting a few number of metal ions approaching
and adsorbed by the SDS micelle, in particular to the headgroups. In the same plots there is also noted a
shoulder and even a tail in the ion profiles indicating that few metals are away from the micelle, i.e., they
are not held by the SDS aggregate.

The number of ions attached on the micelle surface was calculated by integration of the number
density

Nad =

Rc+rc∫
0

4πr2ρ(r)dr . (3.4)
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Figure 4. (Colour online) Radial density profiles for sulfur (SDS) and lead (PbSO4) at different salt
concentrations, i.e., the number of Pb ions, for a micelle of 90 SDS.

The integration was performed in radial shells from the center of the micelle up to the upper limit
defined by Rc + rc , where Rc is the position of the SDS headgroups peak in the density profile (see
figures 3 and 4) and rc is obtained by the position of the first minimum in the radial distribution function
of the sulfur (S) with lead (Pb) [or aluminum (Al)] ions, i.e., the position of the first nearest neighbors
of the metal ions with the S-atoms since at this distance it is considered that the ions are retained by the
SDS micelle. In fact, the position of the sulfur peaks of the density profiles can give us information on
the radius of the micelle, around 2 nm, in agreement with our previous data and with the values of earlier
simulations and experiments reported in the literature [28].
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Figure 5. (Colour online) Retention ratio of metal ions (Pb or Al) at different salt concentrations in both
micelle, 60 (top) and 90 (bottom) SDS. Solid lines are only to guide.
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Figure 6. (Colour online) Adsorption isotherms of metal ions (Pb or Al) on SDS micelles at different salt
concentrations. Top: micelle with 60 SDS molecules, bottom: micelle with 90 SDS molecules.

Then, the amount of metallic ions retained by the SDS micelles was estimated with the ratio n =
(Nad/NT ) calculated with the number of metal ions adsorbed on the SDS micelles divided by their
total number (NT ). The above procedure was conducted and analyzed at different time steps throughout
the entire simulation and it was observed that after 30 ns, the number of ion retained did not change
significantly. Therefore, the results were taken up to 50 ns, when plots reached a plateau in time.

In figure 5, the percentage of Al or Pb ions retained by the different SDS micelles are showed. As a
general trend, the ion retention decreases as the salt concentration increases. It is also observed that the
big micelle retains more metallic ions than the small one regardless the salt concentration. In fact, it is
noted that the SDS micelles work better to capture Pb ions than to capture Al ions, i.e., micelles adsorb
more lead than aluminum at the same salt concentration.

3.3. Adsorption isotherms

The study can also be analyzed in terms of ion adsorption isotherms on the SDSmicelle surface. Then,
adsorption was calculated as the amount of ions attached to the micelle normalized with the number of
SDS molecules, i.e.,

Γ =
Nad

NSDS
, (3.5)

where Nad is the number of metal ions retained on the micelle and NSDS is the total number of SDS
molecules in the system, i.e., the relation between the adsorbate adsorbed and the adsorbent. In figure 6
adsorption isotherms are plotted, in a log-log plot, as a function of the ion concentration, Xc ,

Xc =
Nion

Nwater
, (3.6)

where Nion and Nwater are the total number of metal ions and the total number of water molecules in the
system, respectively. The adsorption data of figure 6 can be fitted with a straight line

ln(Γ) = m ln(Xc) + ln(K), (3.7)
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where the slope, m, and the intercept of the line, ln(K), can be related to the constants of the Freundlich
isotherm [30]

Γ = K X1/n
c . (3.8)

Xc is the concentration, K is a constant related with the adsorption capacity and 1/n(= m) is the saturation
rate of adsorption. In table 1, the values of K and n for the different systems are given. It is observed that
K is higher for the systems with Pb ions regardless of the size of the micelle, i.e., micelles with Pb salts
have a higher capacity of adsorption than micelles with Al salts.

Table 1. Adsorption K and n constants.

60 SDS K n
Pb 4.99 2.21
Al 3.47 2.43

90 SDS K n
Pb 6.53 1.87
Al 2.49 2.50

4. Conclusions

The adsorption of lead and aluminum ions from aqueous solutions using micelles of sodium dodecyl
sulfate (SDS) surfactants, was investigated. The studies were carried out using PbSO4 and Al2(SO4)3
salts at different concentrations and sizes of the SDSmicelles. From the density profiles it is observed that
the negative SDS headgroups are close to the positive metallic ions, and since those SDS headgroups are
located on the exterior of the micelle it can be assumed that ions are trapped on the surface. The partial
pair distribution functions show a higher probability to find metallic ions close to the SDS headgroups in
the big micelle than in the small one. The results also show that SDS micelles are more efficient to retain
Pb than Al ions regardless of the aggregate size. In fact, as a general trend, a big micelle promotes more
adsorption of metal ions than a small one, i.e., since big micelles have larger surfaces than small ones
there is a high probability to hold metal ions in those systems. Moreover, the results also show that low
salt concentrations work better to hold ions on the surfactant surface. The present work can be used to
study the retention of contaminant particles in aqueous solutions, i.e., it shows how surfactant micelles
can help trap the metal pollutant ions in water and is complementary to the previous investigation where
SDS micelles were also used to study the retention of lead and mercury ions [18]. It is worth mentioning
that the results are given for a particular combination rule between unlike atoms. With these parameters,
simulations of metallic ions-water [21] and SDS-water [19] have been tested in the literature with good
results. However, to the best of our knowledge, there are no reported works on metallic ions and SDS
surfactants. Different cross-interactions could give different data, the quantitative results may change,
though we think that the qualitative results may not change, i.e., the phenomenon will show the same
trends. Finally, from the present work and earlier results [18] we conclude that the counterion, in this case
SO4 or NO3, influences the ion retention. In fact, current data comparisons with those of reference [18]
show that the capture of Pb ions is better in PbSO4 salts than in Pb(NO3)2 salts.
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Адсорбцiя iонiв металiв з водних розчинiв на агрегатах

поверхнево-активних речовин: дослiдження методом

молекулярної динамiки

Е. Г. Чавес-Мартiнес, Е. Седiльо-Крус, Е. Домiнгес
Iнститут матерiалознавства, Нацiональний незалежний унiверситет Мехiко, 04510, Mехiко,Мексика
На основi методу молекулярної динамiки дослiджується адсорбцiя iонiв металiв на агрегатах поверхнево-
активних речовин. З використанням iонних солей, таких як сульфат свинцю (PbSO4) i сульфат алюмiнiю[Al2(SO4)3], дослiджено адсорбцiю свинцю та алюмiнiю для рiзних концентрацiй солi та рiзних розмiрiв
агрегатiв поверхнево-активної речовини (мiцел).Мiцели будувалися у виглядi сфер, утворених анiонною
поверхнево-активною речовиною – додецилсульфатом натрiю (SDS). Електростатичнi взаємодiї мiж пози-
тивними iонами i вiд’ємно зарядженими групами SDS сприяють захопленню частинок металу поверхнею
агрегата. Адсорбцiю металiв дослiджено на основi аналiзу профiлiв радiальної густини, парцiальної пар-
ної функцiї розподiлу та iзотерм адсорбцiї. Показано,що мiцели SDS краще адсорбують iони свинцю, нiж
алюмiнiю, незалежно вiд розмiру агрегатiв чи концентрацiї солi.
Ключовi слова: адсорбцiя iонiв металiв, анiонна поверхнево-активна речовина, поверхнева адсорбцiя,

молекулярна динамiка, iоннi солi
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