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Abstract We have studied the behavior of binary surfac-
tant mixtures using the Monte Carlo (MC) simulation
technique with a three-dimensional lattice model of a binary
surfactant mixture, in which the constituent surfactant
species are represented by a series of connected grid sites.
Head-head interactions, alone and along with tail-tail
interactions, among identical surfactant species were varied
to imitate non-ideal mixing and to manipulate the net
attractions and repulsions between surfactant species. We
found that the head-head and tail-tail interactions affect
both the mixed critical micelle concentration and distribu-
tion of aggregates. The simulation results are analyzed in
the light of the phase separation model, which considers
micelles as separate bulk pseudo-phase. Our studies reveal
that regular solution theories do not present a satisfactory
description for such systems. The discrepancies observed
between the theoretical and simulation results for the
studied systems could be attributed to the nonrandom
mixing effect in simulation, which is neglected in regular
solution theory.
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Introduction

Surfactants (surface active agents) play an important role in
many industrial processes and are key ingredients in
biological systems and consumer products [1].The amphi-
philic character of surfactants leads to the formation of
various self-assembled aggregates in water. Surfactant
molecules consist of a polar headgroup and one or more
hydrocarbon chains. In aqueous solutions, surfactant mol-
ecules can arrange themselves into molecular assemblies,
known as micelles, if the concentration of the surfactant
exceeds a certain critical value. The concentration at which
micelles start to form is known as the critical micellar
concentration (CMC). However, as has been known for a
long time, surfactant mixtures show a very different
behavior in comparison with their components [2]. For
example, in aqueous solutions of binary surfactant mixtures,
synergistic (attractive) interactions between two species
produce CMCs lower than solutions with the constituent
single surfactants [3]. However, antagonistic interactions in
mixtures of hydrocarbon-based and fluorocarbon-based
surfactants in aqueous solutions result in CMCs considerably
higher than those of the constituent single surfactants [4, 5].
In general, specific interactions (synergistic or antagonistic)
between surfactants significantly alter micellar and phase
behavior properties [5]. It is therefore necessary to under-
stand the specific interactions of surfactant mixtures in
aqueous solution [6].

Clint [7] proposed the phase separation model to
describe the mixed micelle formation phenomenon. In this
model, surfactant species present in the micellar phase are
assumed to mix ideally, allowing calculation of CMC for
mixed entities in terms of the overall composition of the
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combined components and the CMCs of the individual
surfactants [8]. This ideal mixing model has been very
successful in describing surfactant mixtures containing very
similar surfactant species but fails to adequately describe
the majority of mixed surfactant systems, where the surfactant
species present in the mixture are quite dissimilar. Rubingh
treated non-ideal binary surfactant mixtures using the pseudo-
phase separation (PPS) model [9], where non-ideality is
included as the activity coefficient of each surfactant in bulk
phase. Evaluation of these activity coefficients then becomes
the important step. To evaluate these activity coefficients, the
excess free energy of mixing, g=, is expressed as a series
expansion. In the PPS model, only the first term is taken,
which means that the excess free energy is constrained to be
a symmetrical function with respect to micellar composition:

g5 = prix; (1)

where x; is the composition of surfactant i in mixed micelles
and 3 is the interaction parameter. This leads to the
following expression for the activity coefficients:

Iny, = B(1 —x;)* kT (2)

Hence, Eq. 2 is for applied calculation of activity
coefficients, where +; is the activity coefficient of surfactant
i, k is the Boltzmann constant, and 7 is the temperature. The
3 parameter is the interaction parameter for micellization,
which has been interpreted as an enthalpic contribution to
non-ideality [9, 10]. The model is also known as regular
solution theory, in analogy to assumption of ideal entropy
for bulk solutions.

Although the regular solution treatment is simple, it must
be noted that the basic assumption in the treatment, i.e.,
being zero mixing entropy, is not thermodynamically valid
for non-ideally mixed micelles. This model should there-
fore be viewed as a useful empirical model. Furthermore,
regular solution treatment is successful mainly with respect
to the correlation of mixed critical micelle concentrations
with one interaction parameter 3 [9, 11].

Computer simulation plays a major role in understanding
the properties of self-assembling amphiphilic systems.
Using characteristic features of a single amphiphile and
the interaction parameters of the models, one can effectively
obtain a microscopic understanding of thermodynamic
properties and a detailed picture of the self-assembled phases
through simulation studies. These simulations can be classi-
fied into two broad categories: molecular dynamics (MD)
simulations and Monte Carlo (MC) simulations.

In MD simulations, Newton’s equations of motion are
solved for each amphiphile. Some of these MD simulations
are very expensive computationally and, therefore some-
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times require preassembly of structures and a limit on the
number of molecules that can be simulated in a reasonable
amount of time.

MC simulation studies of surfactant solutions have been
used widely in the past 22 years. These methods are
generally based on lattice models in which a surfactant
molecule is represented as a chain of chemical groups
occupying certain grid sites on a two or three-dimensional
(3-D) lattice. Extensive work has been done by Larson
[12-16], showing that surfactant self-assembly can be
achieved by MC simulations without having to resort to
any preassembled micellar structure or shape. However, the
majority of Larson’s work has focused on three-component
amphiphile—oil-water systems, and quantitative predictions
of phase behavior have been made by using a temperature
integration method [17].

Several MC studies have been performed for the
measurement of the micellar properties, such as CMC,
micellar shape, micellar size, aggregation number, polydis-
persity, etc. Care [18] has studied the thermodynamics of
cluster formation by calculating the distribution of mono-
mer in clusters. In another work, Panagiotopoulos et al. [19]
determined the phase behavior and micellization of several
lattice di- and tri-block surfactants in a Larson-type model
by histogram-reweighting grand canonical MC simulations
on a lattice model.

Several reviews on simulation studies of surfactant
solutions have appeared in the literature [20, 21].These
reviews contain information about surfactant simulation
modeling in general and provide a critical overview of the
current state of research in this area. Surprisingly, despite
increased interest in mixed surfactant systems, compared
with studies of the bulk properties of amphiphiles of a
given type using the MC method [12-16, 22, 23],
simulation studies are relatively scarce [24, 25]. 3-D
lattice-based MC simulations of mixed amphiphile systems
have been performed by Zaldivar and Larson [24]. They
adjusted the attractions and repulsions between headgroups
in order to mimic natural synergistic and antagonistic
behaviors. Effect of interactions between the tailgroups in
micellization of surfactant mixtures were neglected in their
model, and the antagonistic behavior in mixed surfactants is
attributed to interspecies head repulsions, while the antag-
onistic behavior seen in nature in mixed surfactants can be
attributed mainly to interspecies tail repulsion. Recently,
MC simulations have also been used by Rodriguez et al.
[25] to study the behavior of binary surfactant mixtures. In
that work, three types of mixed amphiphile systems were
investigated. They considered six nonzero interaction
energies between two types of amphiphiles and solvents
in the solution, and neglected interactions between head-
groups or tailgroups of amphiphile molecules.
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In previous studies, we described ionic—nonionic surfac-
tant and ionic—ionic surfactant mixtures experimentally by
considering two effects not accounted for in regular
solution theory, namely nonrandom mixing in the formation
of mixed micelles and the effect of head group size [26-28].
In this work, we studied the thermodynamic properties of
aqueous solutions of binary surfactant mixtures through
lattice MC simulation using the Rodriguez model [29]. By
varying the net head-head alone and along with tail-tail
interactions between surfactant species, this model captures
the non-ideal mixing effects responsible for the synergistic
and antagonistic behaviors of surfactant mixtures. Further-
more, relative importance of the interactions between head-
groups and tailgroups are evaluated. The simulation results
for the mixed surfactant solutions are compared with those
obtained from regular solution theory. This is an extension of
our earlier work on surfactant mixtures [30].

Model and methods

A 3-D simple cubic lattice with the coordination number of
z=06 is applied, i.e. only the nearest neighboring interactions
are taken into account. In order to minimize any possible
size effect, a box with L=60 is used for simulation of
mixtures. In all the presented results, the excluded volume
and periodic boundary conditions are used to mimic the
bulk solution. All the lattice sites are occupied either by
solvent, surfactant 1 or surfactant 2. Solvent molecules
occupy single sites, while surfactant molecules occupy a
chain of neighboring sites. Surfactant chains, H;T;, have
appropriate numbers of H and 7 beads (i, j > 1). The second
surfactant is also represented by a chain of head beads and
tail beads but is denoted by A;B; instead. The head and tail
beads are typically assumed to be hydrophilic and hydro-
phobic, respectively. The nature of beads is established
through an appropriate assignment of energies of inter-
actions with solvent molecules. All lattice sites not
occupied by surfactant molecules are occupied by solvent
molecules, denoted here by S. Each lattice site is occupied
by only one bead at a time. In this study, only H4T4 and
A4B, are investigated.

Energy in the system is defined as the sum of all of
the nearest-neighbor interactions. Thus, each interaction
between pairs of nearest-neighboring sites contributes
additively to the total energy. Numerically, each head or
tail site interacts with its nearest-neighbors through the
specified dimensionless interaction energy, E,, , where p
and q represent various types of molecular beads, that is
p, q=S, H, T, A, B. Therefore, the net energy associated
with any configuration is a multiple of /7. This
interaction parameter can be related to the Flory—Huggins

parameter y through x = ez/kT. The total internal energy of
the system divided by kT is:

Erpiar = 2 Nyoe 3
Total o \PaEPa (3)

where N, is the total number of pg pairs in the system, epq
is the dimensionless interaction energy, & is the Boltzmann
constant and T is temperature. Although this model contains
many interaction energies, only some of them are used in
practice.

Metropolis algorithm

This study is based on the standard Metropolis algorithm
[31]. From all possible configurations for the system, a
starting configuration is randomly selected. The total
internal energy of this configuration, denoted as Egq, is
then calculated. Then, another configuration is randomly
generated and its energy, E.., is calculated. This trial
configuration is accepted based on the following probability:

o - sin{ o251 "

Where AE is the difference between the total internal
energies of the trial and old configurations, £ is the
Boltzmann constant and 7 is temperature. This procedure
is continued until equilibrium is attained. The optimum
number of MC steps depends on the temperature and
concentration of the surfactant molecules. In this work,
more than 10® moves are performed in order to reach a
constant total energy. To avoid pseudo-equilibrium states,
some simulations are performed under athermal conditions
and the interaction energy is increased at each step,
typically in steps of 0.1, until the desired interaction energy
is reached. Furthermore, some of the simulations are
repeated several times to verify results.

MC moves

Even though the methods used in the literature for chain
rearrangement vary from local motions involving only one
or two chain segments, such as Verdier—Stockmayer, kink
jump moves, to schemes involving the removal and
regrowth of chains such as the configuration-bias method,
reptation is still efficient under many circumstances.
Although the relatively simple algorithm is not a realistic
description of the chain motions on a local scale, it leads to
a rather quick equilibration of the coil. The main applica-
tion of this algorithm is for multi-chain systems. The ratio
of successful to rejected reptation moves depends on
concentration of the amphiphilic molecules. The inefficiency
for high amphiphile concentrations is compensated by the
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large number of attempted moves. Here, the end of a
randomly selected chain is moved to one of the five nearest
neighboring sites (the 6th one being occupied by the second
bead of the chain). The second bead of the chain is moved to
the position previously occupied by the first one, and all the
other beads of the chain follow the end site. In this work,
reptation moves are used to rearrange the chains on the lattice.

Selection of interaction energies

In our simulations, the surfactant molecules are divided into
two parts: a head segment, which interacts favorably with
solvent sites, and a tail segment, which interacts repulsively
with these sites. Head—solvent interactions are unnecessary
for micellization and, thus, an effective surfactant head-
solvent hydrophilic interaction may be created by zeroing
them.

To describe a surfactant mixture, interspecies inter-
actions are used, consisting of repulsive values between
the head (tail) unit of one surfactant species and the tail
(head) unit of another one. Simulations are performed using
five different sets of parameters. The different interaction
energies are shown in Table 1. Since the synergism
phenomenon in surfactant mixtures result from the inter-
actions between different head groups, the head—head
interaction energies, FEya, are adjusted to control the
interactions between surfactant molecules. On the other
hand, antagonistic behavior seen in nature is most often
attributed to interspecies tail repulsion, one hydrocarbon
and the other perfluorinated. In this work, the tail-tail
interaction energies, Ep, are also adjusted to control the
interactions between surfactant molecules. Except for the
head—head and tail-tail interactions, all the non-zero
interaction energies, E,q, have constant magnitude of e=
0.7, as suggested by Rodriguez [29]. The head—head and
tail-tail interaction energies are given as multiples of e.

Identical surfactants H4 T, and A4B4; with similar
structures and interactions are chosen to investigate the
net crossing interaction between headgroups and tailgroups.
This would allow refinement of the properties defined for
surfactant mixture solutions.

Results
Critical micellar concentration

At low surfactant concentrations, individual surfactant
molecules are dissolved in solvent, while micelles form at
higher concentrations. The threshold concentration, where
first micelles appear in the system, is called the CMC point.
Unfortunately, CMC is not a well defined point. There are
several definitions for the CMC in simulation studies [32,
33]. In this paper, the Israclachvili definition is applied and
CMC is assumed to be the concentration at which the
number of free surfactants is equal to the number of
aggregated surfactants in solution [33]. Thus, for a mixture
of surfactants, CMC corresponds to the intersection of a
straight line defined by C¥ = C,/2, and the curve defined
by the simulation data obtained for the total concentration
of monomeric surfactants, C¥ = CY + C¥, as in Fig. 1,C;
is the total surfactant concentration and CM is the
monomeric concentration of surfactant i. The concentra-
tions are defined as the number of surfactant sites divided
by the total number of lattice cells, 60 x 60 x 60 in this
work. Figures 1 and 2 show the total monomeric concen-
tration as a function of total concentration of the H T4~
A,4B, surfactant mixture at a ratio of 50:50, with Eg,=0
and Ega=-0.7. As it can be seen in Fig. 2, at concen-
trations well above the CMC, a decline in free surfactant
concentrations is observed. Experimental evidence also
exists for this decrease, which is not predicted by traditional
theories for micelle formation [34, 35]. This behavior has
been explained by von Gottberg et al. [36] and is due to the
nonideality of the micellar solution at high concentrations,
where interactions among the aggregates cannot be
neglected. Figure 3 shows a snapshot of the simulation
box for the H4T4—A4B4 system with Fy,=—0.7, indicating
the presence of a large number of interacting micelles.
From visual inspection of snapshots for all mixed systems
studied in this paper, it is observed that the aggregates
formed in the lattice solutions consist of both the
amphiphiles HyT4and A4B,4, and not separate aggregates
of each amphiphile (Fig. 4).

Table 1 Interaction energies for

all the systems studied Interaction energies, Eqp

Surfactant A4B, Cross Interactions

EAS EBS EAB EBT EHA EAT EHB

System Surfactant H,T,4
Eug Ers Eur
1 0 € €
2 0 £ €
3 0 £ €
4 0 € 13
5 0 € 13

0 € € —€ € €
0 € I3 —€p € €
0 € € 0 0 € €
0 € € En —€ € €
0 € € 13 —€ 13 I3
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Fig. 1 Free monomer concentration vs total surfactant concentration
for a 50:50 mixture of HyT4—~A4B4 on a box of size 60 x 60 x 60. The
interaction energies for this system are given in Table 1 as system 3

The head-head and tail-tail interaction energies
affect the average free monomer concentration. Figure 5
indicates the impact of head—head and tail-tail interaction
energies (Ega, Ept) on the CMC. The net attraction
between headgroups causes a negative deviation from
Rault’s law and reduces the mixed CMC, while when the
attraction is accompanied by repulsion between tailgroups,
a positive deviation from Rault’s law and a higher mixed
CMC is observed. In Fig. 6, CMC is plotted versus relative
composition of the surfactant mixture, while interactions
between surfactant species are assumed to be constant.
Each curve corresponds to a system with different inter-
actions between headgroups alone and along with tailgroups
of the surfactants present in solution. As expected, consider-
ing the similarity in surfactant structures and interactions,
the mixed CMC curve is symmetrical with composition.
Comparisons between system 1 with 4 and 5 reveal that
interactions between headgroups and tailgroups do not
produce same effect on the mixed CMC. Unlike the
experimental data reported by Hoffmann and Pdssnecker
[2], the effect of interactions between tailgroups is more
significant (Figs. 5, 6). In this work, only short range
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Fig. 2 Free monomer concentration vs total surfactant concentration
for a 50:50 mixture of H4T4—A4B4 on a box of size 60 x 60 x 60. The
interaction energies for this system are given in Table 1 as system 1

Fig. 3 Typical visualization of a simulation box with Eya=—-0.7 at a
ratio of 50:50. Blue/red points Tails of two surfactants, gray/turquoise
points heads of two surfactants

Fig. 4 Typical visualization of a micelle with a Ey,=—0.7 at a ratio
of 50:50, and b Ejo=—0.7 along with Ez7=0.7 at a ratio of 50:50.
Blue/red points Tails of two surfactants, gray/turquoise points heads
of two surfactants

@ Springer



1504 J Mol Model (2010) 16:1499-1508
2.00E-02 0.003
c Ena=-0.7 along with Egr=0.7 0.0025 -
2 1.60E-02 A 4 Epe-07
© x
= 0.002 -
(7] X Eya=- 0.7 along with Egr= 0.7
2 1.20E-02 - c " 19 with Egr
8 Ena= Esr=0 Looo15{ x
f =4
° ax
£ 8.00E-03 00014 «
2 = 0.0005 ; Ml L
| ] at ATMa
8 4.00E-03 a eyt R
2 % & "
[’ 0 i . ; : ,M
0.00E+00 T T T T T T 0 20 40 60 80 100
0 001 002 003 004 005 006 007 Aggregation Number

Total Surfactant Concentration

Fig. 5 Free monomer concentration vs total surfactant concentration
for a 50:50 mixture of HyT4~A4B4

interactions between headgroups and tailgroups are consid-
ered, and since the tailgroups are more confined to the
micellar core, in contrast to the headgroups, it is more
difficult to separate phases from each other. However, for
systems with long-range attractions between headgroups and
short-range repulsions between tailgroups, the effects of
attraction on the mixed CMC are expected to be greater. This
possibility should be examined in future research.

Cluster distribution

Aggregate size distribution is one of the most important
factors in self-assembled systems. Two maxima are
detected when the proportion of the monomers present in
n (nxn) clusters is plotted versus n—one for the monomer
and the other for the micelle [37]. Wider distribution
indicates higher polydispersity. As can be seen in Figs. 7

0.035

Ena=-0.7alopg with Egr=0.7

0.03 A

Ena=-0.7 along with Egr=0.35

0.025 -

0.02

0.015 -

Mixed Critical Micelle Concentration

0.01 T T T T
0 0.2 0.4 0.6 0.8 1
Fraction Surfactant A4B4

Fig. 6 Mixed micelle critical micellar concentration (CMC) as a
function of the concentration of A4By4. Each line represents a different
value for the head—head interaction energies and the head—head along
with tail—tail interaction energies
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Fig. 7 Aggregate size distribution for H4T,—A4B, at a ratio of 50:50
at C, greater than CMC

and 8, high concentrations of clusters with small aggrega-
tion numbers serve as a sign of premicellar phenomena.
Some authors have argued that a reduction in monomer
concentration is insufficient as a signature of micellar
organization, and that, to unambiguously identify the onset
of micellization, there should not only be a drop in
monomer concentration, but the plot of the proportion of
monomers in clusters of size # as a function of aggregation
number must also show a local minimum and maximum
[18, 38]. Therefore, both the monomer volume fraction and
the distribution of monomer amount, as a function of
aggregation number, were determined for all the systems
studied. Figures 7, 8 and 9 show the plots of aggregate
size distribution for a 50:50 H,4T,—A4B, mixture having
different interactions between headgroups and tailgroups. It
is noteworthy that the difference in cluster distribution
arises solely from the interactions among headgroups or
tailgroups. A comparison between systems 1 and 5 reveals
that tail-tail repulsions deter micellization by increasing the
CMC (Fig. 5), and by decreasing (Fig. 7) distribution of
larger micelles. Since the tailgroups are more confined in

0.003
0.0025 1 Ena=
*0
0002 , 0 -0.35
A-07
£ 0.0015 -
c * o
“ ““m ¢ ODmmoo
0.001 1 o ** 0*‘ ooy
e . W
0.0005 1 @ & %MA .
g Ve i .
o P
0 20 40 60 80 100

Aggregation Number

Fig. 8 Aggregate size distribution for the H4T,~A4B, mixture at a
ratio of 50:50 and with different interactions between the head groups;
C; greater than CMC
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Fig. 9 Aggregate size distribution for the H,T4,—A4B, surfactant
mixture at a ratio of 50:50 at C, greater than CMC

the micellar core compared to the headgroups, surfactant
molecules prefer to reduce the contacts between them.
Therefore, the tail-tail repulsions lead to a decrease in the
distribution of larger micelles. As this repulsion is decreased,
micelles with larger size are observed (Fig. 8).

By comparing systems 1 and 3, it can be concluded that,
like the tail-tail repulsions, head—head attractions produce
dissimilar effects. Head—head attractions may decrease the
CMC (Fig. 5) and distribution of micelles with smaller
size. In fact, in the absence of head-head attractions, free
monomers would have sufficient time to form small aggre-
gates in solution (Fig. 8). Hence, the premicellar concentra-
tion of free amphiphiles is increased.

Determination of interaction parameters
Theory

Binary surfactant mixtures have traditionally been investi-
gated using the PPS approach, in which the micelles are
treated as a separate and infinite phase in equilibrium with
the monomer phase [7, 9, 39—41]. Although surfactant
aggregates do not form a true thermodynamic phase due to
their large size, many of their thermodynamic properties
approximate those of a true separate phase. Fundamentally,
the PPS model represents a limiting case in which micellar
aggregates approach infinite size. In fact, calculation using
a mono disperse mass action model suggests that the phase
separation model provides a good approximation for aggre-
gates of 50 surfactant molecules or more [42]. By treating
surfactant aggregates as a separate phase, the chemical
potential of surfactant species in each phase may be assumed
to be equal while the system is at equilibrium.
In this approach,

Hi = #ﬁw (5)

where f1; and ! are the chemical potential of i species in
solution and mixed micelle, respectively. Mixing behavior

of surfactants in the micelle could also be described according
to this equation. For mixed surfactant component i in
solution:

;= +RTInC/ (6)

where 17 is standard chemical potential and C{ is monomer
concentration of component i.
For a micelle of pure ith component:

pM =y + RTInCY (7)

Where C is the CMC for the pure component i. For a
mixed micelle:

W =M 4 RT Inyx, (8)

where x; and ~7; are the mole fraction and activity
coefficient of surfactant i in the mixed micelles, respectively.
Equations 68 may be rewritten as a general Eq. 9:

cf =yt 9)

By simply rearranging this basic equation and mass
balance, monomer concentrations and mixed micellar
composition in binary surfactant systems could easily be
calculated according to the following equations:

1 nooa;
R o 10
o~ Syce (10)
12
~(C = A) + [(C = A) + daCA)]
X1 = (11)
2A
12
(€= )+ [(C- ) +4ach)]
c = T (12)
2.(r,C3 [y, CY — 1)
cl
/A I M 1
C2 < '}/IC‘I}M>9/2C2 ( 3)
A=y,C" —y,CY (14)

where x; is the mole fraction of surfactant 1 in the mixed
micelles, 7; (i=1, 2) is the activity coefficient of component
i in mixed micelles, CM is the CMC for the mixed
surfactant system, C is the total concentration of surfactant
in the mixture, and « is the overall mixing ratio of
surfactant 1 in the binary mixture. For ideal mixing, the
activity coefficients ; and -, are defined unity. In regular

@ Springer



1506

J Mol Model (2010) 16:1499-1508

Table 2 [ values obtained from the simulation data and the regular
solution theory

System Interaction parameter (/3)
EHA:70~7 -1.96

EHA:'0~35 -0.78

EHA:_0-7 N EBT:0-35 0.91

solution approximation, where excess entropy of mixing is
zero, the activity coefficients could be approximated as:

71 =expp(1 *xl)z (15)

(16)

where [3 is an interaction parameter that could be
interpreted as representing the excess heat of mixing
divided by the thermal energy. From lattice theory, 3 can
be expressed in terms of molecular level interactions as:

Y2 = exp fxy

_En+En— 2E)
kT

where E;; and FE,, are interaction energies between the
surfactant species in pure micelles, and E;, is the
interaction energy between the surfactant species in mixed
micelles. Therefore, the value of 3 would give an idea of
the degree of interaction between monomers in the micelle.
A negative value for (3 indicates a net attraction between the
monomers in mixed micelles and a positive value reveals a net
repulsion, as for some hydrocarbon and fluorocarbon mix-
tures. According to Rubingh’s treatment, the interaction
parameter 3 for mixed micelle formation in an aqueous
medium can be calculated with the following equation:

B (17)

:ln[alCM/xle”] (1)

2
(1 — xl)
Epa=-0.35
1.5
o Simulation

o u RST

<

= 19

8
;g e o . o . [
: . °

L]

o

> 0.5

2

S

<

0 T T T T
0 0.1 0.2 0.3 0.4 0.5

Fraction A;B, in Micelle

Fig. 10 Activity coefficients for the H4T,—A4B, mixture and with
EHA:7O-35
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Fig. 11 Activity coefficients for the H4T4,~A4B4 mixture and with
EHA:_0-7

where  is the mole fraction of surfactant 1 with respect to
the total surfactant in the mixed aggregate, and C}! and cM
are the CMCs for surfactant land mixture, respectively, at
the mole fraction, «;.

Beta calculations

According to this model, the two surfactants form an ideal
mixture when ($=0. A negative value for [ indicates
deviation from the ideal behavior; the more negative the
value of [3, the stronger the attractive interaction between
surfactant molecules. Negative 3 values have commonly
been ascribed to the interactions between headgroups, while
positive (3 values would indicate the incompatibility of the
surfactant species and thus represent a measure of the
antagonistic behavior of the surfactants. Rubingh’s method
is applied to calculate X; as a monomer concentration in
mixed micelles, and evaluate (3. The ( values for the
three different systems are listed in Table 2. For the H4T4—
A4B, system, Eya=—0.7 along with Egr=0.7, application
of regular solution theory would give different values
between 1.88 and 8.38 for 3. So, it is almost impossible to

Ena= - 0.7 along with Egr= 0.7
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Fig. 12 Activity coefficients for the H4T,—A4B, mixture and with
EHA:7O-7 and EBT:0-7
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decide whether the interaction parameter obtained from
the simulation data and regular solution theory is smaller
or higher than +2, meaning mixing or demixing. This
could be due to the error of interaction parameter in
the regular solution theory. As pointed out earlier by
Hoffmann and Poéssnecker [2], the error of 3 increases
strongly when one component dominates the micelle. It
has a minimum value at x=0.5 and increases with
deviation from the point of equimolar micellar composi-
tion. Thus, 1.88 is a more acceptable value for 3, which is
calculated for a mixture of two surfactants with a ratio of
50:50. In addition, this conclusion is in reasonable
agreement with the visual inspections of configurations
during the simulations. Our simulation shows that the
aggregates formed in this system consist of both H4T4 and
A4B, surfactants (Fig. 4).

When both surfactants are mixed ideally, activity
coefficients are equal to unity. This is normally the case
when there is no interaction between the surfactants. As
deviation from the ideal mixing is investigated by varying
head—head and tail-tail interactions between the two
surfactants, determination of the activities is critical for
accurate representation of non-ideality of the micellar
phase. The activity coefficients can be calculated from the
simulations using:

and y, =—— (19)

Simulation results are shown in Figs. 10, 11, and 12. In
addition, predictions of activity coefficients based on
regular solution theory are shown in these figures. The
value of (3 used in calculating the activity coefficients is
taken from Table 2. As can be seen in Figs. 10, 11, and 12,
there are large discrepancies between the activity coeffi-
cient values obtained from simulation and predictions from
regular solution theory. These figures indicate that discrep-
ancy between simulation and theory increases with the
increasing interactions. In other words, when there is head—
head interaction along with tail-tail repulsion (Fig. 12), we
observe the largest discrepancy between theory and
simulation. On the other hand, the least discrepancy
between theory and simulation is observed for the system
Eya=—0.35. In fact, due to these specific interactions
(repulsion or attraction), the mixing process is not com-
pletely random in these systems, whereas regular solution
theory treats the mixed systems as ideally mixed from the
viewpoint of randomness in mixing. Thus, it is reasonable
to conclude that the observed discrepancy between simula-
tion and theory is due to the nonrandom mixing effect that
is neglected in theory. On the other hand, surfactant
aggregates are not a true thermodynamic phase. In fact,
results from the mass action model show this approxima-

tion to hold for aggregates with 50 or more monomers [42].
By looking at Figs. 7 and 8, it is obvious that the aggregates
formed in mixed systems, which there are head—head
interactions along with repulsions between tailgroups
(Ega=-—0.7 along with Epr=0.7), are too small to be
considered as pseudo-phase. This fact also makes totally
random mixing invalid for these systems. These results are
in good agreement with experimental results [2, 43].

Summary and conclusions

A simple cubic lattice model is presented for binary mixed
surfactants in order to investigate the non-ideal mixing
behavior of surfactant systems. The model illustrates the
synergistic and antagonistic behaviors characteristic of
surfactant mixtures by varying the net cross interactions
between headgroups and tailgroups of the surfactants
species. Simulation results indicate that the head—head and
tail—tail interactions affect the mixed CMC and aggregation
size distribution. Furthermore, short-range interactions
among tailgroups have greater effects on the properties of
such systems compared to short-range attractions among
headgroups. Our studies on mixed surfactant systems have
revealed that large discrepancies exist between results
obtained from simulation and predictions based on regular
solution theory. This may result from the fact that regular
solution theory does not account for the nonrandom mixing
observed in simulations.

References

1. Clint JH (1992) Surfactant aggregation. Chapman and Hall,
New York
. Hoffman H, Possnecker G (1994) Langmuir 10:381-389
. Puvvada S, Blankschtein D (1992) J Phys Chem 96:5579-5592
. Mukerjee P, Handa T (1981) J Phys Chem 85:2298-2303
. Handa T, Mukerjee P (1981) J Phys Chem 85:3916-3920
. Puvvada S, Blankschtein D (1992) J Phys Chem 96:5567-5579
. Clint JH (1975) J Chem Soc Faraday Trans 1(71): 1327-1334
. Haque ME, Das AR, Rakshit AK, Moulik SP (1996) Langmuir
12:4084-4089
9. Rubingh DN (1979) In: Mittal KL (ed) Solution chemistry of
surfactants. Plenum, New York
10. Holland PM (1986) In: Scamehorn JF (ed) Mixed surfactant
systems. ACS Symposium Series 301. American Chemical
Society, Washington, DC
11. Huang L, Somasundaran P (1997) Langmuir 13:6683—6688
12. Larson RG (1992) J Chem Phys 96:7904-7918
13. Larson RG (1994) Macromolecules 27:4198-4203
14. Larson RG (1989) J Chem Phys 91:2479-2488
15. Larson RG (1992) J Chem Phys 96:7904-7918
16. Larson RG (1985) J Chem Phys 83:2411-2425
17. KapilaV HJM, Deymier PA, Raghavan S (2002) Langmuir
18:3728-3736
18. Care CM (1987) J Chem Soc Faraday Trans 83:2905-2912

002N L AWM

@ Springer



1508

J Mol Model (2010) 16:1499-1508

19.

20.
21.

22.

23.

24.
25.

26.

217.

28.

29.

Panagiotopoulos AZ, Floriano MA, Kumar SK (2002) Langmuir
18:2940

Rajagopalan R (2001) Curr Opin Colloid Interface Sci 6:357-365
Shelley JC, Shelley MY (2000) Curr Opin Colloid Interface Sci
5:101-110

Gharibi H, Behjatmanesh-Ardekani R, Hashemianzadeh SM,
Mousavi-Khoshdel SM, Javadian S, Sohrabi B (2006) Theor
Chem Acc 115:1-17

Gharibi H, Behjatmanesh-Ardakani R, Hashemianzadeh SM,
Sohrabi B, Javadian S (2006) Bull Chem Soc Jpn 79:1355-1361
Zaldivar M, Larson RG (2003) Langmuir 19:10434-10442
Rodriguez-Guadarrama LA, Ramanathan S, Mohanty KK,
Vasquez V (2004) Fluid Phase Equilibria 226:27-3

Gharibi H, Javadian S, Sohrabi B, Behjatmanesh R (2005) J
Colloid Interface Sci 285:351-359

Javadian S, Gharibi H, Bromand Z, Sohrabi B (2008) J Colloid
Interface Sci 318:449-456

Sohrabi B, Gharibi H, Tajik B, Javadian S, Hashemianzadeh M
(2008) J Phys Chem B 112:14869-14876
Rodriguez-Guadarrama LA, Talsania SK, Mohanty KK,
Rajagopalan R (1999) Langmuir 15:437-446

@ Springer

30.

31.

32.
33.

34.
35.
36.

37.
38.
39.

40.
41.
42.
43.

Gharibi H, Hashemianzadeh SM, Razavizadeh BM (2002) Colloid
Surf A Physicochem Eng Aspects 196:31-38

Metropolis N, Rosenbluth AW, Rosenbluth MN, Teller AH, Teller
E (1953) J Chem Phys 21:1087-1092

Desplat JC, Care CM (1996) Mol Phys 87:441-453

Israelachvili JN, Mitchell DJ , Ninham BW (1976) J Chem Soc
Faraday Trans 1 72:1525-1568

Tanford C (1980) The hydrophobic effect, 2nd edn. Wiley, New York
Goldstein RE (1986) J Chem Phys 84:3367-3378

Von Gottberg FK, Smith KA, Hatton TA (1997) J Chem Phys
106:9850-9857

Aniansson EAG (1978) J Phys Chem 82:2805-2808

Girardi M, Figueiredo W (2000) J Chem Phys 112:4833—4835
Rosen MJ (2004) Surfactants and interfacial phenomena, 3rd edn.
Wiley, Hoboken, NJ

Shinoda K (1954) J Phys Chem 58:541-544

Lange H, Beck KH (1973) Kolloid Z Z Polym 251:424-431
Kamrath PF, Franses EI (1984) J Phys Chem 88:1642—1648
Razavizadeh BM, Mousavi-Khoshdel M, Gharibi H,
Behjatmanesh-Ardakani R, Javadian S, Sohrabi B (2004) J
Colloid Interface Sci 276:197-207



	Investigation of the mixing behavior of surfactants by lattice Monte Carlo simulation
	Abstract
	Introduction
	Model and methods
	Metropolis algorithm
	MC moves
	Selection of interaction energies 

	Results
	Critical micellar concentration
	Cluster distribution
	Determination of interaction parameters
	Theory
	Beta calculations


	Summary and conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


