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ABSTRACT: Surfactant adsorption at solid−liquid interfaces
is critical for a number of applications of vast industrial interest
and can also be used to seed surface-modification processes.
Many of the surfaces of interest are nanostructured, as they
might present surface roughness at the molecular scale,
chemical heterogeneity, as well as a combination of both
surface roughness and chemical heterogeneity. These effects provide lateral confinement on the surfactant aggregates. It is of
interest to quantify how much surfactant adsorbs on such nanostructured surfaces and how the surfactant aggregates vary as the
degree of lateral confinement changes. This review focuses on experimental evidence on selected substrates, including gold- and
carbon-based substrates, suggesting that lateral confinement can have pronounced effects both on the amount adsorbed and on
the morphology of the aggregates as well as on a systematic study, via diverse simulation approaches, on the effect of lateral
confinement on the structure of the surfactant aggregates. Atomistic and coarse-grained simulations conducted for surfactants on
graphene sheets and carbon nanotubes are reviewed, as well as coarse-grained simulations for surfactant adsorption on
nanostructured surfaces. Finally, we suggest a few possible extensions of these studies that could positively impact a few practical
applications. In particular, the simultaneous effect of lateral confinement and of the coadsorption of molecular compounds within
the surface aggregates is expected to yield interesting fundamental results with long-lasting consequences in applications ranging
from drug delivery to the design of advanced materials.

■ INTRODUCTION

The use of surfactants is widespread in modern technology, and
the literature reflects the corresponding wide interest from both
fundamental and applied perspectives. The fundamentals of
surfactant and colloidal sciences have been summarized clearly
and concisely in several monographs,1−3 which became the
cornerstones of educational programs. Current research focuses
on diverse aspects of surfactant science, from the synthesis of
bespoke surfactants with tailored properties (e.g., gemini,
polymerizable, and biodegradable surfactants) to their use as
platforms to manufacture advanced materials (e.g., coatings and
porous and nanostructured materials) and from toxicological
studies and the production of biosurfactants4,5 to pioneering
their use in applications such as environmental remediation and
drug delivery. A few reviews on these various research fields
relevant to the subject of this article are briefly summarized
below.
Surfactants adsorb at a wide variety of interfaces: solid−

liquid, liquid−liquid, and liquid−gas. The ability of surfactants
to yield a compact dense layer at the air−water or liquid−liquid
interface is responsible for lowering the interfacial tension.
Czajka et al.6 reviewed the performance of three classes of
surfactants (those based on hydrocarbons, fluorocarbons, and
silicones). This review yields structure−function relationships
that could be extremely valuable for the design of novel

surfactants effective at reducing interfacial tension. In addition,
the review discusses what makes a surfactant environmentally
friendly, which is generally described as a surfactant that
degrades quickly after use. The present article is concerned with
the solid−liquid interface, where surfactants adsorb and change
the surface energy of the solid.
Surfactants are used to stabilize emulsions, sometimes in the

presence of particles. Maestro et al.7 reviewed particles at
interfaces and how surfactants could affect the properties of
such interfaces. The discussion included a number of
observations, ranging from the ability of particle−surfactant
systems to reduce the interfacial tension to phenomena
responsible for packing at an interface. The effect of both
particles and surfactants on the rheological properties of
interfaces and on the ability of such systems to stabilize
emulsions was discussed. In complex systems such as emulsions
containing particles, surfactants could adsorb at liquid−liquid as
well as at solid−liquid interfaces that are not homogeneously
flat.
The largest current application for surfactants is in cleaning

products, which in turn can be divided into many categories
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including laundry detergents, hard-surface cleaners, dishwash-
ing (both hand and automatic), and personal care (shampoos,
hand soaps, etc.). An application that is growing substantially is
the use of surfactants in subsurface operations. Camarillo et al.8

reviewed the available information for chemicals used in
hydraulic fracturing operations in California and discussed
possible technologies and processes for managing the environ-
mental impact of such operations. It has recently been reported
that the use of surfactants in hydraulic fracturing fluids can
enhance shale gas production.9 Mao et al.10 reviewed the
possible use of surfactants in the remediation of contaminated
soils, in which case important factors include the critical micelle
concentration (CMC) of the surfactants, their adsorption on
the soils, their toxicity and biocompatibility, and their ability to
displace and remove heavy metals and other contaminants from
the soil. Trellu et al.11 expanded on these observations and also
considered the technologies that can be implemented to treat
the surfactant-containing fluids used to decontaminate the soils.
Indeed, surfactants are more and more useful for tertiary oil
recovery (i.e., enhanced oil recovery, EOR). In EOR,
surfactants are used predominantly to achieve three goals:
increase the capillary number, decrease the interfacial tension,
and alter the wettability of various systems. Kamal12 reviewed
surfactants used for EOR, paying particular attention to gemini
surfactants, which offer some advantages compared to tradi-
tional surfactants, because they offer low CMCs, good water
solubility, and unusual micellar structure and aggregate
behavior. The primary limitation of the use of surfactants in
subsurface operations is the tendency of surfactants to adsorb
on a rock surface, which could prevent the products from
reaching the interface where the surfactant is intended to
operate. Therefore, it is important to understand how
surfactants adsorb on rock surfaces, which can be heteroge-
neous and certainly differ from atomically smooth homoge-
neous surfaces such as those on which many controlled
academic experiments tend to be conducted.
Understanding adsorption on irregular surfaces is also

important for the aforementioned laundry detergent applica-
tions, where particle removal is a critical function for a
surfactant. Furthermore, surfactants are often used, in the form
of corrosion inhibitors, to prevent, limit, and delay metal
corrosion. Indeed, Malik et al.13 discussed the effect of
parameters such as temperature, surfactant concentration, and

mode of adsorption on the ability of surfactants to inhibit metal
corrosion.
Surfactants can also be used in biological applications. For

example, they can be used to prevent protein adsorption on
surfaces as well as to modulate protein−protein interactions,
but their efficacy depends on the mode of action and on their
molecular features. Lee et al.14 reviewed the role of surfactants
in the prevention of the loss of activity of protein-based
pharmaceuticals. Surfactants can also be used to immobilize
enzymes on solid substrates and/or to disperse such enzymes in
organic solvents. Adlercreutz reviewed several techniques that
could be used to immobilize lipases in organic media,
sometimes even enhancing their biological activity.15 The
resultant complexes show different properties depending on the
surfactants used and on the procedures followed to prepare
them. To put these applications in the context of the present
article, it is useful to point out that the enzyme surface is not
uniform, from either a chemical or morphological point of view.
Thus, it is expected that the morphology of the adsorbed
surfactant aggregates will depend on the features of the
complex enzyme surface, on the presence of solvents,
cosolvents, and/or other surfactants, and on the amount of
surfactant adsorbed. These are the general aspects explored by
this focused review. Surfactants can also be used to decorate
nanoparticles, in which case surface-active agents are used to
impart specific functions to the nanostructures, thus facilitating
their use as biomarkers, catalysts, and therapeutics. Heinz et
al.16 recently reviewed such applications, with emphasis on the
design principles for surfactants to optimize their performance.
A surfactant dissolved in water adsorbs to a molecularly

smooth solid surface in one of six general morphologies as
determined via atomic force microscopy (AFM). On a
hydrophilic surface, spheres, cylinders, and flat bilayers have
been imaged, whereas on a hydrophobic surface, hemispheres,
hemicylinders, and flat monolayers have been found. A
schematic for these morphologies is provided in Figure 1.
Zhang and Somasundaran reviewed techniques used to study
the adsorption on a solid surface of pure and mixed surfactant
systems, including anionic−cationic, anionic−nonionic, non-
ionic−nonionic, and nonionic−cationic.17 Direct AFM imaging
at surfactant concentrations above half the CMC suggests that
adsorbed aggregates can undergo transitions from sphere to
cylinders to flat bilayers, especially with added salt.18−20 Some
data from techniques including neutron scattering, neutron

Figure 1. Schematic of typical aggregates formed on solid surfaces exposed to aqueous surfactant systems. In the left panel are the structures
observed on a hydrophilic surface (from top to bottom cylinders, spheres, and bilayers). In the right panel, the corresponding structures observed on
a hydrophobic surface are shown (from top to bottom hemicylinders, hemispheres, and monolayers). The hydrophilic surfactant headgroups are
shown as blue spheres in this schematic, and the hydrophobic tailgroups are shown as black lines.
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reflectivity, and ellipsometry suggest that the same surfactants
yield patchy or fully covered bilayers,21−24 although Zhang and
Somasundaran discuss a few exceptions to these observations.
Schonhoff reviewed a number of NMR-based approaches able
to probe adsorbed surfactant aggregates.25 Although the initial
studies were focused on flat solid surfaces, more recent studies
focus on surfactant adsorption on colloidal surfaces. Although
the colloidal surfaces are curved, on the length scale of an
individual surfactant molecule such surfaces appear flat for the
most part. Such colloidal systems include hollow colloids and
surfactant structures within which smaller compounds (e.g.,
molecular drugs) adsorb. NMR requires systems with large
interfaces to enhance the signal-to-noise ratio. Another
powerful technique is the combination of neutron reflectivity
and of small-angle neutron scattering. Penfold et al.26 recently
reviewed how these techniques, sometimes combined with
dynamic light scattering and microscopy, have been used to
study surfactant adsorption and aggregate structure. These
authors considered biosurfactants such as rhamnolipids and
sophorolipids as well as some surfactants obtained from
surfactin. Neutron reflectivity can probe the surfactant adsorbed
amounts on an interface and quantify the distribution of
surfactant fragments (e.g., head vs tail groups) in the direction
perpendicular to the interface as well as the composition of the
adsorbed films as a function of the bulk solution composition.
Insights from such studies allow us to understand how to better
tune the formulation of a surfactant system to control the
properties of the adsorbed film. Small-angle neutron scattering
and light scattering can probe the structure of surfactant
aggregates, including micelles and vesicles. On the basis of
results from such techniques, Penfold et al.26 suggest that
nature has fine-tuned the composition of surfactant systems to
optimize different biological applications. Perhaps lessons can
be learned from these observations to enhance applications.
Molecular simulations have also been used to investigate the

properties of surfactant assemblies at various solid−liquid
interfaces.27−30 For example, Tummala et al.31 simulated
sodium dodecyl sulfate (SDS) and hexaethylene glycol
monododecyl ether (C12E6) separately at the silica−water
interface. The results revealed the importance of the
distribution of charged groups on the solid surface, which can
determine the features of the adsorbed surfactant aggregates.
Shi et al.32 simulated the same two surfactants at the water−
vacuum interface, changing the surfactant density. The results
were analyzed in terms of the orientation of the surfactant tails
with respect to the interface, morphology of the aggregates, and
surfactant mobility. The role of the headgroups was clearly
highlighted. The results from these simulations are in general
agreement with experimental observations. However, the time
and length scales accessible using modern all-atom molecular
simulations are at most on the order of hundreds of
nanoseconds, whereas in some cases hours or even longer
times are required to reach proper equilibration in experimental
studies. Furthermore, the reliability of simulation studies
depends on the availability of accurate force fields and on the
implementation of appropriate algorithms. Much emphasis is
currently on developing adequate approaches to interrogating
systems of technological importance using coarse-grained and
multiscale approaches as well as in developing adequate force
fields. Although the promising outcomes of some recent efforts
are discussed herein, much needs to be done to achieve a
synergistic use of computational studies within the important
field of surfactant self-assembly. Heinz and Ramezani-Dakhel

recently provided a comprehensive overview of the state of the
art in simulations as applied to investigate interfacial systems.33

■ EXPERIMENTAL EVIDENCE OF THE EFFECTS OF
LATERAL CONFINEMENT

This focused review considers surfactant adsorption on
nanostructured surfaces. Nanostructured surfaces can refer to
morphological variations, surface chemical variations, or both
types of variations simultaneously occurring. This review is
concerned with variations in the lateral direction, but we should
briefly describe work that has been done with nanostructure in
the direction perpendicular to the surface (i.e., frontal).
Both theoretical and experimental results have been reported

on the effect of frontal confinement for surfactant systems.
Experiments are typically carried out using the surface force
apparatus, where the force is measured precisely as a function of
the distance between two approaching (or receding)
molecularly smooth surfaces, usually mica.34−39 Self-consis-
tent-field theoretical calculations have been reported for
nonionic surfactants under frontal confinement.40 The results
showed that, at close enough separation distances (i.e., the
removal point), one of the two adsorbed layers desorbs. At
distances slightly larger than the removal point, the amount of
surfactant adsorbed on one surface is larger and that adsorbed
on the other smaller than that observed on freestanding
surfaces. Thus, frontal confinement affects surfactant adsorption
but only at wall−wall separations comparable to the surfactant
length.
The fundamental question addressed by the studies reviewed

here is the following: do the aggregates shown in Figure 1 on a
flat homogeneous surface change, and if so how in the presence
of lateral confinement? A few experimental observations
strongly suggest that when surfaces are not uniform, perhaps
because of geometric features comparable in size to several
surfactant molecules, the adsorbed self-assembled surfactant
aggregates differ compared to those reported (e.g., via AFM
measurements) on homogeneous, atomically flat surfaces. An
indirect observation of this phenomenon was provided by
Marquez et al.,41 who adsorbed surfactants on a surface to seed
the so-called “template assisted admicellar polymerization”.42

Admicellar polymerization refers to a process by which
monomers segregate within surfactant self-assembled aggre-
gates. The monomers are then polymerized to obtain the final
permanent polymeric structures. Harwell, O’Rear, and co-
workers introduced the process43 that is now being applied, for
example, to change the wettability of textiles44 and for the
synthesis of nanostructures.45 Marquez et al.41,42 used latex
spherical particles to template a solid substrate (e.g., graphite)
and then applied admicellar polymerization. The final
polymeric structures reported were described as “nanopillars,
nanorings, honeycombs and honeytubes” based on atomic force
microscopy (AFM) observations. Parameters of importance for
determining the final structures included the surfactant chain
length, the surfactant concentration, the monomer concen-
tration, the polymerization time, the temperature, and the size
of the latex particles. In general, the morphology of the
resultant polymeric structures suggests that polymerization
took place only far from the latex spheres, suggesting that the
presence of the latex spheres affects the morphology of the
surfactant self-assembled aggregates at distances much larger
than the length of a surfactant molecule; similar work with
adsorbed polymers indicates that the latex spheres do not
inhibit adsorption far from the spheres.46 Unfortunately, direct
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characterization of the surfactant aggregates could not be
attempted. To better understand the molecular mechanisms
responsible for the experimental observations such as those
reported by Marquez et al., one would require a quantification
of the surfactant aggregates formed at solid−liquid interfaces
when the solid substrate is not flat but instead provides some
form of confinement for the surfactant aggregates.
Irregular lateral confinement (e.g., surface roughness) has

been shown to affect surfactant adsorption in a number of
studies. Direct evidence of the effect of lateral confinement on
the morphology of surfactant self-assembled aggregates was
reported by Schniepp et al.47,48 These authors improved the
resolution of the AFM so that they could directly image the
structure of surfactant self-assemblies on rough gold substrates.
They demonstrated that the structures are quite different
compared to those observed on flat substrates and that whereas
on perfectly smooth solid crystals the orientational order of the
adsorbed surfactant aggregates is influenced by the crystal
symmetry, on rough surfaces the guiding influence is provided
by topographic surface features. Some of these results are
reproduced in Figure 2.

The procedure of Marquez et al.41,42 necessarily includes
components other than the surfactants. In particular,
monomers need to be present to promote the polymerization
reaction. It is therefore possible that the structure of the self-
assembled aggregates is affected not only by confinement
effects but also by the adsorption of the monomers within the

surfactant aggregates. It is possible that the two effects, one due
to lateral confinement and the other due to coadsorbents, are
synergistic. To probe, indirectly, the effect of monomers on the
structure of the surface aggregates, one could use the quartz
crystal microbalance, especially when the instrument is
equipped with the ability to monitor the dissipation of the
interfacial film (QCM-D).
Grady, Striolo, and their co-workers used the QCM-D to

address two issues: (a) the possible coadsorption of various
molecular compounds within the self-assembled aggregates on
a surface49 and (b) the effect of surface roughness on the
measured adsorption.50,51 Shi et al.49 measured the adsorption
of C12E6 and CTAB from aqueous solutions containing
controlled amounts of toluene, phenol, and 1-hexanol. The data
are interpreted by assuming that CTAB yields a patchy
cylindrical structure whereas C12E6 yields a monolayer on the
support considered. The coadsorbents have the effect of almost
doubling the amount adsorbed in the case of CTAB, in which
case the aggregates become more rigid in the presence of the
coadsorbent. These data were interpreted with the possible
morphological change from cylindrical to flat monolayer. In the
case of C12E6, small changes were observed both in the
amount adsorbed and in the rigidity of the adsorbed aggregates,
suggesting that the flat adsorbed films did not change their
morphology in the presence of the coadsorbents. Regrettably,
the QCM-D data cannot provide information regarding the
composition of the adsorbed aggregates nor direct evidence of
their morphology.
Regarding the effect of surface roughness on the adsorbed

amount, Wu et al.51 used the QCM-D to measure CTAB
adsorption on surfaces with root-mean-square roughnesses of
2.3, 3.1, and 5.8 nm as measured by AFM. The data collected at
25 °C showed that, for bulk concentrations below 0.8 times the
CMC or above 1.2 times the CMC, the adsorbed amount
normalized by the estimated actual surface area (which
increases as the roughness increases) decreases as the surface
roughness increases. These data suggest that the surface
roughness prevents the formation of a completely homoge-
neous surfactant film, suggesting that surfactant coverage is
patchy when the surface roughness is significant. On the
contrary, when the bulk CTAB concentration is around the
CMC, the amount adsorbed increases with the surface
roughness. The increased surfactant adsorption around the
CMC is often related to the presence of impurities in the
system.52 The results also showed that the dissipation increased
with surface roughness in this region, suggesting the possibility
that flexible, possibly metastable surfactant aggregates were
promoted by significant surface roughness. Hsieh et al.53

reported additional evidence of the effect of surface
heterogeneity on adsorption. This group used conductometric
titration to measure aqueous SDS adsorption on functionalized
graphene sheets. The results suggest “the presence of regions
on functionalized graphene sheets on which SDS adsorption
does not occur”. This appears to be an effect of lateral
confinement, provided by the limited size of the graphene
sheets, by the functional groups present on the graphene
surface, by undulations of the graphene surface, or by a
combination of these factors. To relate these fundamental
observations to applications, Hsieh et al.54 reported that the
stability of aqueous dispersions of functionalized graphene
sheets strongly depends on the concentration of SDS, with
stable dispersions obtained when the SDS is able to form a

Figure 2. Experimental AFM data for gold surfaces in contact with
SDS solutions at 10 mM concentration. (a) SDS yields hemicylinders
oriented parallel to one of the three symmetric directions (shown by
the yellow arrows) when large flat areas are available; the orientation
changes at the topographic steps surrounding these areas, as
highlighted by the blue arrows and ellipsoids. (c) Enlargement of
the image in panel b. (b and c) When the surfaces are rougher,
orientational order for the assembled aggregates is possible only on flat
areas, and disordered structures are also observed (blue circles in panel
c). (d) When the surfaces have a smaller grain size, the adsorbed
micelles do not show preferred orientations. Reprinted with
permission from ref 47. Copyright (2008) American Chemical Society.
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monolayer on the functionalized graphene sheet but is not large
enough to form adsorbed micelles.
The remainder of this article considers a systematic

investigation regarding how lateral confinement affects the
properties of adsorbed surfactant aggregates. Building on the
experimental observations from Aksay and co-workers,47,48,53,54

the discussion starts from simulations of the adsorption of
surfactants on graphene sheets. These simulations are typically
conducted at atomistic resolution. For completeness, we briefly
discuss the limitations of atomistic models and a few current
strategies to generate mesoscopic approaches suitable for
studying surfactant systems. We then discuss surfactant
adsorption on carbon nanotubes, for which the circumference
of the nanotubes, which can be changed systematically,
provides lateral confinement. Finally, the discussion focuses
on an attempt to systematically investigate surfactant
adsorption on structured surfaces, on which lateral confinement
is provided by trenches, edges, and chemical heterogeneity.
These systems are not yet comparable to those considered by
Marquez et al.,41,42 but extensions of these initial studies could
provide the needed link. These extensions are discussed in the
form of possible future directions, where some potential
applications of these fundamental studies are also proposed.

■ SIMULATION EVIDENCE OF THE EFFECTS OF
LATERAL CONFINEMENT

Surfactant Adsorption on Graphene Nanosheets. To
study the features of surfactant aggregates on graphene sheets,
one could employ molecular simulations because they allow us
to quantify, sometimes at the atomistic level, the properties of
the systems under investigation. Within the scope of this
focused review, the goal of such investigations is to quantify
how the aggregates change compared to those obtained on flat,
homogeneous substrates. Along these lines, Tummala et al.55

simulated SDS on graphene nanosheets and nanoribbons. The
results were compared to those available for the same surfactant
on a graphite substrate under similar conditions (temperature,
pressure, salt concentration, and surfactant surface density).
Circular graphene nanosheets of size 2, 5, and 10 nm were
considered, as were graphene nanoribbons infinite in one
direction, and with a width of 2 or 5 nm along the other
direction. The substrates were maintained rigid. The simu-
lations on a homogeneous graphitic substrate,56,57 on which no
lateral confinement is present, show that SDS yields hemi-
cylindrical micelles, with morphology in quantitative agreement
with AFM experiments.58 By comparison, the results obtained
on graphene nanosheets showed that the edge of the graphene
sheets effectively acts as a confining agent (Figure 3). As a
consequence, SDS can yield multiple adsorbed layers, hemi-

Figure 3. (Top) Atomistic simulation snapshots for aqueous SDS surfactants on graphene sheets and graphene nanoribbons of various sizes. The
green spheres represent either CH2 or CH3 groups in the surfactant tails, the red spheres represent oxygen atoms, and the yellow spheres represent
sulfur. Water molecules are not shown for clarity. Adapted with permission from ref 55. Copyright (2010) Royal Society of Chemistry. (Bottom)
Time evolution of a dissipative particle dynamics simulation for a system containing coarse-grained surfactants and one graphene sheet. The red
spheres represent the surfactant headgroups, and the blue spheres represent the tailgroups. (a) Initial configuration in which the surfactants are
randomly dispersed throughout the box. Some micelles start forming at 0.4 ns (b) and grow, whereas adsorption starts (c). As adsorption proceeds,
the amount of surfactants available in solution decreases. After 70.5 ns (f), all surfactants are adsorbed and yield an aggregate whose morphology is
reminiscent of that obtained from atomistic simulations.55 Adapted with permission from ref 72. Copyright (2012) Royal Society of Chemistry.
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spheres, and hemicylinders depending on the size and shape of
the graphene support. Many others have studied the properties
of surfactant aggregates adsorbed on graphene sheets. Yang et
al.59 recently reviewed a number of such simulation studies as
well as calculations conducted to quantify the effect of such
surfactants on the stabilization of dispersions containing
graphene sheets. As discussed by Yang et al., simulations have
so far considered relatively simple systems containing, for
example, SDS, sodium dodecyl benzenesulfonate (SDBS), and
sodium cholate (SC). The results show in general that the
structure of the surfactant aggregates depends on the size of the
graphene sheet.
Molecular simulations conducted at atomistic resolution are

currently limited by the availability of adequate computing
resources. Note, for example, that Tummala et al.55 were
limited to consider graphene supports of size 10 nm at most,
which is much smaller than the size of graphene sheets used in
most experimental applications.53,54 In addition to the size of
the systems that can be simulated, atomistic simulations can
probe the systems of interest only for relatively short times, in
general not exceeding a few hundred nanoseconds using the
most advanced computational resources. (Many simulations in
the literature do not reach 100 ns.) These simulation times are
much shorter than the typical times required for surfactants to
exchange between surface and bulk aggregates, which are on the
order of microseconds. As such, one cannot determine the
amount of surfactant adsorbed in equilibrium with a bulk
system using atomistic simulations. Instead, it is customary to
impose a surface density as an initial condition and use the
simulation to interrogate the aggregate structure expected at
such coverage. Hence, some of the structures predicted by
simulations may be metastable, especially if the surfactants are
not able to desorb.
Alternative approaches exist, and they include Monte Carlo

and coarse-grained simulations. In Monte Carlo simulations,
two consecutive configurations representative of a system are
not connected by equations of motion but instead require only
that the configurations belong to the same ensemble. This
allows the exploration of the properties of the equilibrated
system, provided truly new configurations can be accepted at a
reasonable rate during the study. Coarse-grained simulations
allow savings in computational time by reducing the number of
details that are explicitly considered. For example, one coarse-
grained bead can be representative of several water molecules,
whereas in atomistic simulations every atom of each water
molecule is explicitly described. Details of either Monte Carlo
or coarse-grained simulations are provided elsewhere.60,61

To provide a few examples, we refer to Panagiotopoulos and
co-workers, who implemented a number of Monte Carlo
techniques to determine the CMC of models meant to
represent ionic and nonionic surfactants.62−64 The results
show that atomistic models tend to underpredict the CMC of
the surfactants they mean to describe. The same group
investigated the CMC for coarse-grained models,65 showing
that the corresponding models underpredicted the CMC for
zwitterionic surfactants, whereas there is reasonable agreement
with experiments for ionic surfactants. Although the models
were found to yield a good representation of the size of the
micelles, the coarse-grained models in general are not able to
describe the temperature dependence of the CMC because they
do not describe the solvent structure appropriately.
Limitations of coarse-grained models include the fact that,

depending on the parametrization, they might lose a direct

atomistic representation of the chosen surfactant system.
However, they offer the possibility of simulating reasonably
large systems for times exceeding those required for the
exchange of surfactants between different aggregates. As such,
these models could be considered to be adequate when one is
interested in extracting general guidelines and guiding
principles regarding the physical behavior of self-associating
systems at the expense of atomic-level accuracy.
It is not always clear how to connect atomistic to mesoscale

simulations, which indeed is a current challenge within the
simulation community. Various approaches have been
attempted, each with its own merits. For systems similar to
those considered here, Noro et al.66 proposed procedures for
linking atomistic and mesoscale simulations based on
thermodynamics arguments. Fan and Striolo67,68 ensured that
observables such as contact angles would be faithfully replicated
between atomistic and mesoscale simulations of similar
systems. Lane et al.69 demonstrated that atomistic models can
be used to directly calculate forces between silica nanoparticles
of size 5 nm in solution, even when the nanoparticles are
grafted with poly(ethylene oxide) oligomers; then these
massive atomistic simulation results (the authors report that
1 ns of simulation requires 140 h on 1024 Intel Xeon
processors) can serve as the basis to derive coarse-grained
models to study, for example, the dynamic deformation of
ultrasoft colloids exposed to drag.70 As an example demon-
stration of the effectiveness of coarse-grained approaches, we
refer to Anderson et al.,71 who simulated triblock copolymers,
which have a structure similar to a particular class of surfactants
sold under the trade name Pluronic, and showed that under
appropriate conditions these models yield micellar structures.
These authors report that in their simulations it was possible to
observe frequent exchanges of polymer chains between
different micelles in the micellar crystal, demonstrating that
long time scales can be probed by coarse-grained approaches.
In Figure 3, we provide a comparison between insights that

can be achieved using atomistic vs coarse-grained simulations.
From the atomistic point of view, we select simulation
snapshots from Tummala et al.,55 obtained for SDS on
graphene sheets of size 2, 5, and 10 nm and on graphene
nanoribbons of size 2 and 5 nm. The surface available for each
SDS surfactant was ∼0.45−0.48 nm2. From the coarse-grained
point of view, we refer to Min et al.,72 who employed dissipative
particle dynamics to investigate the adsorption and self-
assembly of surfactants, meant to replicate SDS, on graphene
sheets. Note the time evolution of the system, which starts from
a disordered nonadsorbed state and yields surfactant aggregates
on the flexible graphene sheet. The coarse-grained simulations
were in agreement with some of the insights provided by
atomistic models and in addition allowed Min et al.72 to sample
systems with varying surfactant concentrations.

Surfactant Adsorption on Carbon Nanotubes. One
application in which both atomistic and coarse-grained models
have been implemented relates to the stabilization of carbon
nanotubes, CNTs, in aqueous dispersions. Practically, several
techniques have been attempted to stabilize these dispersions,
including the chemical functionalization of the CNT walls,73

the design of appropriate solvents,74 and the use of surface-
active agents, including polymers,75 DNA,76 and surfactants.77

Using DNA, it has been possible to differentiate left- and right-
handed CNTs.78 Using surface-active agents has the advantage
that the CNTs remain pristine and adsorption is usually easily
reversed via dilution; therefore, the intrinsic properties of
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nanotubes are not compromised by the stabilization step.
Within the scope of the present article, we point out that when
surfactants adsorb on the external surface of a CNT they are
effectively confined laterally because the circumference of the
CNT is limited, and the support, which is an atomically smooth
rolled over graphene sheet, provides a curved surface on which
adsorption occurs. In this case, though, the curvature, in
particular for single-walled carbon nanotubes, is comparable to
the length of an individual surfactant molecule. The curvature
of the support and hence the degree of lateral confinement can
be easily changed systematically with the CNT diameter.
Experimental evidence suggests that some surfactants are not

effective at stabilizing aqueous CNTs dispersions. Others are
effective but not specific, and a few surfactants are found to be
effective specifically for stabilizing dispersions containing CNTs
of a given diameter.79−83 This wealth of experimental data is
extremely beneficial for allowing us to interrogate and possibly
identify the molecular phenomena responsible for the macro-
scopic differences just summarized. To identify differences
between the surfactants, one needs to implement atomistic
models, despite their limitations in predicting CMC and in
probing system sizes and simulation times that have
experimental relevance. As a consequence, a careful choice of
system conditions and a systematic investigation of the effect of
surfactant surface density are necessary.
Within this philosophical approach, Tummala and Striolo84

simulated aqueous surfactant SDS on CNTs. The simulations
were conducted within the equilibrium molecular dynamics
formalism under ambient conditions. SDS is known to be
weakly effective at stabilizing aqueous dispersions of CNTs,
irrespective of the CNT diameter. To gather insights on the
molecular reasons for these observations, the simulations were
conducted on (6, 6), (12, 12), and (20, 20) single-walled CNTs
at increasing surface density. In all cases, the simulations
showed that the SDS yield disordered aggregates, with the
exception that at low surfactant concentrations the SDS
tailgroups align parallel to the CNT axis to reduce effects due
to the curvature of the support. The results contributed to
settling a discussion regarding the possible organization of
surfactants on CNTs, with some groups expecting the
surfactants to yield cylindrical micelles with the surfactants
oriented radially from the CNT axis. The simulation results
agree with the interpretation of experimental neutron scattering
data proposed by Yurekli et al.,85 supportive of disordered
aggregates formed on the CNTs. Although the simulation
results of Tummala et al.84 showed that the curvature of the
support and the lateral confinement strongly affect the
morphology of the self-assembled SDS aggregates (the former
especially at low surfactant loadings), it was not yet clear how
the structure of the aggregates could be related to the ability of
the surfactants to stabilize aqueous CNT dispersions.
One possible way forward was to calculate potential of mean

force (PMF) profiles between two CNTs, maintained parallel
to each other,86,87 with the underlying principle being that
when the PMF shows a large maximum at intermediate
separations, a strong kinetic barrier delays CNT agglomeration.
Tummala et al.88 conducted such calculations for CNTs
covered by SDS and FMN. By comparing the features of the
PMF profiles, a few guidelines were proposed to stabilize
aqueous CNT dispersions: (a) the surfactants should provide
long-range repulsions to reduce the likelihood of agglomeration
and (b) the surfactants should not be easily removed when two
CNTs approach each other. Several molecular dynamics

simulations suggest that because of both lateral confinement
and curvature, selected surfactants can provide the aforemen-
tioned properties specifically for a CNT with a given diameter.
For example, Suttipong et al.89 simulated SDBS on (6, 6), (12,
12), and (20, 20) single-wall CNTs. SDBS is effective at
stabilizing aqueous CNT dispersions irrespective of their
diameter or chirality. Because commercial SDBS samples
typically contain isomeric mixtures, Suttipong et al.89

considered two SDBS isomers: one only had one linear
tailgroup, but the other, referred to as “branched” in the paper,
had two short tailgroups. The simulation results suggested that
whereas the linear SDBS behaves very similarly to SDS, the
branched one shows self-assembled aggregates with features
that are strongly dependent on the CNT diameter. Thus, the
branched SDBS could be used to selectively isolate narrow
CNTs. Unfortunately, this is not observed experimentally. To
reconcile the simulations with experimental evidence, mixtures
containing both SDBS isomers were simulated.90 The resultant
aggregates show disordered features on all CNTs considered,
possibly explaining why these surfactants are equally effective at
stabilizing aqueous dispersions of CNTs with diverse diameters.
Additional simulation results also suggest that it is possible to

change the properties of the self-assembled SDS aggregates by
changing the salts in the dispersion, with a strong dependence
on the CNT diameter. These results were in quantitative
agreement with experimental observations collected using UV−
vis−NIR absorbance spectra.91 Allen et al.92 recently reported
salt-specific effects for monolayers formed by SDS surfactants.
These simulations show that although the arrangement of SDS
molecules did not change depending on the counterion, some
of the ions lost their hydration structures. Comparing the data
obtained on CNTs vs those observed on flat interfaces suggests
that the curvature of the support can strongly influence the
response of surfactants to counterions, which could be useful to
develop advanced sensors.
A number of simulation studies are now available for

surfactants on CNTs of different diameters.93−97 For the scope
of the present article, these reports are useful because they
clearly show how lateral confinement and the curvature of the
support modulate the structure of the self-assembled surfactant
aggregates. Direct experimental validation of the simulations is
difficult because it requires the ability to differentiate surfactants
within the adsorbed aggregates. Shastry et al.98 employed two-
dimensional diffusion-ordered NMR to assess the adsorption of
mixtures containing SDS and SC surfactants on CNTs as well
as perturbations in the micellar structures. These experiments
were conducted on samples containing single-walled CNTs of
similar diameter (∼1.3 to 1.4 nm) but different chirality and
electronic type (metallic vs semiconductive). The results
suggested that when the bulk surfactant composition was 3:2
w/w SDS/SC, the metallic CNTs are essentially covered only
by SC, whereas the mixture of the two surfactants covers the
semiconducting CNTs. On the contrary, molecular dynamics
simulations for SC and SDS surfactant aggregates on CNTs
yield similar structures.84,86,99 Because density-gradient separa-
tions such as ultracentrifugation, using different surfactant
systems, can sort single-walled CNTs by electronic type,100

chirality,101 and diameter,102 it appears that the force fields
need to be improved toward accounting for electronic
differences among the CNTs. One possible way forward is
the inclusion in the force fields of an explicit description of π
interactions and effective polarization effects.103−107
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To make an indirect connection with experiments, one could
consider the agglomeration of CNTs in aqueous dispersions,

but atomistic molecular dynamics simulations are no longer
adequate. Blankschtein and co-workers demonstrated how it is

Figure 4. (Top) Radial density distributions of tailgroups (left), headgroups (middle), and counterions (right) for SDS adsorbed on (6, 6) CNTs.
These atomistic simulation results are shown at three surfactants densities on the CNTs in the presence of either Na+ or Cs+. Adapted with
permission from ref 91. Copyright (2013) Royal Society of Chemistry. (Middle) Equilibrium coarse-grained simulation structures for surfactant
adsorbed on CNTs (the surfactant concentration decreases from left to right); different surfactant molecular structures are considered (e.g., 11T
indicates surfactants with 11 beads in their tailgroups). Blue represents tailgroups, and red represents headgroups. Adapted from ref 110. Copyright
(2009) John Wiley and Sons. (Bottom) Adsorption isotherms from coarse-grained simulations of SC on (6, 6), (12, 12), and (20, 20) CNTs (left)
and the calculated surface electrical potential as a function of surfactant concentration (right). The vertical dashed black lines identify three CNTs,
the dashed horizontal white line identifies the SC bulk CMC, and the bold continuous white line identifies the conditions under which the electrical
potential is maximized. Adapted with permission from ref 108. Copyright (2015) American Chemical Society.
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possible to use a coarse-grained simulation approach to bridge
between molecular insights and experiments. Specifically, Shih
et al.108 carried out large-scale simulations at the coarse-grained
level, quantified the surface coverage of SC on CNTs as a
function of bulk concentration, and extracted the surface
electrical potential. This information was then used to inform
models derived from the Derjaguin−Landau−Verwey−Over-
beek (DLVO) theory to study the CNT stability. These very
important results (summarized in Figure 4) showed that
optimal surfactant concentrations exist for each carbon
nanostructure (graphene sheets were also considered). Note
that the optimal concentration is different depending on the
CNT diameter. In another contribution, Lin et al.109 showed
that kinetic models of colloidal aggregation, informed using
simulations-derived parameters, can reproduce experimental
data for the stability of graphene dispersions.
Various coarse-grained simulations have been conducted for

surfactants adsorbing on CNTs.110−112 It is worth repeating
that coarse-grained simulations are in general not able to
capture the details of the molecular behavior but allow
researchers to describe the formation of micelles of various
shapes and sizes in equilibrium with the surfactant adsorbed on
the CNTs. The simulations confirm that the aggregates self-
assembled on the CNTs have different morphologies than
those expected on flat homogeneous substrates. Angelikopoulos
and Bock111 compared the adsorption of coarse-grained
surfactants on individual CNTs and on their bundles.
Adsorption was driven by aggregation on the individual
CNTs, but it follows Langmuir isotherms on bundles, where
the regions between two neighboring CNTs provided
nucleation sites for adsorption. The high-energy adsorption
sites, formed at the intersection between neighboring CNTs in
the bundle, are effectively due to the nonflat topography of the

support, which yields both lateral confinement and a
heterogeneous energy landscape.
In Figure 4, we pictorially summarize some of the results that

have been reported for surfactant adsorbed on CNTs. At the
atomistic level, we refer to the simulation results reported by
Suttipong et al.91 In these simulations, dodecyl sulfate
surfactants were simulated on (6, 6), (12, 12), and (20, 20)
CNTs at various concentrations. The surfactants were in the
presence of either Na+ or Cs+ counterions. The atomistic
simulations provide detailed information such as the radial
distribution of the headgroups, that of the counterions, that of
water, and so forth from the surface of the CNTs, allowing for a
quantitative comparison to experimental spectroscopic data. At
the coarse-grained level, we refer to the dissipative particle
dynamics simulations reported by Calvaresi et al.110 These
authors considered surfactants with one bead representing the
headgroup. They then considered tailgroups composed of
various numbers of beads, from 3 to 11. The coarse-grained
simulations allowed them to determine the structure of the
surfactant aggregates that form on the CNTs when the
surfactant type and the surfactant concentration change. It is
notable that some of the micellar aggregates reported do not
form when the CNTs are not present nor when adsorption
occurs on a flat homogeneous surface. In the bottom portion of
Figure 3, we refer to Shih et al.,108 who used coarse-grained
simulations to quantify the adsorption isotherms for SC on
CNTs of different diameters and then used the results to
calculate the surface electrical potential and therefore the
stability of the aqueous dispersions containing either CNTs or
graphene sheets, depending on the bulk surfactant concen-
tration.

Surfactant Adsorption on Structured Surfaces.
Although the CNT external surface is a prototype of lateral

Figure 5. Representative simulation snapshots for coarse-grained simulations conducted for surfactant adsorbed on hydrophobic surface stripes
surrounded by surfactant-repellent surfaces. In panal a, from top to bottom, the results are shown as the width of the hydrophobic stripe increases. Ls
is the length of one surfactant molecule. Although on homogeneous, hydrophobic flat surfaces the surfactant yields a flat monolayer, the simulations
show that a hemisphere forms on the narrower hydrophobic stripe and a hemicylinder forms on the hydrophobic stripe with a width of at least 0.61
times the length of the surfactant. In panel b, we show simulation snapshots obtained when two parallel hydrophobic stripes with a width that is 0.46
times the length of one surfactant are close to each other. Hemicylinders can form when the distance is small, and metastable structures are observed
at intermediate separations. Adapted with permission from ref 114. Copyright (2014) Royal Society of Chemistry.
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confinement, in many practical applications surfactants adsorb
on flat surfaces, on which lateral confinement can be provided
by either molecular-scale roughness (e.g., asperities, trenches,
and step edges) or chemical heterogeneity. It is also possible
that these two forms of lateral confinement occur simulta-
neously. At the atomistic level, Sammalkorpi et al.113 simulated
SDS on graphitic substrates on which line defects (i.e., surface
steps) were present: the steps were found to localize the
formation of surfactant aggregates and to induce a specific
orientation. The authors suggested that “extended defects could
be employed to localize and orient surfactant aggregates”. As
discussed above, atomistic models cannot allow one to study
large aggregates and the exchange of surfactants, whereas
coarse-grained approaches allow us to interrogate such
phenomena.
Suttipong et al.114−116 employed the dissipative particle

dynamics117 coarse-grained approach to study surfactant
adsorption on a variety of patterned surfaces. The surfactant
model was parametrized to yield a flat monolayer on a
homogeneous hydrophobic flat surface exposed to an aqueous
solution containing the surfactant at a concentration well above
the CMC. A second model surface was constructed on which
no surfactant could adsorb (i.e., a surfactant-repellent surface).
It was then possible to prepare patterned surfaces on which, for
example, stripes of hydrophobic surface were surrounded by
surfactant-repellent surfaces. The width of the hydrophobic
stripes can then be used as a measure of lateral confinement:
the narrower the stripe, the more extensive the lateral
confinement. By conducting simulations in which the width
of the hydrophobic stripe was varied systematically, it was
possible to quantify the degree of lateral confinement at which
the flat surfactant monolayer transitions to a hemicylinder, to a
very mobile and unstable hemisphere, and to the absence of
adsorption.114 Some of the results are summarized in Figure 5.
It was also possible to quantify synergistic effects, which are

observed when two stripes with a width of less than the length
of one surfactant molecule are parallel yet very close to each
other. Some of these results are also summarized in Figure 5.
Under the conditions just listed, the surfactant aggregates
adsorb on both stripes, taking advantage of surfactant−
surfactant and surfactant−surface synergistic interactions.
When the same stripes are slightly further from each other,
metastable aggregates were observed, which could be the
signature of the pronounced QCM-D dispersion data obtained
experimentally for surfactant adsorption on rough surfaces.51

On the contrary, when the stripes are wide enough that
surfactants yield stable hemicylinders, or flat monolayers, on
each stripe, no synergistic effects were observed, independently
of how close the parallel stripes are placed to each other.
Other patterned surfaces considered included those obtained

when two hydrophobic stripes intersect each other perpendic-
ularly.116 In this case, the region where the two stripes intersect
can behave either as a preferential adsorption site or as a defect,
depending on the stripe width. When the stripes are narrow,
the surfactants yield a stable, long-lived hemisphere at the
stripes’ intersection even though they would not adsorb on
either one of the individual stripes. When the stripes are wide
enough that the surfactants yield a hemicylinder on an
individual stripe, their intersection forces the hemicylinders to
intersect, which seems to prevent complete coverage of the
hydrophobic portions of the surfaces. This observation was
explained by the possibility that the intersection of the two

hemicylinders induces energetically unfavorable strains on the
surfactant aggregates.
When surfactant adsorption occurs within trenches115 and

hence lateral confinement is due both to the chemical features
of the surface and to its geometrical details, the surfactant
aggregates can become significantly different compared to those
expected on a flat, homogeneous hydrophobic substrate (i.e., a
flat monolayer). In particular, on hydrophobic trenches of
moderate width, the surfactant aggregates become monolayers,
trilayers, and multilayers as the trench depth increases. For
completeness, we point out that in these model systems the
walls of the trenches were considered to be hydrophobic.
Whereas experimental techniques such as AFM would not be
able to distinguish between these aggregates because it probes
only the top of the surfactant aggregate exposed to the aqueous
system, the QCM-D could be able to detect differences in the
amount of surfactant adsorbed on surfaces of varying
roughness.51

Suttipong et al.116 also showed that the adsorption of
surfactants on hydrophobic edges depends strongly on the
pitch angle, suggesting that the surfactant aggregates experience
an energetic penalty when they are stretched; the energy
penalty is similar to an elastic contribution to the free energy of
the system.
Others reported that the behavior of surface-active

compounds strongly depends on the presence of surface
patterns and lateral confinement effects. For example, Das et
al.118 considered skin lipids. They conducted atomistic
simulations to show that the equilibrium phase for these
compounds is inverse micellar, and then they showed, using a
variety of techniques including coarse-grained simulations, how
a patterned surface promotes the formation of lamellar layering.
Although the experiments of Marquez et al.41 contained both
surfactants and monomers, the simulations discussed so far
considered pure surfactants. As suggested by QCM-D experi-
ments,49 the coadsorption of smaller compounds could change
the morphology of self-assembled surfactant aggregates, which
could compound the effect of lateral confinement on the
surfactant aggregates. Among investigations on the coadsorp-
tion of different compounds within self-assembled aggregates,
Akinshina et al.119 considered the partitioning of compounds
such as monoglycerides and fatty acids within self-assembled
bilayers, showing that the mechanical properties of the bilayers
are strongly affected by the molecular guests. Similar studies
could be conducted for molecular guests coadsorbed within
self-assembled surfactant aggregates on different surfaces, even
in the presence of lateral confinement, not only to connect
mesoscale simulations such as those reported by Suttipong et
al.116 to experimental investigations such as those of Shi et al.49

but also to enable the incorporation of molecular-level insights,
such as those discussed here, into the enhancement of practical
applications such as controlled drug delivery and new material
synthesis.

■ SUMMARY AND POSSIBLE FUTURE DIRECTIONS
In this focused review, selected examples were chosen to
provide experimental evidence according to which lateral
confinement has strong effects on the structure of self-
assembled surfactant aggregates. These observations stimulated
a number of simulation studies that focused on surfactant
adsorption on graphene sheets, carbon nanotubes, and
structured surfaces. In general, the simulation results
corroborate semiquantitatively some macroscopic experimental
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observations. In some cases, as for example in the explanation
of the stability of dispersions,109 the simulations provide
parameters for theoretical calculations that are in good
quantitative agreement with experiments for the stability of
aqueous dispersions of graphene sheets and of carbon
nanotubes. In other circumstances, as for example in the case
of surfactant adsorption on metallic vs semiconductive carbon
nanotubes,98 evidence suggests that the atomistic force fields
are not yet able to predict the preferential adsorption of
different surfactants on carbon nanotubes. Certainly, develop-
ing adequate force fields could be important to furthering our
ability to sort carbon nanotubes and also other carbon-based
nanostructures depending on their intrinsic properties. Under-
standing and manipulating self-assembly will allow us to control
the structure and properties of interfacial structures, which is of
extreme importance for synthesizing multifunctional structures
and devices. El Garah et al.120 recently showed an example in
which exquisite control of a molecular-level structure could be
achieved at the graphite−liquid interface by manipulating the
interactions between molecules via appropriate design and
careful synthesis.
The coadsorption of different compounds in surfactant

aggregates can affect the morphology of the surface
aggregates49 as well as their mechanical properties.119 A
systematic investigation of the combined effect of the presence
of coadsorbents and of lateral confinement on the features of
surfactant self-assembled aggregates would be very intriguing,
and the results could have direct application in the fields of
controlled drug delivery and advanced cosmetics, in which case
a coadsorbent could be used to trigger a change in the
conformation of the surfactant assemblies. Pioneering studies
have initiated this line of research. For example, Lin et al.121

combined coarse-grained molecular dynamics simulations and
photoluminescence experiments to identify the physical
phenomena responsible for the potential use of carbon
nanotube−polymer complexes as sensors for the detection of
various analytes, including sugars and amino acids. As a second
example, Lin et al.122 investigated the adsorption of diazonium
salts on carbon nanotubes covered with different surfactants
(SC, SDS, and CTAB) as a starting point for controlling the
functionalization of the nanotubes.
Understanding the changes in surfactant self-assembled

aggregates as a function of lateral confinement has important
consequences not only in the field of nanotechnology but also
in several other applications with significant industrial interest.
For example, in flow assurance applications, in which
sometimes surfactants are used to prevent the formation of
large hydrate plugs within pipelines, quantifying how the
surfactant features change depending on the size of the water
droplets and/or of the hydrate particles could be useful for
quantifying how the surfactants can be used to prevent the
agglomeration of such entities within the hydrocarbons.
Simulations suggest that surfactant films adsorbed on small
spherical water droplets or on a small spherical hydrate particle
differ substantially from the surfactant films expected on a flat
interface.123 These and other studies124 suggest that the
integrity of the surfactant film affects its ability to prevent the
transport of, for example, methane or water across the interface.
Bui et al.124 suggest that these phenomena could relate to the
surfactant performance as antiagglomerants. The initial
observations should be extended to include lateral confinement
effects due to surface defects on the hydrate particles.

Other applications that are likely to depend on lateral
confinement effects are corrosion inhibition,13 enhanced oil
recovery,12 environmental remediation,10,11 and hydraulic
fracturing8 because the substrates on which surfactants adsorb
during these operations are not atomically flat and chemically
homogeneous but instead show significant heterogeneity.
Another large-scale application that could benefit from the
quantitative understating of the effect of lateral confinement on
the properties of surfactant self-assembled aggregates is mineral
flotation, in which case rocks are crushed until a sufficient
amount of the desired mineral (e.g., copper) is exposed.
Although the simulations reported by Suttipong et al.114−116

considered surfactant adsorption on a hydrophobic surface of
limited lateral extension, to be relevant to mineral flotation,
studies should be conducted for the inverse problem in which
surfactant adsorption occurs on a hydrophilic surface (the
mineral of interest) surrounded by gangue, which provides
lateral confinement.
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