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Abstract

Intercalation and surface modification of clays with surfactants are the essential process to tailor
the clays’ surface chemistry for their extended applications. A full understanding of the interaction
mechanism of surfactants with clay surfaces is crucial to engineer clay surfaces for meeting a
particular requirement of industrial applications. In this study, the thermodynamic mechanism
involved in the intercalation and surface modification of methanol preintercalated kaolinite by
three representative alkane surfactants with different head groups, dodecylamine,
cetyltrimethylammonium chloride (CTAC), and sodium stearate, were investigated using the
adaptive biasing force accelerated molecular dynamics simulations. In addition, the interaction
energies of surfactants with an interlayer environment (alumina surface, siloxane surface, and
interlayer methanol) of methanol preintercalated kaolinite were also calculated. It was found that
the intercalation free energy of CTAC with a cationic head group was relatively larger than that of
stearate with an anionic head group and dodecylamine with a neutral head group. The attractive
electrostatic and van der Waals interactions of surfactants with an interlayer environment
contributed to the intercalation and surface modification process with the electrostatic force
playing the significant role. This study revealed the underlying mechanism involved in the
intercalation and surface modification process of methanol preintercalated kaolinite by surfactants,
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which can help in further design of kaolinite-based organic clays with desired properties for
specific applications.

Graphical abstract

N = |

§ =
A

Intercalation free energy directly calculated by MD

INTRODUCTION

Nature is an excellent source of abundant materials, among which clays have received a lot
of attention due to their particular morphological and physicochemical properties and natural
abundance. Clays belong to the layered aluminosilicate whose individual layers consist of a
silica tetrahedral sheet and an alumina octahedral sheet. Among the clay families, the
smectite clays have been widely used in the field of catalysts, environmental remediation,
clay-based polymer nanocomposites, etc., due to their high cation exchange capacity,
swelling behavior, and large surface area.1=3 Differing with smectite clays, kaolinite is a 1:1
dioctahedral clay mineral with the unit nanometer-thick layer formed by one alumina
octahedral sheet linked with one silicon tetrahedral sheet by the sharing oxygen plane. The
unit layers are stacked along the direction perpendicular to the basal surface, forming an
interlayer space where the alumina surface covered by the hydroxyl groups faces the
siloxane surface covered by basal oxygens. In the interlayer region, there are hydrogen
bonds formed between the hydroxyl groups on the alumina surface and the basal oxygens on
the siloxane surface. The clay surfaces show hydrophilic property that limits their
applications especially when used as the reinforcing filler in the hydrophobic polymer
matrix and adsorbent for particular organic contaminants. For instance, when kaolinite is
directly used as the reinforcing filler for fabricating the clay-based polymer nanocomposites,
the kaolinite platelets are difficult to disperse homogeneously in the hydrophobic polymer
matrix due to their hydrophilic surfaces, which cannot bring the desired reinforcing effect
for the kaolinite/polymer composites.? In order to overcome their interfacial incompatibility,
the organic modification of kaolinite surfaces by surfactants is introduced to render its
surface chemistry. The commonly used surfactants for organic modification of clays are
alkyl ammoniums consisting of hydrophobic alkyl chains and hydrophilic head groups. The
latter can be fixed on the clay surfaces through electrostatic force, leading to the surfactants
coated on the clay surfaces. Consequently, the surfactants can bridge the polymer matrix and
clay platelets with their hydrophobic alkyl chains functioning as the cement. The interfacial
compatibility of the polymer matrix and modified clay platelets with the help of surfactants
makes a significant contribution to the improved mechanical, fire resistance, and gas barrier
properties of the clay/polymer hybrid composites.* Among the surface modification
strategies of clays, the intercalation accompanied by surface modification has the excellent
perspective, because intercalation of clays with surfactants can effectively expand the
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interlayer space and contribute to the subsequent exfoliation of clay platelets. Meanwhile,
the surfactants adhered to the clay platelets significantly modify the topography and
chemistry of clay surfaces. As a result, the delaminated and surface modified organoclays
have a high aspect ratio and can be easily dispersed uniformly in the polymer matrix with a
large contact area with the polymer matrix giving rise to a strong reinforcing effect for the
hybrid composites.*® The swelling smectites can be easily intercalated and organically
modified owing to their interlayer ion exchange capacity, and have been widely industrially
utilized.5 However, for kaolinite, the cohesive forces between the adjacent layers lead to the
difficult intercalation of compounds in its interlayer region. The surface or cleavage energy
of kaolinite was reported to be 252.57 + 2.75 mJ/m2.” The kaolinite is generally considered
as a nonswelling clay mineral with low chemistry reactivity. Nevertheless, kaolinite has two
kinds of basal surfaces with different chemical reactivity in the interlayer environment due to
its 1:1 dioctahedral structure, that is, alumina surface and siloxane surface. The alumina
surface is covered by the hydroxyl groups, and the siloxane surface is covered by basal
oxygens. The two kinds of surfaces can function as H-donors/acceptors inducing small polar
molecules to enter the kaolinite interlayer via hydrogen bonding interaction to achieve the
interlayer expansion.8 The surfactants with relatively large molecular size, however, are
difficult to directly intercalate in the kaolinite interlayer due to the steric hindrance.
Experimental studies have proven that the kaolinite—methanol intercalation complex can be
used as the precursor to achieve the intercalation and surface modification of the kaolinite
interlayer by surfactants.?-12 The particular interlayer environment of kaolinite makes it a
strong candidate for fine chemistry if its interlayer is accessible and reacted with organic
moieties to produce the functional kaolinite-based organic clays for the applications in clay/
polymer nanocomposites and environmental remediation, etc.

Due to the strong cohesive force between kaolinite layers, the compounds used for
intercalation and surface modification of kaolinite are mainly limited to some small
molecules with high polarity and excellent ability to form hydrogen bonds, such as urea,
dimethyl sulfoxide, hydrazine, etc.813-15 The studies on kaolinite intercalation by
surfactants with relatively large molecular size are rare due to the challenge of the
intercalation process. However, the methanol intercalated kaolinite has been proven to be a
versatile precursor that can be used for further intercalation and surface modification by
surfactants as mentioned above.1® Although the interfacial structures and interactions of
kaolinite—surfactants complexes have been extensively characterized using X-ray diffraction
(XRD), infrared spectroscopy (IR), scanning electron microscopy (SEM), and nuclear
magnetic resonance (NMR),%-12 the thermodynamics associated with the intercalation and
surface modification processes of kaolinite have been rarely addressed and it is still a
challenging task to accomplish by the conventional experimental techniques. The atomistic
molecular dynamics (MD) simulation has evolved into a powerful tool suitable for
addressing the atomic scale interfacial structures in clay related materials and environment
sciences.1’-23 However, the simulations in order to accurately characterize the energetic
properties of the dynamic intercalation process of clays by surfactants require the system
size and simulation time scale beyond the traditional MD techniques. Recent advances in
accelerated molecular dynamics such as the adaptive biasing force (ABF) method
substantially speed up the MD simulations by enhancing the conformational space sampling
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and are capable of accurately describing the free energy surface of processes of large
systems at long time scale.24:25 This technique has been successfully employed to calculate
the free energies of the sorption process of PCBs from bulk water into clay minerals,
agreeing well with the experimentally determined results.26 In the present work, the
potential of mean force (PMF) or free energies for the intercalation of selected representative
alkane surfactants with neutral and ionic head groups in methanol intercalated kaolinite were
calculated using the ABF method. The driving force arisen from the enthalpic energy gain
from their interactions with kaolinite interlayer surfaces as well as the interlayer methanol
was quantified in terms of the electrostatic and van der Waals interaction energies. The
contributions of the alkyl chain and head group segments of surfactants to the corresponding
electrostatic and van der Waals interaction energies were also calculated. This research is
significant to understand the underlying mechanism involved in the intercalation and surface
modification process of the kaolinite interlayer as well as the interaction mechanism of
different components of surfactants with a kaolinite interlayer environment, which can help
in further design of kaolinite-based organic clays with desired properties for specific
applications.

SIMULATION METHOD

The ABF molecular dynamics simulations were performed to explore the thermodynamic
mechanism of intercalation and surface modification of the methanol preintercalated
kaolinite interlayer by surfactants. The dodecylamine, CTAC, and sodium stearate were
selected as the representative alkane surfactants with neutral, cationic, and anionic head
groups whose molecular structures are shown in Figure 1. The unit cell of the kaolinite
model was built following the procedure described in our previous study.10:14 The supercell
with 8 x 5 x 2 unit cells of kaolinite possessing the size of 41.2 A in the x direction and
44.67 A in the ydirection was created as the crystalline clay model. The direction
perpendicular to the (001) crystal plane of kaolinite was chose as the zaxis (Figure S1 in the
Supporting Information). One of the interlayers was placed at the center of the supercell to
eliminate the electric dipole of the supercell in the direction perpendicular to the surface.
This interlayer was artificially expanded in order to create an interlayer space of desired
extension, where the behavior of solvent and adsorbate can be modeled. The other interlayer
remained intact. Since we are interested in the initial stage of the intercalation process with
relatively low loading of surfactant, such a partial intercalation system is sufficient for
structural analysis and PMF calculations. Similar clay models have been successfully
adopted in previous studies.2”+28 In the interlayer region of the kaolinite model, the methanol
molecules were randomly placed to make the methanol preintercalated interlayer
environment. In order to calculate the free energies of surfactants transferring between the
interlayer micropore of methanol preintercalated kaolinite and the surrounding solution
phase (for CTAC and dodecylamine, the solvent in solution phase is methanol; for sodium
stearate, the solvent is water), the methanol preintercalated kaolinite interlayer—bulk
methanol/water two-phase periodic systems were created. For constructing the two kinds of
systems, the kaolinite model with the methanol intercalated interlayer was cleaved along the
(010) plane where the dangling bonds were saturated with OH groups. The Al atoms on the
termination of the (010) edge surface adopt a 5-fold coordination state according to the
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study by Liu et al.2% Then, a vacuum slab with a width of 30 A was added above the (010)
edge surface. For calculation of free energies of dodecylamine and CTAC, the vacuum slab
was packed with the bulk methanol to create the methanol preintercalated kaolinite
interlayer—bulk methanol model to match the real environmental condition where the
methanol was used to dissolve dodecylamine and CTAC. For sodium stearate, the vacuum
slab was packed with the bulk water to make the methanol preintercalated kaolinite
interlayer—bulk water model. Then, one molecule of surfactants was placed in the middle
position of the kaolinite interlayer. The representative initial configuration of the methanol
preintercalated kaolinite interlayer—bulk methanol two-phase systems with intercalated
CTAC is shown in Figure S2. A different axis system was used for the two-phase periodic
models in which the orientations of x-, )~, and z-axes of the two-phase periodic systems
were reset, and the z-axis was set perpendicular to the (010) edge surface as shown in Figure
S2. The free energies of surfactants transferring between the methanol preintercalated
kaolinite interlayer and the contacting solution phase were calculated with the potential of
mean force using the adaptive biasing force accelerated MD method (ABF).30 This method
has been successfully used for computing the free energy profiles of the sorption process of
PCBs from bulk water into clay minerals, and the calculated free energies were reasonably
consistent with experimentally determined adsorption free energies.26 All the MD
simulations were carried out using the LAMMPS package.3! The INTERFACE force field32
developed specifically for clays, silicates, metal oxides, and other inorganic minerals was
used to describe the kaolinite, and OPLS-AA force field33 for surfactants and methanol. The
compatibility of the two force fields and their applicability for inorganic—organic interfaces
have been validated in refs 32, 34, and 35. The water molecules were described using the
simple point charge (SPC) water model.38 The force field parameters for methanol and
selected surfactants were directly adopted from the OPLS-AA force field except that the
atomic charges for CTAC were taken from the work of Lopes and Padua.3” The MD
simulation details are provided in the text of the Supporting Information.

RESULTS AND DISCUSSION
Free Energies Calculated by ABF Method

The intercalation free energies of methanol preintercalated kaolinite by surfactants were
directly calculated with the ABF MD simulations. The energy variation related to the
surfactants transferring between the kaolinite interlayer domain and the surrounding solution
phase gives a direct insight into the reaction trend pertaining to the intercalation process of
surfactants. Figure 2 shows that the calculated free energies for all surfactants in the
kaolinite interlayer domain are always lower than that in solution phase, indicating that the
interlayer environment of methanol preintercalated kaolinite is energetically favorable for
the intercalation of surfactants. In this study, the intercalation free energy AG for the
intercalation process of surfactants was defined as the energy difference between the
stationary stage of the surfactant molecule located at the center of the interlayer and the
interface of the clay edge and solution phase, that is, the point =15 A and 2.5 A along the
reaction coordinate of PMF. The intercalation free energies of three surfactants are —38, —15,
and -10 kcal/mol for CTAC, stearate, and dodecylamine, respectively. The methanol
preintercalated kaolinite interlayer shows relatively stronger affinity to CTAC with a cationic
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head group compared with dodecylamine with a neutral head group and stearate with an
anionic head group. The magnitude of calculated intercalation free energies for the three
surfactants agrees with the experimentally observed intercalation trend that the CTAC can
more easily achieve the intercalation and surface modification of methanol preintercalated
kaolinite compared with stearate and dodecylamine.1012:38 |t js interesting to note that the
PMF of CTAC (Figure 2) has the bumpy feature before completely entering the kaolinite
interlayer. The local maximums of the free energies along the reaction coordinate represent
the energy barrier when CTAC continually move into the interlayer, which are related with
the transfer of the head group N(CHj3)3* of CTAC above the adjacent ditrigonal cavities on
the siloxane surface in the kaolinite interlayer. The ditrigonal cavities surrounded by six
negatively charged oxygen atoms are the dominant adsorption sites where the cationic head
group of CTAC can be firmly anchored through strong electrostatic interaction. This point
can be verified by the atom distribution map of the head group of CTAC on the slioxane
surface in Figure 5b, which directly reveals that the head groups of CTAC are strongly
adsorbed at the ditrigonal cavity. Thus, CTAC needs to overcome the energy barrier for
moving its head group above the adjacent ditrigonal cavities of the kaolinite siloxane
surface.

Interaction Energies of Surfactants with Interlayer Environment

The intercalation and surface modification of methanol preintercalated kaolinite by
surfactants is favored by gaining the enthalpic energy through their interactions with the
kaolinite interlayer surfaces as well as the interlayer methanol, and the entropic gain by
partitioning of less hydrated surfactants with long alkyl chains from bulk polar solvents into
the interlayer also plays an important role.3° Quantifying the enthalpy contribution to such a
process can facilitate the understanding of the thermodynamic driving force for the
intercalation and surface modification process.4%41 In order to evaluate the enthalpic energy
gain through the interactions of surfactants with the interlayer environment of methanol
preintercalated kaolinite including the two opposing interlayer surfaces, viz. alumina surface
and siloxane surface, and the interlayer methanol, the interaction energies between them
were calculated. The method of interaction energy calculation is detailed in the Supporting
Information.

Figure 3 shows the interaction energies of surfactants with the interlayer environment of
methanol preintercalated kaolinite, and the contributions of electrostatic and van der Waals
energies to the corresponding total interaction energies along with the standard deviations.
The decomposition of the interaction energy provides a direct insight into what interaction
dominates the ehthalpic energy gain for the intercalation and surface modification process.
For the energy values, a negative value represents attractive force while a positive value
represents repulsive force. The results clearly show that the intercalation and surface
modification of the kaolinite interlayer is driven by both electrostatic and van der Waals
forces. The interaction energies of neutral dodecylamine with the kaolinite alumina surface,
siloxane surface, and interlayer methanol are —4.64, —3.41, and —7.31 kcal/mol, respectively
(Figure 3 (1)), indicating that the kaolinite interlayer surfaces and interlayer methanol all
interact favorably with the dodecylamine. The electrostatic energy component to the total
interaction energy of dodecylamine with the alumina surface accounts for 62% (-2.88 kcal/
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mol), indicating a slightly prevailing role of electrostatic interaction. In contrast, the van der
Waals energy component dominates slightly for the interaction with the siloxane surface
with a 65% (—2.21 kcal/mol) contribution to the total interaction energy. The interlayer
methanol has a relatively larger interaction energy with the dodecylamine compared with the
kaolinite surfaces, of which the electrostatic component accounts for 64% (—4.71 kcal/mol)
and the van der Waals component is 36% (—2.60 kcal/mol), respectively. The interaction
energies of CTAC and stearate possessing ionic head groups with the interlayer environment
of methanol preintercalated kaolinite show different features to dodecylamine. The
interaction energies of CTAC with the alumina surface, siloxane surface, and interlayer
methanol were calculated as 38.39, —13.47, and —48.15 kcal/mol, respectively. For stearate,
the corresponding interaction energies were —43.43, 7.79, and —2.07 kcal/mol, respectively.
It shows that not all the components of the interlayer environment show attractive
interactions with the charged surfactants. The alumina surface and siloxane surface
demonstrate the repulsive interaction with the CTAC and stearate, respectively. This is
attributed to the repulsive force between like charges since the alumina surface and siloxane
surface carry local positive and negative charge, respectively. Therefore, they show a rational
repulsive force with the positively charged head group N(CHs)3* in CTAC and the
negatively charged head group COO™ in stearate, respectively. In spite of the repulsive force,
the opposing kaolinite surfaces that have opposite charge show attractive interaction with the
surfactants. It is shown that the interaction energy of stearate with the alumina surface is
-43.43 kcal/mol (electrostatic component is —39.74 kcal/mol, and van der Waals component
is —3.69 kcal/mol) much larger in magnitude than that with the siloxane surface with 7.79
kcal/mol, of which the electrostatic and van der Waals components are 11.84 and —4.05 kcal/
mol, respectively. For the CTAC, although the repulsive interaction energy with the alumina
surface is 38.39 kcal/mol much larger in magnitude than the attractive interaction energy
with the siloxane surface (—13.47 kcal/mol), the attractive interaction with interlayer
methanol with the value of —48.15 kcal/mol is sufficient to compensate the repulsive force
from the alumina surface. Recall that the interlayer methanol also demonstrated a
considerable attractive interaction with dodecylamine, agreeing with the experimental
observation that the interlayer methanol plays the significant role in the intercalation and
surface modification of methanol preintercalated kaolinite by quaternary ammonium salt and
alkyl amine.%:10.12 Similar to the stearate, the interaction energies of CTAC with the
interlayer environment are also dominated by the electrostatic component as shown in
Figure 3 (2). The results also show that, even if the van der Waals energy components
occupy a smaller proportion than the electrostatic energy component for all surfactants, they
demonstrate attractive interaction with all components of the interlayer environment.
Overall, the interlayer environment of methanol preintercalated kaolinite shows relatively
strong affinity to the surfactants having ionic head groups, which can gain more enthalpic
energy via electrostatic interaction with the interlayer environment to easily achieve the
intercalation and surface modification process.

The proportions of electrostatic and van der Waals energies that originated from the head
groups and alkyl chains accounting for the electrostatic and van der Waals interactions of
surfactants with the interlayer environment of methanol preintercalated kaolinite were also
calculated to quantify how different segments of surfactants make the contributions to the
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electrostatic and van der Waals interactions. The details of how to split the energy
contributions of head groups and alkyl chains are provided in the Supporting Information.
Figure 4 (2) and (3) indicate that the charged head groups of CTAC and stearate that have
big charges on them in spite of the small atom numbers dominate the corresponding
electrostatic interactions of surfactants with all components of the interlayer environment.
The proportions of electrostatic energy that stemmed from the charged head groups account
for more than 80% of the corresponding total electrostatic interaction energies; the alkyl
chains, although having a large number of atoms, only make an insignificant contribution to
the electrostatic interactions since the atoms of alkyl chains have smaller charge on them. In
the case of neutral dodecylamine (Figure 4 (1)), the alkyl chain and head group dominate the
attractive electrostatic interactions with kaolinite interlayer surfaces and interlayer methanol,
respectively. In contrast to the proportions of charged head groups of surfactants accounting
for the electrostatic interactions, the alkyl chain segments of all surfactants play a central
role in the van der Waals interaction energies as displayed in Figure 4. The proportions of
van der Waals energy that originated from alkyl chains for all surfactants occupy more than
85% of the corresponding total van der Waals interaction energies, especially for the neutral
dodecylamine with a percentage of almost 100%. This indicates that the alkyl chain moiety
of surfactants prefers the hydrophobic environment. The hydrophobic interaction is also a
driving force for the continuous intercalation and surface modification of methanol
preintercalated kaolinite by surfactants. Once the surfactants penetrate into the kaolinite
interlayer, it can make the interlayer environment more hydrophobic. The hydrophobic
interactions between alkyl chains can aid in inducing more surfactants to enter the kaolinite
interlayer. When the first layer of surfactants is densely packed in the interlayer, the
additional intercalated surfactants lead to the further interlayer expansion of kaolinite for
making more space to accommodate the surfactants. The process of interlayer filling of
methanol preintercalated kaolinite by dodecylamine and CTAC can increase the kaolinite
basal spacing from 7.2 A to around 40 A.10:12 As a result, the original cohesive force
between kaolinite adjacent layers is weakened considerably; then the slacked kaolinite layers
can be easily exfoliated to the platelets with organically modified surfaces, which has
excellent prospect in kaolinite-based clay/polymer nanocomposites. The kaolinite stacks can
even be exfoliated to platelets with very few kaolinite unit layers by the intercalation with
CTAC, which can automatically form the nanoscrolls due to the structural mismatch
between the alumina octahedral sheet and the silica tetrahedral sheet of the kaolinite unit
layer.12

Interfacial Structure

The interfacial structure can help to explore the interfacial interactions between particular
segments (head group and alkyl chain) of surfactants and the kaolinite interlayer surfaces at
the atomic scale, which can be visualized from the MD simulations. Figure 5 shows the
atom distribution maps of surfactant segments on the kaolinite interlayer surfaces plotted
based on the atom coordinates recorded during the 1 ns production runs after the 10 ns
equilibrium runs, as stated in the Simulation Protocol in the Supporting Information. Here,
the N represents the NH, of dodecylamine and N(CH3)3* of CTAC, and O represents the
COO" of stearate; the C in the alkyl chain segments refers to the backbone CH, and tail CH3
of alkyl chains. The atom distribution maps provide clear information on the preferred
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adsorption sites for different segments of surfactants on the interlayer surfaces. The head
group N(CH3)3* of CTAC was strongly anchored at the ditrigonal cavity on the siloxane
surface and did not change its position during the 1 ns production runs as shown in Figure
5b. The ditrigonal cavity surrounded by six negatively charged basal oxygens relaxing
outward slightly with respect to the silicon atoms is the main adsorption site for N(CH3)3*
of CTAC through electrostatic force. This is also an important finding in this study. It
explains why the quaternary ammoniums are commonly used as the cationic collectors for
the flotation of kaolinite from mineral deposits that contain kaolinite as the gangue mineral.
42 The strong adhesion of cationic head groups of quaternary ammoniums on the kaolinite
siloxane surface can effectively separate kaolinite from other minerals. In addition, the steric
effect resulting from the hindrance of the bulky N(CH3)3* group by the ditrigonal cavity
with a similar diameter (Figure 6a) also contributes to its movement limitation on the
siloxane surface. For the dodecylamine, its neutral head group NH> exhibits greater lateral
mobility (Figure 5a) compared with N(CH3)3* of CTAC due to the weaker interactions with
kaolinite interlayer surfaces. The anionic head group of stearate is preferentially adsorbed at
the alumina octahedral vacancy surrounded by hydroxyl groups as shown in Figures 5c and
6b. Similar to the ditrigonal cavity on the siloxane surface, the octahedral vacancy
surrounded by hydroxyl groups on the alumina surface can anchor the anionic head group
COO~ of stearate through electrostatic force and H-bonds formed between COO™ and
hydroxyl groups (Figure 6b). On the basis of the CH, distribution of alkyl chains of
surfactants on the kaolinite interlayer surfaces, it is concluded that the alkyl chains of all
surfactants keep a linear structure due to the confinement of the kaolinite interlayer.

CONCLUSION

In this work, the adaptive biasing force accelerated molecular dynamics simulations were
employed to calculate the potential of mean force of alkane surfactants with neutral,
cationic, and anionic head groups transferring between the methanol preintercalated
kaolinite interlayer region and the surrounding solution phase. By doing the
thermodynamics analyses, it was found that the intercalation free energies were —38, —15,
and —10 kcal/mol for CTAC, stearate, and dodecylamine, respectively. This indicates that the
interlayer environment of methanol preintercalated kaolinite shows relatively stronger
affinity to CTAC with a cationic head group compared with dodecylamine with a neutral
head group and stearate with an anionic head group. The driving force for the intercalation
and surface modification process contributed from the enthalpic energy gain via the
interactions of surfactants with the interlayer environment was controlled by both
electrostatic and van der Waals interactions with the electrostatic interaction playing the
major role. The preintercalated methanol played the important role for inducing the CTAC
and dodecylamine to enter the kaolinite interlayer through attractive electrostatic and van der
Waals forces. The strong electrostatic interactions of ionic head groups of CTAC and
stearate with the interlayer environment can help in gaining more enthalpic energies for their
intercalation and surface modification process. The ditrigonal cavity on the siloxane surface
and alumina octahedral vacancy on the alumina surface were the dominated adsorption sites,
where the head groups N(CHs)3*™ of CTAC and COO™ of stearate can be firmly anchored,
respectively. The present study provided an insight into the thermodynamic mechanism of
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intercalation and surface modification of methanol preintercalated kaolinite by alkane
surfactants, which could serve as a guidance to engineer modification of kaolinite surfaces
for its further applications in clay-based nanocomposites and environmental remediation.
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Dodecylamine LW\

CTAC o

AR

Molecular structures of selected alkane surfactants with neutral and ionic head groups. The
ball color scheme for the molecular structure is O (red), N (blue), C (gray), H (white), CI~
(green), and Na* (purple).
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Figure2.
Simulation snapshot (upper panel) and calculated free energy profiles of CTAC, stearate, and

dodecylamine transferring between the kaolinite interlayer region and the solution phase by
the ABF method (lower panel). For CTAC and dodecylamine, the solvent in the solution
phase is methanol; for stearate, the solvent is water. CTAC (in light green color) between the
kaolinite interlayer and the bulk methanol along the reaction coordinate is shown in the
snapshot; methanol molecules are displayed in line style; and kaolinite layers are displayed
in the polyhedron.
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Figure 3.
Interaction energies of (1) dodecylamine, (2) CTAC, and (3) stearate with the interlayer

environment of methanol preintercalated kaolinite, and the proportions of electrostatic
energies Eg4ocand van der Waals energies £,y accounting for the interaction energies,
where A, B, and C represent the interlayer alumina surface, siloxane surface, and interlayer
methanol, respectively.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2018 April 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zhang et al.

()
154

10+
54

-5+
=104

E .. (kcal/mol)

=154

E‘ﬂ;y{kca”mol)

Figure 4.

(2)
50+
404
304
204
104
U-
=104
=204
=3() -
-40 4
-504

A

- Alkyl chain
B 1icad group

(3)
204
104

[IE

-104
=204
-30 4
-40 4

Decomposition of £,

04
-2
-4
-6+
-84

-104
-124
-144

B Alkyl chain
I Hcad group

(3)

=

Decomposition of E, ;.

A B C

Page 16

Decomposition of electrostatic interaction energies (£, and van der Waals interaction

energies (E,4) of (1) dodecylaming, (2) CTAC, and (3) stearate with interlayer

environment of methanol preintercalated kaolinite into the head groups and alkyl chains,
where A, B, and C represent the alumina surface, siloxane surface, and interlayer methanol,

respectively.
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Figureb.

Atom distribution map of head group and alkyl chain segments of (a) dodecylamine, (b)
CTAC, and (c) stearate on the kaolinite interlayer surfaces. For (a) dodecylamine and (b)
CTAC, the substrate is the siloxane surface where the orange and red hollow circles refer to
Si and O on the siloxane surface, the blue cross represents N in the head group NH> in
dodecylamine and N(CH3)3* in CTAC, and the gray cross represents C in the alkyl chain
backbone. For (c) stearate, the substrate is the alumina surface where the purple hollow
triangle and red hollow circle represent Al and O on the alumina surface, respectively; the
magenta and gray crosses represent O in the head group COO™ of stearate and C in the alkyl

chain backbone, respectively.
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(a) (b)

H-bonds

Figure 6.
Snapshots of (a) CTAC head group N(CH3)3*—siloxane surface and (b) stearate head group

COO™—alumina surface. The ball color scheme is O (red), Si (orange), Al (purple), H
(white), N (blue), and C (gray).
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