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As an important clay mineral, montmorillonite (MMT) plays a pivotal role in various fields. Water has significant effects on the
organification process of MMT, which is associated with the adsorption of organic matter onto MMT with different water
contents. In this study, the influence of external water content on the organic intercalation of MMT and its mechanism are
discussed from both experimental and simulation results. These results reveal that as the external water content increases, the
interlayer spacing of organic MMT increases first and then decreases, while the degree of organification becomes increasingly
stronger. Although the interlayer spacing of the organic MMT is the largest when the external water amount is relatively small
(e.g., 10%), the molecular arrangement is disorderly and uneven, resulting in a low degree of organification. Increasing the
external water content results in a more regular molecular arrangement, more compact intermolecular agglomerates, and a higher
degree of order. Therefore, the addition of water plays a crucial role in the organification process of MMT, and the appropriate
manufacturing technology should be selected according to the application field. The results of this study provide theoretical
support for the preparation of organic MMT and also offer insight into the mechanism of organic intercalation.

1. Introduction

MMT is an important layered silicate mineral, and its basic
structural unit is a typical 2: 1 structure that is composed of a
layer of aluminum oxide octahedron sandwiched between
two layers of silica tetrahedra with layers bonded together by
shared oxygen atoms. AlI>* in the MMT octahedral voids is
usually replaced by Mg*" and Fe®*, whereas Si** in the
tetrahedral voids is often replaced by AI** [1, 2]. Due to the
substitution of low-valence cations for high-valence cations,
the structural layer produces extra negative charges. To
maintain electrical neutrality, in addition to water mole-
cules, cations with a relatively large radius (such as Na™,
Ca’*, Mg™", etc.,) exist between the structural layers [3, 4].
The cationic organic matter can enter the interlayer spacings
of MMT via cation exchange, which forms organic MMT.
The MMTs have attractive features, such as large surface
area, swelling behavior, adsorption, and ion exchange
properties. The MMTs have been extensively used as the host
materials and in other possible applications such as catalysis,
separation, delivery, and storage [5-7]. Because of their

attractive properties and ability to accommodate various
kinds of organic and inorganic guest species [8], the in-
tercalated nano-sized MMT particles (0.6-1 nm in width) are
ideal dispersing additives for the synthesis of organic-
inorganic hybrid nanocomposites to enhance mechanical,
thermal, and chemical stabilities. The composites have been
applied into the fields of plastic, paint, petroleum engi-
neering, and so on [8-11]. Generally, the organic modifi-
cation processes for MMT are divided into three methods:
the wet method, the pregel method, and the dry method
[12,13]. A survey of the literature indicates that there are few
reports about the pregel method, and wet modification is
generally reported to be superior to that of dry modification
[14]. However, the process of the wet modification is more
complicated than that of the dry modification, which not
only has a higher industrial production cost but also causes
unnecessary waste and pollution to water sources. Therefore,
most of the attention has been focused on the mechano-
chemical dry modification for MMT [15], instead of wet
modification, the research of which is relatively rare and not
systematic or thorough enough.


mailto:lmwu@sjzu.edu.cn
http://orcid.org/0000-0003-3444-741X
http://orcid.org/0000-0002-6603-3134
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/2989254

Water molecules play an important role in the in-
tercalation process of organic MMT. After the intercalation
process, the occurrence and interaction between water
molecules and the interlayer organic cations of MMT play
important roles to investigate the effects that water mole-
cules have on the intercalation process of organic matter
[16, 17]. The interlayer spacing of clay minerals can be
entirely attributed to the variations in amounts of organic
cations and water between layers or to the variation in
thickness of the organic cation/water complexes. Therefore,
water molecules not only play a role in the preliminary
intercalation and ongoing intercalation process but also play
important roles in the postintercalation processes. Com-
pared to the easier study on the role of water in organic
MMT after organic intercalation, it is more difficult to in-
vestigate the actions of free water in the environment and the
interlayer bound water during the process of organic in-
tercalation. So far, no detailed systematic reports have been
conducted, but it is of great significance to explore the
organic intercalation process of MMT.

In this study, the influencing role of external water
amount on organic intercalation of MM T and its mechanism
are discussed through both experiments and molecular
dynamics simulations. The external water is an important
driving force in the organic intercalation process for MMT.
In an aqueous solution, interlayer cations like Na® can
diffuse from the interlayer spacing of MMT into the aqueous
solution. The loss of Na™ destroys the charge balance of the
MMT complex, thus leading to negative charges in the MMT
layer. When this happens, the organic cations in the solution
will enter the interlayer spacings due to their electrostatic
attraction to the MMT layer, which will result in a gradual
increase in the MMT layer spacing. Therefore, it is important
to investigate the effects of external water on the organic
intercalation of MMT since it plays an important role in the
preparation of organic MMT and allows for an exploration
into the mechanism of organic intercalation.

2. Experiment and Methods

2.1. Materials. The montmorillonite used was SWy-2 obtained
from the Clay Mineral Repositories in Purdue University (West
Lafayette, IN) and was used without further purification. It has
a chemical formula of (Cay;, Nagsz, Kogs)[Alsg Fe(Il)gu
Mg0.54] [Si7.98 Al().oz] Ozo(OH)4, aCECof 85+3 mmolC/IOO g a
layer charge of 0.32 eq/mol per (Si,Al)4O1, an external surface
area (ESA) of 23 m°/g, and a mean particle size of 3.2 ym with a
dys to dys in the range of 3-10 ym [18].
1-Hexadecyl-3-methylimidazolium  chloride  mono-
hydrate (C;smimCl, CAS#: 404001-62-3) was obtained from
Shanghai Darui Fine Chemical Co. Ltd. (Shanghai, China).

2.2. Experiment. 5g of MMT and 3g of 1-hexadecyl-3-
methylimidazolium chloride monohydrate (C;qmimCl) were
mixed together, and the mixture and a grinding ball were added
into the grinding tank of a ball mill according to the appropriate
ratio (1:20). The organic MMT was prepared by milling at
200 rpm/min for 2 hours with different amounts of water added.
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2.3. Methods. X-ray diffraction pattern of the sample was
characterized with an X-ray diffractometer (XRD-6100,
Shimadzu (China) Co., Ltd.); the diffraction source was a
copper target (Cu Ka); the tube flow was 80 mA; the tube
voltage is 60 kV, and the rotation speed was 2 deg/min. The
sample was placed on a horizontal table. The directional
scanning process proceeded from 3° to 70° with the angle
gradient of each scan around 0.02°. The change in intensity
of dyg; of MMT was measured in order to estimate the
intercalation effect, and the d value was calculated according
to the Bragg equation.

The Fourier transform infrared spectra were charac-
terized with the FTS 2000 series model produced by Nikol,
USA. The selected spectral range was 400 cm ™" to 4000 cm ™',
and the resolution was 4cm ™. The sample to be measured
was mixed with KBr powder with the mass ratio of 1:100,
and its spectral band was recorded.

The thixotropy was characterized by the viscosity ratio at
6rmp and 60rmp, which were measured with a rotary
viscometer. In this experiment, the recorded value from the
viscometer after opening for 10seconds was used as the
viscosity of paint, and the shear and recovery processes were
3 minutes. The rheological curves of organic MMT were
measured by a rheometer (Model No. HAAKE RotoViscol).
The test conditions were as follows: the shear rate increased
from 0s™' to 200s™" and then decreased from 200s™" to
0s™', and the increasing and decreasing time were both
3 minutes at a constant temperature of 25°C. The measured
data were automatically fitted to draw a relationship curve
between shear stress and shear rate using the Origin 8.0, and
the thixotropic ring area between the upper and lower curves
was calculated using an integral method.

The contact angle of each sample was measured using a
JC2000D contact angle meter. The contact angle measuring
instrument mainly measures the contact angle of liquid to
solid, that is, the wettability of a liquid on a solid. The in-
strument can measure the contact angle of various liquids on
various materials. When the droplets are placed on a solid
plane, they can automatically spread over the solid surface or
adopt a certain contact angle with respect to the solid surface.
The image is frozen in a real-time window, and then the
thumbnail is used for browsing. The best image is selected,
and the contact angle is calculated by direct fitting, and the
average value of the contact angle is obtained by three trials.

Molecular simulation was performed under the module
‘Forcite” of Materials Studio 7.1 software to investigate the
sorption sites of C;gmimCl on MMT. The resulting primitive
unit cell was characterized by the parameters a=15.540 A,
b=17.940 A, c=12.44 A, a=y=90",and = 99°. Based on the
primitive unit cell, a series of (6 x 4 x 2) supercells were built
with the spacing of layers set to 12.4 A. The adsorption be-
havior was modeled using the universal force field. The
number of cycles is 3, and the steps of one cycle is 10° a
representative part of the interface devoid of any arbitrary
boundary effects. Based on the structure of the preferential
adsorption model of C;smimCl in the layer of MMT predicted
by Monte Carlo calculation, the GGA-PW91 was used to
optimize the structure again and to predict the interaction
energy between C;emimCl and MMT layer to a greater
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accuracy. All of the GGA-PWO1 calculations were performed
using a double numerical plus polarization function (DNP) as
basis set and DFT-D correction. So in all calculations, the
heavy atoms of MMT were frozen, whereas the hydrogen of
MMT and C;¢mimCl molecules was fully relaxed.

3. Results and Discussion

3.1. Preparation and Characterization of Organic MMT at
Different Contents of External Water. The X-ray diffraction
(XRD) patterns of the obtained organic MMT sample under
ball milling conditions with different water contents are
shown in Figure 1. No diffraction peak of C;smimCl was
observed in the XRD pattern of the modified sample, in-
dicating that C;qmimCl had been inserted between the
MMT layers [19]. As for the preparation process of organic
MMT using the dry method, using water contents of 0% and
1%, the dyo; value of the organic MMT is 2.84 nm, and the
peak shape is sharp and symmetrical, demonstrating that
C,smimCl molecules were also inserted between the MMT
layers even with trace amounts of water content. With an
increase in the water content, the dyo; value of organic MMT
keeps increasing, resulting in the increase in the amount of
C,emimCl that is inserted. Therefore, the external water
played an important role in the intercalation process of the
organic modifier. When the content of external water is 10%,
the dyo; value reaches 5.78 nm, and the intercalated amount
of C;¢mimCl reaches its maximum value. When the content
of external water continues to increase, however, the in-
terlayer spacing of the organic MMT decreases, and the
diffraction peak of the (001) plane becomes symmetrical and
sharp. When the content of external water is 30%, the dy,
value of the organic MMT is 4.57 nm. The above results
indicate that the addition of external water has a great in-
fluence on the intercalation process of the organic cations.
The intercalated amount of organic cations increases as more
external water is added [20, 21], but the intercalated amount
of organic cations decreases when the content of external
water excesses 30%.

To more fully examine the effect that the organic cations
have on the MMT structure with different contents of ex-
ternal water [22], infrared spectrum analysis was carried out
(Figure 2). The hydroxyl stretching vibration of the adsorbed
water near 3436cm™ shifts to 3422cm ™', and the peak
intensity decreases, indicating the amount of interlayer
adsorbed water decreased, and C,qmimCl enters into the
MMT layer [23]. Also, XRD analysis shows that the in-
terlayer spacing increases, resulting in a decrease in peak
sharpness. It is speculated that less C;smimCl entered into
the interlayer spacing that had an irregular arrangement. The
peaks within the range of 1000-1500 cm™" correspond to the
absorption peaks of C-H bond, wherein 1470 cm™" is at-
tributed to the bending vibration of -CH,- in the molecules
of organic intercalating agent [24, 25]. The peak is sharp and
the peak shape is asymmetrical, along with the higher in-
tensity of the -CH,- absorption peak, indicating that the
Ci;smimCl molecule has effectively entered into the in-
terlayer spacing of MMT, and the intercalated amount is
large. The Si-O-Si stretching vibration absorption peak of
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FiGure I: X-ray diffraction patterns of MMT and C;smim-MMT.
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MMT at 1035cm ™" shifted to a lower wavenumber, which
may be caused by the C;mimCl coating [26, 27].

The content of external water affects both the prepara-
tion and the performance of organic MMT. The results of
contact angle and viscosity measurements of the organic
MMT prepared with different external water contents are
shown in Table 1. When the content of added water is 0%,
the obtained organic MMT has a contact angle of 41°
(Figure 3) and the viscosity cannot be measured by in-
strument. When the water content is 1%, the contact angle of
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TaBLE 1: Organic properties of MMT and C;smim-MMT.
Name Contact angle () Viscosity (mPa-s) d(oo1y (nm)
MMT 32 — 1.24
0% 41 — 2.83
1% 41 13.81 2.88
5% 44 19.29 4.06
10% 63 68.44 5.78
15% 68 83.26 4.84
20% 75 105.37 4.58
30% 81.5 151.98 4.50

F1GUre 3: Contact angle analysis of MMT and C;smim-MMT. (a) MMT; (b) 0%; (c) 10%; (d) 30%.

the organic MMT is 41°, and the viscosity is 13.81 mPa-s. As
the content of added water continues to increase, the contact
angle and viscosity of the organic MMT also increase. At an
added water content of 10%, the organic MMT has a contact
angle of 63° and a viscosity of 68 mPa-s. As the water content
continues to increase, the degree of organification of MMT
increases as well. When the added water amount is 30%, the
contact angle of the organic MMT is 81.5° with a viscosity of
152 mPa-s. The above results indicate that with the increase
in the content of added water, the degree of organification of
MMT continually increases.

As the content of added water increases, the dyg; value of
organic MMT increases first and then decreases, and the
maximum value is achieved at 10% added water. However,
the contact angle and viscosity of organic MMT both in-
crease as the external water content increases. These results
indicate that the higher the content of external water, the
higher the stacking degree of organic cations between the
MMT layers and the greater the number of organic cations
that are adsorbed onto the outer surface of MMT, that is, the
degree of organification of MMT is enhanced.

3.2. Influence Mechanism of External Water Amount on
Organic MMT

3.2.1. Effects of External Water on the Organic Intercalation
Process. The XRD pattern can support the evidence that
C1smimCl has been inserted into the interlayer spacing of
MMT [28]. However, the specific insertion process of
CismimCl and the distribution pattern after intercalation
can be studied using a molecular dynamics simulation. There
is a significant difference in the interaction between
C,emimCl and MMT in the environments with different
water contents. When the content of external water is 30%,
cations such as Na" existing between MMT layers can diffuse
out of the interlayer spacing of MMT into the aqueous
solution. The originally charge-balanced MMT system then
becomes imbalanced due to the loss of Na™. Since the MMT
layer is negatively charged, the organic cations in the so-
lution enter the interlayer spacings due to their electrostatic
attraction to the MMT layer. Therefore, the interlayer
spacing of the MMT gradually increases due to the entry of
the organic cations (Figure 4). Water molecules play an
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FIGURE 4: Molecular dynamic simulation of intercalation process. (a) 30%; (b) 10%; (c) 0%.

important role in the intercalation process of organic
cations [29, 30]. When the content of added water is 30%, a
total of twenty C;smimCl molecules interact with MMT,
fourteen of which intercalate between the MMT layers and
six of which are adsorbed on the (100) plane of MMT
(Figure 4(a)). Because of the higher water content, the
positively charged C;smim* portion of the C;smimCl
molecule interacts with MMT, while the CI™ portion dif-
fuses into the aqueous solution or adsorbs onto the end
planes of MMT, which promotes the adsorption of
C,;emim* on the MMT. When the content of added water is
10%, the same twenty C;smimCl molecules interact with
MMT, and fourteen of them intercalate between MMT

layers, and two are adsorbed on the (100) plane of MMT
(Figure 4(b)). The other four C;mimCl molecules do not
interact with MMT because the diffusion process of the
interlayer Na* cation is restricted at lower contents of water
molecules. However, cation exchange is still possible when
longer reaction times are used. When the applied water
amount is 0%, twenty C;smimCl molecules interact with
MMT, but only seven molecules are inserted into the MMT
interlayer, and the remaining C;smimCl molecules do not
interact with MMT at all (Figure 4(c)). The above results
indicate that external water during the intercalation pro-
cess of MMT by C;smimCl acts an important medium
which increases the diffusion rate of ions and also makes
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FIGURE 5: Molecular dynamic simulation of arrangement. (a) 30%; (b) 10%; (c) 0%.

the structure of organic MMT more uniform and stable. In
addition, the driving force of organic cations in the in-
tercalation process of MMT not only includes electrostatic
forces but also the hydrophobicity between organic cations
and repulsion between ions [18, 31].

3.2.2. Effects of External Water on the Arrangement of Or-
ganic Matter in the Interlayer Spacing of MMT. After the
organic cations are inserted between the MMT layers, the
arrangement pattern between the layers may affect the
performance of the organic MMT. The amount of external
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water not only affects the intercalation process of the organic
cations but also the arrangement of the organic cations in the
MMT interlayer spacing after intercalation [32, 33].
According to the simulation results in Section 3.2.1, when
the applied water content was 30%, ten [C,smim]" cations
were inserted between the MMT layers, six of which were
distributed parallel to the layer around the siloxane tetra-
hedron of MMT and four of which were inclined between
two layers (Figure 5(a)). The former six [C;¢mim]" cations
have strong interactions with the layers due to electrostatic
attractions while the latter four [C;smim]* cations have
weaker interactions with the MMT layers, which together
with the oblique arrangement, lead to the increase in the
interlayer spacing of the organic MMT. When the external
water content is 10%, twelve C;smim” cations are inserted
between the MMT layers. Among them, six C,smim" cations
are distributed parallel to the layers around the MMT si-
loxane tetrahedron, and the remaining six C;¢mim” cations
form micelles in the MMT interlayer, which increases the
interlayer spacing of MMT (Figure 5(b)). C;¢mim" cations
are arranged in the form of micelles in the MMT interlayer
spacing, which reduced the stacking order, thus reducing the
force between the MMT layers, which is an important
method to exfoliate MMT [34-36]. When the added water
volume is 0%, five C;¢mim" cations are inserted into the
MMT layers and are arranged around the silicon tetrahe-
dron in a parallel lamellar structure, resulting in a smaller
increase in the interlayer spacing of MMT (Figure 5(c)).

4. Conclusions

In this study, the effect of external water on the organic
intercalation of MMT was discussed by adjusting the amount
of added water. When MMT was modified by C;smimCl
molecules, the organic modifier was inserted between the
MMT layers and the organic MMT with a maximum in-
terlayer spacing of 5.78 nm was successfully prepared. In-
creasing the content of external water expands the interlayer
spacing of the organic MMT and intensifies the degree of
organification, which leads to an enhancement in the order of
stacking. The organically modified MMT presented obvious
hydrophobicity from the contact angle measurements, and
the thixotropic ring area became significantly larger, in-
dicating enhanced rheological properties. When the content
of external water was 10%, the organic MMT with the largest
interlayer spacing was prepared, and when the content was
30%, the organic MMT with superior thixotropic properties
was obtained. The results of this paper can provide theoretical
support for the preparation of organic MMT and an in-
vestigation on the mechanism of organic intercalation.
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