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Experimental and modeling 
investigation of organic modified 
montmorillonite with octyl 
quaternary ammonium salt
Hongyan Liu1, Chengxin Guo1, Yingna Cui1,2, Jingmei Yin1,2* & Shenmin Li  1,2*

The sodium montmorillonite was organic modified with three kinds of quaternary ammonium salts 
containing 1 to 3 octyl chains, and then the organic montmorillonite was studied by FT-IR, XRD, 
and TG characterization as well as Monte Carlo simulations, to explore the influence of the number 
of octyl chains and the loading of intercalated cations on the basal spacing (d001) of the modified 
montmorillonite complexes. According to the distribution of intercalated quaternary ammonium 
cations and the energy change of the montmorillonite complexes, a reasonable explanation was 
given for the enlargement of the interlayer space. The results of experimental characterization and 
Monte Carlo simulations show that all the three intercalation agents can enlarge the interlayer space 
of montmorillonite complexes. The more the number of octyl chains in the salt, the more significant 
expanding effect on the interlayer space. The three intercalation cations exhibited a distribution 
arranged from mono-layered to multi-layered structure as the loading of intercalated cations 
increases.

Montmorillonite (Mt) is one of the most common clay minerals in nanocomposites. Due to its unique struc-
ture, it has good adsorption and thermal stability, which has attracted widespread attention from chemical 
and material scientists1–7. Alkyl quaternary ammonium salts (QAS) are often used as intercalating agents in 
the organic modification of Mt8–11. Luo and Zhou et al. organic modified Mt by ion exchange reaction, which 
allowed the QAS cations to enter the interlayer of Mt, effectively expanding the interlayer space, making it 
from hydrophilic to hydrophobic12,13, therefore, it has been applied successfully to the adsorption of pollutants 
and toxic gases14–17. Through FT-IR, XRD, TG, SEM experimental characterization, Yang et al. found that the 
organic montmorillonite(OMt) is closely related to the experimental QAS concentration, and speculated the 
QAS loading as well as the possible arrangement of those intercalating cations between the Mt layers18,19. Qian 
et al. modified sodium montmorillonite (Na-Mt) by a series of hexadecylmethyl ammonium salts with various 
number of alkyl chains of 1C16, 2C16 and 3C16, they found that the interlayer space increases to 2.04, 4.01 and 
5.07 nm, respectively. The data indicate that the interlayer space increases dramatically with the increase of the 
number of alkyl chains. Also, They found the effect of the number of alkyl chains on the interlayer space is more 
important than the length of alkyl chain20.

Due to the complexity of the intercalation structure, the understanding of the structure and physical and 
chemical properties of organic modified montmorillonite with QAS needs to be further explored. Previous 
research reports on OMt are more common in short-chained or long-chained alkyl QAS, and few reports on the 
QAS containing C4 to C10 alkyl chains. In this paper, three kinds of QAS containing octyl chains (octyl trimethyl 
ammonium chloride (OTAC), dioctyl dimethyl ammonium chloride (BDAC), and trioctyl methyl ammonium 
chloride (TOMAC) were used to obtain the OMt complexes of OTA-Mt, BDA-Mt, and TOMA-Mt, respectively. 
FT-IR, XRD, TG, etc. were used to explore the influence of the number of octyl chains and the loading of QAS on 
the interlayer space of those OMt. On the other hand, as conventional characterization methods are difficult to 
accurately give molecular-level information21,22, based on TG characterization data, MC molecular simulations 
were used to investigate the distribution of intercalation QAS in the Mt interlayer at equilibrium. Through the 
mutual verification of experimental and simulation results, some new features are revealed.
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Experimental and simulation details
Materials.  OTAC, TOMAC were purchased from Aladdin Reagent (Shanghai) Co., BDAC, were pur-
chased from Shanghai Yuanye Biotechnology Co. The raw clay, sodium montmorillonite (Na-Mt), with a cation 
exchange capacity (CEC) of 90 mmol/100 g, was provided by Henan Gongyi Hengxin Filter Material Factory. All 
reagents were used as received. Deionized water was used throughout the experiment.

Preparation of QAS modified Mt.  1.5 g of Mt was initially dispersed in a three-necked flask with 150 mL 
of deionized water for 1 h at 80 °C under reflux stirring. Then, a solution of 1.0, 2.0, 3.0 or 4.0 equivalent of QAS 
concentration with regards to the cation exchange capacity (CEC) dissolved in 20 mL of deionized water was 
added slowly to the Mt dispersion. The ion exchange reaction was carried out for 4 h at 80 °C under reflux, and 
a milky white flocculent precipitate was obtained by suction filtration. The precipitate was washed many times 
with deionized water until the filtrate was free of Cl- ions (using 0.1 mol/L AgNO3 aqueous solution to detect 
Cl− ions). The resulting products were dried in a vacuum oven at 65 °C for 24 h. Finally, the dried OMt were 
grounded through 200 meshes and sealed in a glass tube for use.

Experimental characterizations.  Fourier infrared transform spectroscopy.  FT-IR of corresponding 
QAS, Mt, and OMt were obtained on a Thermo Scientific Nicolet iS10 infrared spectrometer. OTAC samples 
were characterized with the KBr pressed disk technigue (100 mg of KBr per 1 mg of sample). The wavelengths 
are measured from is 400 to 4000 cm−1. BDAC and TOMAC samples were characterized with the ATR method, 
and the wavelengths are measured from 650 to 4000 cm−1. The software package of Thermo Fisher is used for 
spectral analysis.

X‑ray diffraction.  XRD was used to characterize the change of interlayer space of OMt. XRD patterns were 
collected using Cu-Kα (λ = 0.154 nm) radiation on a Rigaku SmartLab X-ray diffractometer at a working voltage 
of 40 kV and a current of 30 mA, and the angular (2θ) range of 1°–10° at a scanning rate of 2°/min. The basal 
spacing of d001 was calculated according to the 2θ values of the 001 reflection on the XRD patterns using the 
Bragg equation.

Thermogravimetric analysis.  The adsorption amount of QAS on Mt and the thermal stability of corresponding 
OMt were studied on a NETZSCH TA-Q500 TGA instrument. About 5 to 10 mg of sample was characterized 
from 25 to 795 °C under a nitrogen atmosphere with a heating rate of 10 °C/min.

Molecular simulations.  The Monte Carlo (MC) method was used to perform molecular simulations of the 
OTA-Mt, BDA-Mt, and TOMA-Mt model systems, to investigate the influence of the number of octyl chains and 
the loading of QAS on the Mt interlayer space. Attempts were made to reasonably understand the experimental 
characterizations by evolution of the conformation and energies of the intercalated QAS cations in interlayer 
space of the Mt.

Model building.  Both Mt and pyrophyllite belong to the montmorillonite-saponite family and have the same 
aluminosilicate sheet structure23. Due to the lack of X-ray diffraction data of Mt crystals, we replaced the pyroph-
yllite crystal structure isomorphically24,25, that is, any Mg2+ ion in every four unit cells was replaced by an Al3+ 
ion, and then the system was neutralized with counterions of Na+ cations to obtain the Na-Mt crystal struc-
ture. The structural formula is Na0.75[Si8] (Al3.25Mg0.75)O20(OH)4, and the unit cell parameter was a = 0.5254 nm, 
b = 0.9085 nm, c = 1.0257 nm, α = γ = 90°, β = 99.82°26. The geometrical parameters of the three QAS cations of 
OTA+, BDA+, and TOMA+ are taken from quantum chemistry calculations by Gaussian program. The optimiza-
tion method and basis set are B3lyp/6-31G.

The simulation system are composed of two Mt layers and a certain number of intercalated QAS cations. 
Among them, one Mt layer was composed of 6a × 4b × c Na-Mt crystal cells. To ensure the electrical neutrality 
of the simulation system, when a QAS cation is inserted, a Na+ cation is randomly removed in the system, and 
counterions of Na+ cations are evenly placed between and outside the Mt layers. In order to simplify the sampling, 
the QAS cations and Mt layers are rigid structures, and the influence of water molecules on the system is ignored.

It should be noted that in the following simulations only the all-trans alkyl tails conformation (staggered 
conformation) with the lowest molecular energy for the QAS ions be chosen. In order to illustrate the feasibility 
of conformation selection, an attempt was made to increase the proportion of QAS cations in gauche conforma-
tion in the simulation system. The structures and conformation information of the staggered and gauche QAS 
cations are shown in Fig. S1. The simulation results show that changing of the conformation and conformation 
ratio of the quaternary ammonium salt ions in the simulation system has little effect on the intercalation spacing 
of Mt. See Figs. S2 and S3 of Support Information for details.

Simulation methods.  The MC simulation program used is developed on a self-made program27. The force field 
is a full atomic force field. The non-bond potential energy parameters (ε, σ) and electrostatic interaction param-
eters of each atom are shown in Table 1. In the simulation, the 2D periodic boundary condition is selected in the 
Mt layer, and the Z-axis direction perpendicular to the Mt layers, that is, the 001 direction of the crystal surface 
is aperiodic. The truncation radius of van der Waals interaction is 1.0 nm; The system is optimized by step scan 
with the stepsize of 0.01 nm, the scanning range between 1.20 and 2.70 nm. The random translation and rotation 
of the QAS cations as well as the random translation of sodium ions in the interlayer of the Mt constitute two 
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Markov random walking chains, which forms a cycle, where each chain consists of 10,000 random walking steps. 
The simulation was run for 10 cycles to obtain an equilibrium conformation.

Results and discussion
FT‑IR spectra of QAS, Mt and OMt.  The infrared spectra of the studied samples are shown in Fig. 1a–c. 
We focus on the changes of some characteristic peaks of the clay before and after organic modification, includ-
ing the stretching vibrations of free water within the Mt interlayer, the stretching vibrations of alkyl group of 
the intercalated QAS cations, and the vibrations of Al–O–Al and Si–O-Si in aluminosilicate sheets. First, for all 
modified samples, the absorption peaks around 3430 cm−1 and 1640 cm−1 attributed to asymmetry and sym-
metric stretching of water within the OMt interlayer show a significant decrease in intensity comparing with 
those of Na-Mt, suggesting that the hydrophobicity of OMt is enhanced due to the intercalation of organic QAS 
cations. The related reduction of water content in OMt layers is discussed further in TG analysis in the next sec-
tion. Second, new peaks near 2920 cm−1 and 2850 cm−1 assigned to the asymmetrical and symmetric stretching 
of -CH2 appear in all OMt complexes4,18, indicating that QAS cations have entered the Mt interlayer. The inten-
sity of those peaks for BDA-Mt and TOMA-Mt are significantly larger than that of the corresponding OTA-Mt, 
because the former contains more alkyl groups. In addition, when the concentration of QAS of the preparation 
solution increases from 1.0 CEC to 2.0 CEC, the peak intensity of the BDA-Mt and TOMA-Mt shows a signifi-
cant increase, suggesting that the loading of QAS cations in the OMt interlayer has a positive correlation with its 
concentration. Third, the vibration peaks around 1090 cm−1 and 1040 cm−1 attributed to asymmetric stretching 
of Al–O–Al and Si–O–Si of Mt layers have no obvious changes in intensity and displacement, which implies that 
the intercalation of QAS has little effect on the structure of raw Mt layers.

It should be noted that because the QAS loading has reached saturation at 1.0 CEC of OTA-Mt and 2.0 CEC of 
TOMA-Mt, respectively, we do not show the infrared spectrum corresponding to higher concentrations in Fig. 1.

TG analysis.  In order to investigate the loading of QAS cations between the Mt layers and its thermal sta-
bility information, we performed TG analysis of three modified OMt complexes with various concentration of 

Table 1.   Non-bond potential energy and charge parameters of Mt and QAS cations25,28. a O (t) represents 
tetrahedral oxygen. b O (o) represents octahedral oxygen. c O (a) represents terminal oxygen (apical), that is, 
structural hydroxyl oxygen. d C1 is the carbon connected to N+. e C2 is the carbon in CH2. f C3 is the carbon in 
CH3.

Atom q/(e) σ/(Å) ε/(Kcal/mol)

Na-Mt

Si 1.20 1.84 3.153

Mg 2.00 0.00 0.00

Al 3.00 0.00 0.00

Na 1.00 2.586 0.10

H 0.424 0.00 0.00

O(t)a  − 1.00 3.166 0.156

O(o)b  − 1.424 3.166 0.156

O(a)c  − 0.80 3.166 0.156

OTA+/BDA+/TOMA+

N 0.00 3.25 0.170

C1d 0.25 3.96 0.145

C2e  − 0.12 3.50 0.105

C3f  − 0.18 3.75 0.105

H 0.06 2.50 0.030
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Figure 1.   FT-IR spectra of Na-Mt, QAS, and Mt modified with the QAS at different CEC concentration: (a) 
OTA-Mt, (b) BDA-Mt, (c) TOMA-Mt.
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QAS (Fig. 2). For all three complexes, the TG curves show that as the heating temperature rises, the mass loss 
of the three complexes can be roughly divided into three stages: dehydration of physically adsorbed water of the 
OMt (0–100 °C); thermal decomposition of the intercalated QAS cations (200–450 °C), and removal of hydroxyl 
groups from aluminosilicate sheets (450–700 °C).

It should be noted that the TG curve of 1.0 CEC OTA-Mt complex almost overlaps with that of 2.0 CEC 
OTA-Mt complex, while the TG curve of 2.0 CEC TOMA-Mt almost overlaps with that of 3.0 CEC TOMA-Mt, 
suggesting that the loading of QAS cations have reached saturation at 1.0 CEC OTA-Mt and 2.0 CEC TOMA-Mt 
complexes, respectively, and it no longer changes with the increase of the concentration of the QAS. This is further 
verified by the XRD analysis. Therefore, in the following sections we only discuss the OTA-Mt and TOMA-Mt 
complexes with the QAS concentration up to 1.0 CEC and 2.0 CEC, respectively.

From the TG curves, it is found that the mass loss of water for three OMt complexes decreases significantly 
comparing with that of raw Mt, furthermore, the water content decreases with increasing the number of octyl 
chains. For example, the mass loss of water is only within 1% for the OMt comparing to 7% for raw Mt. The 
reduction of the water between OMt layers indicates that intercalation of QAS cations will change raw Mt from 
hydrophilic to hydrophobic, and this transition occurs more easily for the OMt modified by the QAS with many 
octyl chains.

We pay more attention to the second stage of mass loss for QAS in Fig. 2. It can be seen that the initial thermal 
decomposition temperature of the intercalated QAS cations increases significantly comparing with that of the 
QAS in bulk phase, which indicates that thermal stability of the QAS cations is enhanced under the action of 
the Mt layers; the thermal decomposition temperature of the OTA-Mt complex is the highest, followed by the 
BDA-Mt complex, and the TOMA-Mt complex is the lowest. This is because the more the octyl chains, the lower 
the thermal stability of the QAS cations. In addition, with the increase of QAS concentration, the mass loss of 
the intercalated cations for all three complexes increase, indicating that there is a positive correlation between 
the QAS concentration and the loading of intercalation cations. It is worth noting that for the OMt complexes 
modified by the QAS with many octyl chains, i.e., the BDA-Mt and TOMA-Mt complexes, the intercalated QAS 
cations, BDA+, TOMA+, exhibit a wave-like downward TG curves. In order to better understand the thermal 
decomposition process of the intercalated QAS cations, the differential thermogravimetric curves (DTG) of the 
three complexes is given in Fig. 3.

It shows in Fig. 3 that for the OTA-Mt complex, the curve of mass loss of intercalated cations has only one 
peak, and the maximum mass loss rate is at 430 °C. However, for the BDA-Mt and TOMA-Mt complexes, the 
thermal decomposition process of intercalated cations becomes complicated. For the BDA-Mt complex, the 
cations decomposition can be divided into 3 distinct stages, and the corresponding maximum mass loss rates 
are at 230, 290, and 380 °C, respectively. Although a shoulder is present at 425 °C, it is weak. For the TOMA-Mt 
complex, the situation is more complicated. The concentration of QAS has a great correlation with its thermal 
decomposition process. For the 1.0 CEC TOMA-Mt complexes, there are also three obvious decomposition 
stages for TOMA+ ions, corresponding maximum mass loss rates are at 310, 345, and 420 °C, respectively. With 
the increase of the concentration of TOMAC, a new mass loss peak appears in the low temperature region near 
200 °C, which obviously corresponds to the decomposition process of TOMAC in bulk phase.

In order to compare the thermal stability of the QAS before and after intercalation easily, Fig. 3d also shows 
the DTG curves of the three kinds of QAS (OTAC, BDAC, and TOMAC) in bulk phase. It can be seen that the 
maximum mass loss rates of the three QAS before intercalation are at 260, 200, 230–50 °C, respectively. And 
the main mass loss peaks of the three intercalated QAS cations appear in a wide temperature range from 200 
to 450 °C, indicating that the thermal stability of the intercalated cations changed significantly. In fact, except 
for a part of intercalated TOMA+ cations, which still maintains the thermal stability of bulk phase, the thermal 
stability of intercalated QAS cations has been significantly enhanced.

The appearance of multiple mass loss peaks during the thermal decomposition of intercalated QAS cations 
implies that there exist several possible configurations of intercalated cations between the Mt layers. The related 
discussion will be given later in the section of MC simulations.

XRD diffraction.  In order to investigate the effect of different QAS loading on the interlayer space of OMt, 
the observed basal spacing of the studied complexes was measured by X-ray diffraction, and the d001-value was 
calculated according to the Bragg equation: λ = 2d001sinθ, where λ and θ are incident wavelength and angle 

Figure 2.   TG curves of Na-Mt and Mt modified with various QAS concentration.
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between incident X-ray and crystal plane (001), respectively29. The XRD patterns of the Mt and OMt are shown 
in Fig.  4. As can be seen from Fig.  4, with the increase of the QAS concentration, the d001-value shows an 
increasing trend. For mono octyl chain OTA-Mt complex, the increase of d001 is not significant. However, for 
dioctyl chains BDA-Mt complex, the interlayer space changes significantly, and d001 increases from 1.750 nm at 
1.0 CEC to 2.452 nm at 4.0 CEC (a significant increase over 0.7 nm). For trioctyl chains TOMA-Mt complex, 
when TOMAC concentration increases from 1.0 CEC to 2.0 CEC, the interlayer space increases from 2.293 to 
2.635 nm, but for samples with larger QAS concentration, the d001-value no longer increases. The change of the 
basal spacing of investigated OMt indicates that the effect of increasing QAS concentration on the interlayer 
space is different, and the change trend is consistent with the TG analysis. In general, as the number of QAS octyl 
chain increases, the interlayer space of the OMt increases, i.e., TOMAC has a larger effect on the expansion of the 
interlayer space of Mt than BDAC, and BDAC larger than OTAC.

In addition, as the QAS loading increases, the XRD patterns of the OMt complexes modified by QAS with 
many octyl chains showed a double diffraction peak. The patterns suggest that the weak peak for the TOMA-Mt 
complex at about 6.67° can be attributed to the 002 reflection, indicating that as the amount of intercalation 
increases, the OMt complexes becomes more crystallized. A weak diffraction peak appears at 5.60° in the XRD 
diagram for the OMt complex, and the peak intensity becomes more prominent with the increase of BDAC 
concentration. Interestingly, this diffraction peak cannot be attributed to the 002 diffraction peak. We speculate 
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Figure 3.   DTG curves of QAS and Mt modified with various QAS concentration: (a) OTA-Mt, (b) BDA-Mt, (c) 
TOMA-Mt, and (d) the QAS.

Figure 4.   XRD patterns of Na-Mt and Mt modified with various QAS concentration: (a) OTA-Mt, (b) BDA-Mt, 
(c) TOMA-Mt.
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that there may be two stable configuration of BDA+ cations in the Mt interlayer, which resulted in different 
expansion effect30. In order to better explain the reason for the change of OMt interlayer space, an analysis of 
MC simulations is given in the following section.

MC simulations.  Within the framework of MC simulations, the equilibrium conformation of the three OMt 
complexes with different loading of intercalation agents was optimized by scanning the distance of OMt inter-
layer space. The calculated d001 as well as those obtained by XRD characterization are shown in Fig. 5. It should 
be noted that in order to easy to comparison, the CEC concentration of the QAS in the experiment has been 
converted to the number of intercalated QAS cations through TG characterization data (mass loss of the QAS) to 
build the simulation system. It can be seen from Fig. 5 that when the QAS loading is the same, the d001 obtained 
by MC simulations agree well with those by the XRD analyses for the three complexes, which implies that the 
model and force field parameters selected in MC simulations are credible, and it also lays a solid foundation for 
the evaluation of the simulation results below.

In order to easily distinguish the distribution of QAS cations between the Mt layers, we simply divided the 
interlayer space into surface and inner areas according to the position of QAS cation to aluminosilicate sheets. 
Thus, the QAS cations distributions are divided into three cases, namely the surface area, the inner area, and 
the cross area, where the QAS cation is in the surface area, the inner area, and both the surface and inner area, 
respectively.

According to the QAS position statistical analyses, it is found that for the OTA-Mt complex, the QAS cations 
exist only in the surface area. When the number of intercalated QAS cations is between 8 and 11, OTA+ exhibits 
a single layer distribution. As the loading of salt cations increases, its distribution density between the Mt layers 
increases, but it still maintains a single-layered distribution, so it has little effect on the interlayer space. Because 
experiments have shown that the interlayer space of OTA-Mt complex does not change at high QAS concen-
trations, we have not carried out MC simulations on the complexes with higher loading QAS cations. For the 
BDA-Mt complex, when the number of intercalated cations is from 4 to 6, BDA+ cations show a single-layered 
distribution, and when the number increases to 8–9, BDA+ cations show a double-layered distribution (Fig. 5). 
The distribution of BDA+ cations transition from single-layered to double-layered distribution resulted in a 
stepwise increase of the d001-value. Unlike the OTA-Mt complexes that salt cations exist only in the surface area, 
some BDA+ cations begin to appear in the inner area when the BDA+ loading increases, resulted in the inter-
layer space increases linearly. A similar trend also appears for the TOMA-Mt complexes. However, the change 
of d001-value for TOMA-Mt is not with a stepwise when the loading of TOMA+ cations increases as that of the 
BDA-Mt complexes, due to the complexity of the structure of TOMA+ cation. In fact, as the loading increasing, 
BDA+, TOMA+ cations are not only positioned in the surface area in a horizontal direction, but also exist in an 
inclined manner in the inner area and the cross area. As a result, these QAS cations are distributed not only in 
simple integer layers, but also in non-integer layers. Snapshots of the equilibrium configuration of the TOMA-Mt 
complex with various loading are shown in Fig. 6. Generally speaking, the effects of dioctyl and trioctyl chain 
QAS on interlayer space of OMt are significantly stronger than that of mono octyl chain QAS. This is because 
the QAS with many octyl chains can arrange in a multi-layered distribution in the OMt interlayer.

Using the simplified distribution model of QAS cations described above, we attempt to qualitatively explain 
the DTG curves of the intercalated cations during the thermal decomposition process. For mono octyl chain 
OTA-Mt complexes, since the intercalated OTA+ cations exist only in the surface area and can be attributed to 
one distribution pattern, the DTG curve has only one peak of mass loss. At the same time, the OTA+ cations 
interact with aluminosilicate sheet through a strong ionic bond, thereby significantly improving the thermal 
stability of the intercalated cations, causing its mass loss peak to move to a high temperature region. For dioctyl 
and trioctyl chain complexes, when the QAS concentration is above 1.0 CEC, the intercalated cations shows a 

Figure 5.   Computational and Experimental relationship between the number of intercalated QAS cations and 
the interlayer space of the three complexes.



7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:14305  | https://doi.org/10.1038/s41598-022-18253-1

www.nature.com/scientificreports/

multi-layered distribution, which are not only distributed in the surface area but also in the inner area and the 
cross area, attributed to 3–4 distribution patterns, resulting in a DTG curve with 3–4 mass loss peaks. For 2.0 
CEC TOMA-Mt complex, the intercalated TOMA+ cations are distributed in all three areas. In particular, those 
cations in the inner area is far away from Mt layers, thus, the interaction of the cations with aluminosilicate sheets 
is small. Therefore, thermal decomposition of those cations behave like the bulk phase of TOMA+ cations, and 
a significant mass loss peak appears in 200 °C region.

In the following, an energy analysis is used to explain the distributions of the QAS cations in the OMt inter-
layer and the change of the basal spacing of the OMt complexes. It can be seen from Fig. 7a–d that the trends 
of the total energy of three investigated complexes are consistent, and intercalation of the QAS cations makes 
the total energy of the system to be negative. However, with the increase of the loading cations, the total energy 
gradually increases and tends to a horizontal platform, indicating that the thermal driving force of intercalation 
gradually decreases, and the amount of intercalation will trend to be saturated. In addition, it can be seen from 
decomposition of the total energy that the average interaction of intercalated QAS cations with Mt layers(U-V) 
is the main contributors to the total energy, and the average interaction of intercalated QAS cations with sodium 
ions(U-U1) and other QAS cations(U-U) have a smaller contribution.

For the three OMt complexes, the average interaction energy of the QAS cations is large when the loading 
of cations is small, and it does not change much with the number of the intercalated cations. This is consistent 
with the fact that with a small loading the QAS cations only exist in the surface area. However, when the loading 
of cations is large enough, the surface area is full of the intercalated cations, and the cations will be distributed 
to the cross and inner areas, away from Mt layers, resulting in a gradual increase in average interaction energy.

Interestingly, as can be seen in Fig. 7b,c, for the BDA-Mt and TOMA-Mt complex, the average interaction 
energy between the QAS cations with sodium ion (b), with Mt layers (c) showed a zigzag trend with the increas-
ing number of cations. Further observations show that these energy fluctuations are basically consistent with 
the changes of the distribution pattern of QAS cations between the Mt layers. Taking the curve of the average 
interaction energy between QAS cations for the TOMA-Mt complex as an example, it is easy to find that when 
the intercalated QAS cations are few, they are in a single-layered distribution pattern, increasing the number of 
cations, the repulsion increases with a increase of the average interaction energy, while when they transition from 
one pattern to another pattern(i.e., from single-layered to double-layered distribution), due to the enlarging of 
the interlayer space, the distance between cations increases and the repulsion decreases, resulting in a decrease 
of the interaction energy. This situation repeats as the cation distribution pattern changes with the increasing 
number of cations, resulting in a zigzag curve of the interaction energy.

Figure 6.   Snapshots of the simulated equilibrium of TOMA-Mt complexes with various intercalation: (a) 4 
TOMA+ cations, (b) 5 TOMA+ cations, (c) 12 TOMA+ cations, (d) 16 TOMA+ cations.
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Conclusions
FT-IR, XRD, and TG characterization showed that three kind of QAS cations investigated were inserted into 
the interlayer of Na-Mt. A comparison of the basal spacing of OMt complexes with that of raw Na-Mt suggested 
that intercalation will enlarge the interlayer space of OMt complexes. The increase of the number of octyl chains 
of intercalated QAS helps the expansion of OMt interlayer space. The increase of OTAC concentration has little 
effect on the change of the OMt interlayer space. The increase of BDAC and TOMAC concentration will con-
tinuously increase the interlayer space, and the expanding effect of the TOMAC is obvious. However, when the 
TOMAC concentration is 2.0 CEC, the expanding effect reaches saturation. In addition, the organic modification 
of the QAS results in the modified Mt changing from hydrophilic to hydrophobic.

The MC simulations of the distributions of intercalated cations in the Mt interlayer space explain experimental 
results. According to MC simulations, the changes of the basal spacing of the OMt complexes by three kinds of 
intercalated QAS cations with various loading were obtained. As the loading cations increases, the distribution 
of OTA+ cations in the interlayer is mono-layered pattern, BDA+ cations change from mono-layered to double-
layered pattern, and TOMA+ cations change from mono-layered to multi-layered pattern, which explained the 
experimental characterizations. From the change of the average energy of the intercalated cations, it was found 
that the interaction of the QAS cations with the Mt layers and the sodium ions is the main contribution to the 
total energy.

In recent years, the organic modification of Mt has been widely used in the field of water treatment. Our group 
is now exploring the adsorption experiments of phenolic compounds in water. The original results showed that 
the adsorption performance of modified montmorillonite for phenolic compounds was significantly improved. 
We expect that the modification of Mt by QAS cations can provide a theoretical basis for the preparation of 
composites with excellent properties in industrial application in the future.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).

Received: 7 March 2022; Accepted: 8 August 2022

References
	 1.	 Baysal, G. & Aydin, H. Comparison of analysis results and modification of Na+-montmorillonite with ionic liquids. Asian J. Chem. 

26, 672–676. https://​doi.​org/​10.​14233/​ajchem.​2014.​15471 (2014).

Figure 7.   The variations of the average total energy of the system (a), the average interaction energy between 
the QAS cations with the number of sodium ion (b), with Mt layers (c), and with the other QAS cations (d), 
respectively, as the increase of the loading cations.

https://doi.org/10.14233/ajchem.2014.15471


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:14305  | https://doi.org/10.1038/s41598-022-18253-1

www.nature.com/scientificreports/

	 2.	 Wang, J. C., Zheng, X. Y., Hao, W. L., Xu, N. & Pan, X. C. Synthesis of hyper-branched quaternary ammonium salt and its applica-
tion into montmorillonite. Powder Technol. 221, 80–89. https://​doi.​org/​10.​1016/j.​powtec.​2011.​11.​006 (2012).

	 3.	 Patel, H. A., Somani, R. S., Bajaj, H. C. & Jasra, R. V. Nanoclays for polymer nanocomposites, paints, inks, greases and cosmetics 
formulations, drug delivery vehicle and waste water treatment. Bull. Mater. Sci. 29, 133–145. https://​doi.​org/​10.​1007/​BF027​04606 
(2006).

	 4.	 Shah, K. J., Mishra, M. K., Shukla, A. D., Imae, T. & Shah, D. O. Controlling wettability and hydrophobicity of organoclays modified 
with quaternary ammonium surfactants. J. Colloid Interface Sci. 407, 493–499. https://​doi.​org/​10.​1016/j.​jcis.​2013.​05.​050 (2013).

	 5.	 Varadwaj, G. B. B., Parida, K. & Nyamori, V. O. Transforming inorganic layered montmorillonite into inorganic–organic hybrid 
materials for various applications: A brief overview. Inorg. Chem. Front. 3, 1100–1111. https://​doi.​org/​10.​1039/​c6qi0​0179c (2016).

	 6.	 Bayram, T., Bucak, S. & Ozturk, D. BR13 dye removal using sodium dodecyl sulfate modified montmorillonite: Equilibrium, 
thermodynamic, kinetic and reusability studies Chem. Eng. Process. Process Intens. 158, 108186. https://​doi.​org/​10.​1016/j.​cep.​
2020.​108186 (2020).

	 7.	 Ouachtak, H. et al. Experimental and molecular dynamics simulation study on the adsorption of Rhodamine B dye on magnetic 
montmorillonite composite γ-Fe2O3@Mt. J. Mol. Liq. 309, 113142. https://​doi.​org/​10.​1016/j.​molliq.​2020.​113142 (2020).

	 8.	 Funes, I. G. A., Peralta, M. E., Pettinari, G. R., Carlos, L. & Parolo, M. E. Facile modification of montmorillonite by intercalation 
and grafting: The study of the binding mechanisms of a quaternary alkylammonium surfactant. Appl. Clay Sci. 195, 105738. https://​
doi.​org/​10.​1016/j.​clay.​2020.​105738 (2020).

	 9.	 Andrunik, M. & Bajda, T. Modification of bentonite with cationic and nonionic surfactants: Structural and textural features. 
Materials 12, 3772. https://​doi.​org/​10.​3390/​ma122​23772 (2019).

	10.	 Luo, W. et al. Microwave/ultrasound-assisted modification of montmorillonite by conventional and gemini alkyl quaternary 
ammonium salts for adsorption of chromate and phenol: Structure-function relationship. Sci. Total Environ. 655, 1104–1112. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​11.​329 (2019).

	11.	 Yang, S., Gao, M., Luo, Z. & Yang, Q. The characterization of organo-montmorillonite modified with a novel aromatic-containing 
gemini surfactant and its comparative adsorption for 2-naphthol and phenol. Chem. Eng. J. 268, 125–134. https://​doi.​org/​10.​1016/j.​
cej.​2015.​01.​060 (2015).

	12.	 Luo, W., Sasaki, K. & Hirajima, T. Surfactant-modified montmorillonite by benzyloctadecyldimethylammonium chloride for 
removal of perchlorate. Colloids Surf. Physicochem. Eng. Aspects 481, 616–625. https://​doi.​org/​10.​1016/j.​colsu​rfa.​2015.​06.​025 (2015).

	13.	 Zhou, D., Zhang, Z., Tang, J., Wu, S. & Zhao, J. A comparative study performance of cationic organic montmorillonite prepared 
by different methods. Sci. Eng. Compos. Mater. 25, 53–58. https://​doi.​org/​10.​1515/​secm-​2015-​0027 (2018).

	14.	 Kenawy, E. R. et al. Cetyltrimethylammonium bromide intercalated and branched polyhydroxystyrene functionalized montmoril-
lonite clay to sequester cationic dyes. J. Environ. Manage. 219, 285–293. https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​04.​121 (2018).

	15.	 Santos, A. D., Viante, M. F., Pochapski, D. J., Downs, A. J. & Almeida, C. A. P. Enhanced removal of p-nitrophenol from aqueous 
media by montmorillonite clay modified with a cationic surfactant. J. Hazard. Mater. 355, 136–144. https://​doi.​org/​10.​1016/j.​jhazm​
at.​2018.​02.​041 (2018).

	16.	 Ouachtak, H. et al. Elaboration and properties of a new SDS/CTAB@Montmorillonite organoclay composite as a superb adsorbent 
for the removal of malachite green from aqueous solutions. Sep. Purif. Technol. 255, 117335. https://​doi.​org/​10.​1016/j.​seppur.​2020.​
117335 (2021).

	17.	 Ouachtak, H. et al. Highly efficient and fast batch adsorption of orange G dye from polluted water using superb organo-mont-
morillonite: Experimental study and molecular dynamics investigation. J. Mol. Liq. 335, 116560. https://​doi.​org/​10.​1016/j.​molliq.​
2021.​116560 (2021).

	18.	 Li, H. M. & Chen, H. B. Synthesis and characterization of poly(N-n-butylmaleimide)–clay nanocomposites. Mater. Lett. 57, 
3000–3004. https://​doi.​org/​10.​1016/​S0167-​577X(02)​01420-9 (2003).

	19.	 Yang, Z. Y., Wang, W. X., Tai, X. M. & Wang, G. Y. Preparation of modified montmorillonite with different quaternary ammonium 
salts and application in Pickering emulsion. New J. Chem. 43, 11543–11548. https://​doi.​org/​10.​1039/​c9nj0​1606f (2019).

	20.	 Qian, X. H., Liao, M. Y. & Zhang, W. Q. Surface modification of montmorillonite and application to the preparation of polybuta-
diene/montmorillonite nanocomposites. Polym. Int. 56, 399–408. https://​doi.​org/​10.​1002/​pi.​2164 (2007).

	21.	 Chiu, C. W., Huang, T. K., Wang, Y. C., Alamani, B. G. & Lin, J. J. Intercalation strategies in clay/ polymer hybrids. Prog. Polym. 
Sci. 39, 443–485. https://​doi.​org/​10.​1016/j.​progp​olyms​ci.​2013.​07.​002 (2014).

	22.	 Lin, K. J., Jeng, U. S. & Lin, K. F. Adsorption and intercalation processes of ionic surfactants on montmorillonite associated with 
their ionic charge. Mater. Chem. Phys. 131, 120–126. https://​doi.​org/​10.​1016/j.​match​emphys.​2011.​07.​076 (2011).

	23.	 Katti, D. R., Schmidt, S. R., Ghosh, P. & Katti, K. S. Molecular modeling of the mechanical behavior and interactions in dry and 
slightly hydrated sodium montmorillonite interlayer. Can. Geotech. J. 44, 425–435. https://​doi.​org/​10.​1139/​t06-​127 (2007).

	24.	 Wungu, T. D. et al. Absorption of lithium in montmorillonite: A density functional theory (DFT) study. J. Nanosci. Nanotechnol. 
11, 2793–2801. https://​doi.​org/​10.​1166/​jnn.​2011.​3913 (2011).

	25.	 Zhang, S. & Pei, H. Determining the bound water content of montmorillonite from molecular simulations. Eng. Geol. 294, 106353. 
https://​doi.​org/​10.​1016/j.​enggeo.​2021.​106353 (2021).

	26.	 Marry, V., Turq, P., Cartailler, T. & Levesque, D. Microscopic simulation of structure and dynamics of water and counterions in a 
monohydrated montmorillonite. J. Chem. Phys. 117, 3454–3463. https://​doi.​org/​10.​1063/1.​14931​86 (2002).

	27.	 Jorgensen, W. L. & Gao, J. Monte Carlo simulations of the hydration of ammonium and carboxylate ions. J. Chem. Phys. 90, 
2174–2182. https://​doi.​org/​10.​1021/​j1004​01a037 (1986).

	28.	 Allen, M. P. & Tildesley, D. J. (eds) Computer Simulation of Liquids (Clarendon Press, 1987).
	29.	 Meng, Z. et al. Modified Na-montmorillonite with quaternary ammonium salts: Application for removal of salicylic acid from 

aqueous solutions. Clean (Weinh). 43, 1150–1156. https://​doi.​org/​10.​1002/​clen.​20140​0051 (2015).
	30.	 Nguyen, D. M. et al. Monoglyceride as an effective and friendly modification agent for nano-layered structure of montmorillonite. 

Appl. Clay Sci. 179, 105100. https://​doi.​org/​10.​1016/j.​clay.​2019.​04.​008 (2019).

Acknowledgements
This work was supported by PhD research startup foundation of Dalian University (No. 2021QL13).

Author contributions
H.L. and C.G. participated in the investigation, preparation, analysis, manuscript writing, writing review, edit-
ing, verification and other work, Y.C., J.Y. and S.L. participated in the analysis, review, editing, supervision and 
verification of the paper.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1016/j.powtec.2011.11.006
https://doi.org/10.1007/BF02704606
https://doi.org/10.1016/j.jcis.2013.05.050
https://doi.org/10.1039/c6qi00179c
https://doi.org/10.1016/j.cep.2020.108186
https://doi.org/10.1016/j.cep.2020.108186
https://doi.org/10.1016/j.molliq.2020.113142
https://doi.org/10.1016/j.clay.2020.105738
https://doi.org/10.1016/j.clay.2020.105738
https://doi.org/10.3390/ma12223772
https://doi.org/10.1016/j.scitotenv.2018.11.329
https://doi.org/10.1016/j.cej.2015.01.060
https://doi.org/10.1016/j.cej.2015.01.060
https://doi.org/10.1016/j.colsurfa.2015.06.025
https://doi.org/10.1515/secm-2015-0027
https://doi.org/10.1016/j.jenvman.2018.04.121
https://doi.org/10.1016/j.jhazmat.2018.02.041
https://doi.org/10.1016/j.jhazmat.2018.02.041
https://doi.org/10.1016/j.seppur.2020.117335
https://doi.org/10.1016/j.seppur.2020.117335
https://doi.org/10.1016/j.molliq.2021.116560
https://doi.org/10.1016/j.molliq.2021.116560
https://doi.org/10.1016/S0167-577X(02)01420-9
https://doi.org/10.1039/c9nj01606f
https://doi.org/10.1002/pi.2164
https://doi.org/10.1016/j.progpolymsci.2013.07.002
https://doi.org/10.1016/j.matchemphys.2011.07.076
https://doi.org/10.1139/t06-127
https://doi.org/10.1166/jnn.2011.3913
https://doi.org/10.1016/j.enggeo.2021.106353
https://doi.org/10.1063/1.1493186
https://doi.org/10.1021/j100401a037
https://doi.org/10.1002/clen.201400051
https://doi.org/10.1016/j.clay.2019.04.008


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14305  | https://doi.org/10.1038/s41598-022-18253-1

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​18253-1.

Correspondence and requests for materials should be addressed to J.Y. or S.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-18253-1
https://doi.org/10.1038/s41598-022-18253-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experimental and modeling investigation of organic modified montmorillonite with octyl quaternary ammonium salt
	Experimental and simulation details
	Materials. 
	Preparation of QAS modified Mt. 
	Experimental characterizations. 
	Fourier infrared transform spectroscopy. 
	X-ray diffraction. 
	Thermogravimetric analysis. 

	Molecular simulations. 
	Model building. 
	Simulation methods. 


	Results and discussion
	FT-IR spectra of QAS, Mt and OMt. 
	TG analysis. 
	XRD diffraction. 
	MC simulations. 

	Conclusions
	References
	Acknowledgements


