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Abstract: Atrazine (A) is one of the most applied herbicides and has a negative impact on the
environment and health. Density functional theory (DFT) and experimental methods were used in
the study of the immobilization of atrazine in two smectites, montmorillonite (Mt) and beidellite
(Bd), as well as in their organically modified structures. Four systems were examined: A-Mt and
A-Bd, as well as the structures modified by tetramethylphosphonium cation (TMP), A-TMP-Mt and
A-TMP-Bd. The calculations revealed a flat arrangement of the atrazine in the interlayer space of
both smectites with higher stability of beidellite structures. The presence of the TMP cation increased
the fixation of atrazine in both organically modified smectites. The calculated vibrational spectra
allowed a detailed analysis of the overlapping bands observed in the experimental FTIR spectra
and their correct assignment. Further, selected FTIR bands unambiguously assigned to atrazine and
both smectites served for the estimation of the adsorbed amount of atrazine. It was shown that the
adsorption capacity of both TMP-modified smectites did not increase in comparison to the adsorption
capacity of unmodified smectite samples.

Keywords: organoclay; beidellite; montmorillonite; atrazine; Density Functional Theory; infrared spectra

1. Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) (Scheme 1) belongs
to the s-triazine family and is one of the most used herbicidal ingredients. Due to the
extensive use of herbicides containing atrazine, it remains as a residue in the natural
environment [1]. Atrazine presents a negative impact on biodiversity, with impacts on fish
and amphibians [2–4], mammals [5,6] and human health [7–11]. Atrazine may affect the
endocrine and reproductive systems in animals [12–20], and there is a possible association
between atrazine exposure and cancer in humans [10,21]. Atrazine has been banned in the
European Union since 2004 [22]; however, in the United States [23], it is commonly used,
e.g., on corn and sugarcane crops. Atrazine is a very weak base that shows a moderate
hydrophobicity, and it is almost insoluble in water at room temperature since its solubility
is below 0.1 mol L−1 [24].
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abundance in nature [31]. Montmorillonite (Mt) and beidellite (Bd), as smectites, have a 
high cation exchange capacity, swelling behavior, adsorption properties and large surface 
area [32]. Smectites have a layered structure based on tetrahedral (T) and octahedral (O) 
sheets linked together to the TOT layers through the apical oxygens of the tetrahedra. The 
isomorphous substitutions in the T sheet (e.g., Al3+/Si4+) and O sheet (e.g., Fe2+ and 
Mg2+/Al3+) generate a negative net charge, which is compensated by the presence of ex-
changeable inorganic cations (e.g., Ca2+, Mg2+, Na+, K+ or Li+) in the interlayer space. Owing 
to the hydration of inorganic exchangeable cations, smectites are mainly hydrophilic 
[33,34], limiting their capacity to adsorb weakly polar or non-polar molecules into their 
interlayer space and/or onto their surface [35–37]. The cation exchange reaction in the in-
terlayer space with organic cations (e.g., of alkylammonium type) forms complexes that 
produce a hydrophobic surface and yield organoclay [38]. The properties of the organi-
cally modified clays depend on the concentration and spatial arrangement of the organic 
cations in the interlayer space. The length of the alkyl chain and charge density in smectite 
layers play a key role. Longer alkyl chains of the organic surfactants increase the hydro-
phobicity by displacing water in the interlayer space [36,38–40]. 

The interactions and the arrangement of the surfactants are determined by the length 
of the alkyl chains and the concentration of the amphiphilic molecules [41]. The most used 
organic surfactants in organoclay preparation are quaternary alkylammonium com-
pounds [37,38]. Recent studies have shown that using phosphonium-based organic cati-
ons can improve the physicochemical properties and stability of organoclays in compari-
son to organoclays prepared from alkylammonium cations [42–48]. 

Organoclays have been successfully used in several environmental applications 
[37,49–52], showing their capacity to remove, adsorb and immobilize herbicides with dif-
ferent solubilities such as soluble 2-4-D [53] or dicamba [54]; moderately soluble mala-
thion, butachlor [55], diuron and ametryn [31]; and weakly soluble penconazole and atra-
zine [26,56]. 

Despite the numerous experimental works devoted to the immobilization of organic 
pollutants by clay minerals, a detailed description of the structure and interactions of 
these organic molecules in clay minerals is still lacking. Thus, in this situation, molecular 
simulation methods are very useful to provide a detailed, molecular-scale view, in the 
local environment, e.g., the arrangement of organic species in the interlayer space or at 
the mineral surfaces [57–59]. The density functional theory (DFT) method is a good option 
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Clay minerals, such as smectites, being natural components of soils, can play an impor-
tant role in the immobilization of numerous organic contaminants, e.g., atrazine and other
pesticides [24–30], Moreover, they are an interesting option for the preparation of sorbents
for remediation and purification processes because of their low cost and high abundance
in nature [31]. Montmorillonite (Mt) and beidellite (Bd), as smectites, have a high cation
exchange capacity, swelling behavior, adsorption properties and large surface area [32].
Smectites have a layered structure based on tetrahedral (T) and octahedral (O) sheets
linked together to the TOT layers through the apical oxygens of the tetrahedra. The isomor-
phous substitutions in the T sheet (e.g., Al3+/Si4+) and O sheet (e.g., Fe2+ and Mg2+/Al3+)
generate a negative net charge, which is compensated by the presence of exchangeable
inorganic cations (e.g., Ca2+, Mg2+, Na+, K+ or Li+) in the interlayer space. Owing to
the hydration of inorganic exchangeable cations, smectites are mainly hydrophilic [33,34],
limiting their capacity to adsorb weakly polar or non-polar molecules into their interlayer
space and/or onto their surface [35–37]. The cation exchange reaction in the interlayer
space with organic cations (e.g., of alkylammonium type) forms complexes that produce a
hydrophobic surface and yield organoclay [38]. The properties of the organically modified
clays depend on the concentration and spatial arrangement of the organic cations in the
interlayer space. The length of the alkyl chain and charge density in smectite layers play
a key role. Longer alkyl chains of the organic surfactants increase the hydrophobicity by
displacing water in the interlayer space [36,38–40].

The interactions and the arrangement of the surfactants are determined by the length
of the alkyl chains and the concentration of the amphiphilic molecules [41]. The most
used organic surfactants in organoclay preparation are quaternary alkylammonium com-
pounds [37,38]. Recent studies have shown that using phosphonium-based organic cations
can improve the physicochemical properties and stability of organoclays in comparison to
organoclays prepared from alkylammonium cations [42–48].

Organoclays have been successfully used in several environmental applications [37,49–52],
showing their capacity to remove, adsorb and immobilize herbicides with different solubili-
ties such as soluble 2-4-D [53] or dicamba [54]; moderately soluble malathion, butachlor [55],
diuron and ametryn [31]; and weakly soluble penconazole and atrazine [26,56].

Despite the numerous experimental works devoted to the immobilization of organic
pollutants by clay minerals, a detailed description of the structure and interactions of
these organic molecules in clay minerals is still lacking. Thus, in this situation, molecular
simulation methods are very useful to provide a detailed, molecular-scale view, in the
local environment, e.g., the arrangement of organic species in the interlayer space or at the
mineral surfaces [57–59]. The density functional theory (DFT) method is a good option to
study the models of organoclays with acceptable computational demand and the provision
of reliable results [60–62].

This study was focused on the adsorption and stability of atrazine, as one of the fre-
quently used herbicides, in montmorillonite and beidellite smectites. The sorption capaci-
ties of unmodified and organically modified (by tetramethylphosphonium cation) smectites
were compared. The work also aimed to explain the arrangement of atrazine molecules and
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their interactions in the interlayer space of clays at the molecular level by performing molec-
ular simulations at the DFT level. Moreover, the DFT results were also used in the detailed
interpretation of experimental FTIR spectra of atrazine–clay/organoclay structures.

2. Materials and Methods
2.1. Experimental Details

Tetramethylphoshonium chloride and atrazine were obtained from Sigma-Aldrich Inc.
(Milwaukee, WI, USA) and used without further purification.

The smectites used in this study were beidellite (SBId-1) and charge-reduced mont-
morillonite (SAz-2) [63] obtained from the Clay Minerals Society, Source Clay Repository
(Department of Agronomy, Purdue University, West Lafayette, IN, USA).

The purified beidellite fractions were obtained by dispersing 20 g of beidellite lumps
(SBId) in 10 L of deionized water (0.2% (w/v)). They were allowed to swell overnight and
then stirred (200 rpm) for 90 min. The supernatant slurry having the desired clay particles
size (<2 µm) was collected at a specific time (12 h) and height (18 cm) at room temperature
(25 ◦C) and a pre-calculated time according to Stoke’s law of sedimentation. The clay slurry
obtained was Na-saturated by repeated treatment with 1 M NaCl, and the <2 µm fraction
was collected. The excess salt was removed by washing with deionized water until the
AgNO3 test for chlorides gave a negative result. The sample was dried at 60 ◦C and ground
to pass a 0.2 mm sieve.

The organobeidellites were prepared from Na-Bd and tetramethylphosphonium chlo-
ride. The organic salt was used as received from Sigma-Aldrich. Two grams of Na-Bd were
dispersed in 400 mL of distilled water and stirred overnight. An ethanolic solution (50 mL),
containing the alkylphoshonium salt in an amount corresponding to 50% of the CEC of
Na-Bd, was slowly (2 mL min−1) added to the stored suspension of sodium beidellite under
extensive stirring (500 RPM). Afterwards, the slurry was stirred for another 24 h at 40 ◦C
and left to cool to laboratory temperature. The final product was obtained by repeated
centrifugation and washing with water to remove soluble side products (NaCl) created
during the cation-exchange procedure. A similar procedure was used for preparation of
atrazine–(organo)clay (beidellite, montmorillonite or modified clays) samples, and only
one concentration (30 mg L−1) was used. The synthesized samples were then quickly
frozen, freeze dried (Labconco Freezone 4.5 freeze drying instrument) and stored in a
desiccator for later use.

The pure beidellite, montmorillonite and organoclay samples were characterized by
powder XRD, FT-IR and thermal analysis. X-ray powder diffraction data were collected on
a D8 Advance Bruker diffractometer using Cu Kα (40 kV, 40 mA, λ = 1.541 78 Å) radiation
and a secondary beam graphite monochromator (Bruker EAS GmbH, Hanau, Germany).
Diffraction patterns were collected in the 1–10◦ 2Θ range in steps of 0.02◦ 2Θ and with 2 s
counting time per step. XRD results were used for the determination of the changes in the
basal spacing (d001) after intercalation.

The infrared spectra were obtained on a Nicolet 6700 FTIR spectrometer from Thermo
Scientific by co-addition of 128 scans at a resolution of 4 cm−1 (Thermo Fisher Scientific,
Waltham, MA, USA). The KBr pressed disk technique (1 mg of sample and 200 mg of KBr)
and Smart Diffuse Reflectance Accessory were used to measure the spectra in the mid-IR
(MIR, 4000–400 cm−1) region. Spectra manipulations were performed using the OMNIC™
software package from Thermo Scientific (OMNIC version 9.1, Thermo Fisher Scientific,
Waltham, MA, USA).

2.2. Computational Details

The DFT calculations were performed using the Vienna ab initio simulation package
(VASP) program Scientific (VASP 5 version, VASP Software GmbH, Vienna, Austria) [64,65].
Blochl’s projector augmented wave (PAW) technique [66,67] was used to describe the
electron–ion interactions. The exchange-correlation energy was defined as a generalized
gradient approximation (GGA), and the functional proposed by Perdew, Burke and Ernzer-
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hof (PBE) [68] was used in combination with the D3 scheme for dispersion corrections [69].
Owing to the large computational cells, the Brillouin-zone sampling was restricted to
the Γ-point [70,71].

The calculations were completed by ab initio molecular dynamics (AIMD) simulation
to obtain additional information about the vibrational dynamics of atrazine molecule.
Owing to the computational demands of AIMD, the energy cut-off was reduced to 400 eV
and the required convergence in total energy was reduced to 10−4 eV. The Verlet velocity
algorithm [72] with a time step of 1 fs was chosen for the numerical solution of the
equations of motion. As a first step, the finite-temperature calculations were performed
on a canonical NVT ensemble (constant number of particles (N), constant volume (V)
and constant temperature (T)) applying the Nosé–Hoover thermostat procedure [73] at
the simulation temperature of 300 K to equilibrate the structure and using the molecular
dynamics (MD) length of 10 ps. Then, the system was changed to microcanonical NVE
(E indicates constant energy) ensemble to obtain the vibrational density of states (VDOS).
In this case, the total length of the MD run was 10 ps. The results of the AIMD calculations
were interpreted in a wavenumber domain by calculating the Fourier transform of the
velocity autocorrelation functions to obtain VDOS.

2.3. Computational Models

Clay minerals usually present a wide diversity in structure and composition. Hence, a
simplification of the models is necessary, especially in quantum chemical modeling. The
structural models of clay minerals from our previous studies were used: montmoril-
lonite [36] and beidellite [47]. To build the smectite models, the most abundant isomor-
phous substitutions, i.e., Al3+ by Mg2+ in the octahedral sheet of Mt and Si4+ by Al3+ in
the tetrahedral sheet of Bd, were considered. Six substitutions were introduced in each
model without considering the neighboring positions, which were close to the experimen-
tal structure of clays used in the experimental part. The negative layer charge (−6 |e|)
was compensated by six hydrated Na cations and/or five hydrated Na cations and one
organic cation, tetramethylphosphonium (TMP), in the interlayer space. Each Na cation
was coordinated with four water molecules, [Na(H2O)4]+, to be close to a water content in
the experimental samples.

The final computational cell of the models was 4a2bc of the Na-Bd/Mt elementary
cell to cover the size of the surfactants with the initial lattice parameters a = 20.966 Å,
b = 18.178 Å and c = 19.000 Å. The chemical composition of the extended Na-Bd model
(Na6(Si58Al6)(Al32)O160(OH)32) corresponded to the structural formula of Na0.75(Si7.25Al0.75)
(Al4)O20(OH)4, being in agreement with the composition of the beidellite mineral
(Ca0.02K0.03Na0.68(Si7.28Al0.72)(Al3.78Fe0.10 Mg0.20)O20(OH)4), and the extended Na-Mt model
(Na6(Si64) (Al26Mg6)O160(OH)32) corresponded to the structural formula of Na0.75(Si8)
(Al3.25Mg0.75)O20(OH)4, agreeing with the composition of the montmorillonite mineral
(Na0.64Ca0.03K0.02(Si8.00)(Al3.13Fe0.09Mg0.78)O20(OH)4).

Three models were proposed for each smectite in total: (1) pure Mt/Bd clay with six hy-
drated Na cations in the interlayer space of Mt/Bd (Na-Mt/Bd); (2) the atrazine intercalated
into the Na-Mt/Bd structures in a parallel arrangement with the interlayer space, A-Mt/Bd,
with the summary formulae (C8H14ClN5)[Na6(Si64)(Al26Mg6)O160(OH)32(H2O)24] and/or
(C8H14ClN5)[Na6(Si58Al6)(Al32)O160(OH)32(H2O)24], respectively; and (3) the one TMP
cation replaced by one of the [Na(H2O)4]+ cations in the A-Mt/Bd structures to reveal its
influence on the adsorption of atrazine and the stability of the A-TMP-Mt/Bd model struc-
tures with summary formulae (C4H12P)(C8H14ClN5)[Na5(Si64)(Al26Mg6)O160(OH)32(H2O)20]
and/or (C4H12P)(C8H14ClN5)[Na5 (Si58Al6)(Al32)O160(OH)32 (H2O)20], respectively.

The structure of the proposed models was fully relaxed. Furthermore, the stability of
the atrazine–smectite complexes (A-Mt, A-Bd, A-TMP-Mt and A-TMP-Bd) was determined
as an intercalation energy (∆Eint), calculated according to a general reaction scheme:

∆Eint = ∑Eproducts − ∑Ereactants
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where Eproducts is the sum of the total energies of the products and Ereactants is the sum of the
total energies of the reactants; e.g., for the A-Bd model, ∆Eint ABd = (EABd) − (ENaBd + EA).

3. Results and Discussion
3.1. Structural Relaxation

The optimized interlayer distances (d001) of the proposed models were in a good
agreement with the experimental values determined by means of powder X-ray diffraction
(XRD) (Table 1). The partial discrepancy with the experimental d001 value (14.1 Å) for A-
TMP-Mt structure can be caused by the fact that the theoretical model represents the ideal
structure, while the experimental A-TMP-Mt sample exhibits a little higher value, probably
due to heterogeneity of charge densities frequently present in the natural smectites [74].
In addition, in the case of the modified organobeidellite, a small deviation exists between
the calculated (13.0 Å) and experimental (13.9 Å) d001 values for the same reason as in
the case of the A-TMP-Mt organoclay. This indicates that individual smectite tactoids (or
at least domains larger than the coherence lengths of the X-rays) exhibit various slightly
diverse and overlapping hydration levels, which most likely is caused by different charge
density levels of these nanolayers [74].

Table 1. Calculated (d001 calc) and experimental (d001 exp) values (Å) for Na-Mt, Na-Bd, A-Mt, A-Bd,
A-TMP-Mt and A-TMP-Bd structures.

Models d 001 calc d 001 exp

Na-Mt 12.1 12.4
Na-Bd 12.0 12.3
A-Mt 12.7 12.8
A-Bd 12.7 12.7

A-TMP-Mt 13.0 14.1
A-TMP-Bd 13.0 13.9

3.1.1. Montmorillonite Complex Structures

The [Na(H2O)4]+ cations in the DFT optimized structure of the Na-Mt model with
d001 = 12.1 Å are positioned in a monolayer configuration, near the octahedral substitutions
(Osubs). The Na+ cation is coordinated by four water molecules on the plane with average
Na···Ow distances of ~2.4 Å (Figure 1a).

In the A-Mt model structure with d001 = 12.7 Å, the atrazine has a quasi-planar
arrangement, nearly parallel to the Mt surface, in the central part of the computational
cell. The chlorine of the atrazine is located in the center of a ditrigonal hole with two
octahedral substitutions on both interlayer sides (Figure 1b). The [Na(H2O)4]+ cations are
located in the ditrigonal holes next to the Osubs. The water molecules are in a monolayer
configuration near the Na+ cations with Na··· Ow distances from ~2.4 to 4.7 Å.

In the case of the A-TMP-Mt structure (d001 = 13.0 Å), the atrazine molecule also
has a quasi-planar configuration parallel to the clay surface, and its chlorine atom is out
of the center of the ditrigonal hole, pointing mildly towards the TMP cation (Figure 2).
Water molecules coordinate the Na+ cation planarly with Na··· Ow distances of ~2.4 Å;
however, four water molecules are out of the coordination shell of Na+, reaching the
distance of ~4.3 Å, due to the presence of a further organic compound (TMP cation) in
the interlayer space. The organic cation TMP is located near an isomorphous substitution
(Osubs) (Figure 1c).
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3.1.2. Beidellite Complex Structures

The [Na(H2O)4]+ cations are located closer to the tetrahedral substitutions (Tsubs) in the
interlayer space in the optimized Na-Bd model with d001 of 12.0 Å (Figure 1c and Table 1).
The hydrated sodium cations form a monolayer in the interlayer space with Na··· Ow
distances from ~2.3 to 3.7 Å in the Na-Bd model (Figure 1c).

In the A-Bd model (d001 = 12.7 Å), the atrazine molecule has a quasi-planar arrange-
ment (the triazine ring shows a small slope) in the middle of the interlayer space with an
angle of ~12◦ for chlorine with regards to its triazine ring (Figure 3). Chlorine is centered in
a ditrigonal hole near the Tsubs. The [Na[(H2O)4]+ cations form a vague monolayer and tend
to be closer to the Tsubs. The water molecules coordinate Na+ on the plane with Na··· Ow
distances from ~2.4 to 4.4 Å (Figure 1e).
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H···Ob), blue (Ow–H···Ow), cyan (N–H···Ow) and red (N–H···Ob); b-view. Only tetrahedral sheets are illustrated for better
viewing of the hydrogen bonds.

Finally, in the A-TMP-Bd model with d001 = 13.0 Å, the atrazine molecule displays
planar arrangement, being centered in the interlayer space. The chlorine is not bent,
slightly oriented towards the TMP cation, which is close to the Tsubs. The TMP and
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[Na(H2O)4]+ cations form a messy monolayer. The water molecules have a planar coordi-
nation of the Na cations with Na···Ow distances from ~2.4 to 4.4 Å (Figure 1f).

3.2. Hydrogen Bonding

The atrazine molecule and TMP cation in the interlayer space are anchored onto
the Mt/Bd surface through weak hydrogen bonds [75]. The –CH3 and –CH2 groups of
the atrazine molecule and –CH3 groups of the TMP cation form weak hydrogen bonds
with the basal oxygen atoms (Ob) of the Mt/Bd tetrahedral sheets, C–H···Ob, and with
the water molecules, C–H···Ow. The NH groups of atrazine are involved in the hydro-
gen bonding with the water molecules, forming the N–H···Ow hydrogen bonds, as well
as with the Ob atoms of the Mt/Bd surface, forming the N–H···Ob hydrogen bonds.
Water molecules mutually interact, forming the Ow–H···Ow hydrogen bonds of moderate
strength. The interactions among the water molecules and the basal oxygen atoms of both
smectites generate weaker Ow–H···Ob hydrogen bonds (Table 2).

Table 2. The hydrogen bond distances, H···A, (min; median; max) (Å), intercalation energy, ∆Eint,
[kJ.mol−1], in the A-Mt, A-Bd, A-TMP-Mt and A-TMP-Bd models.

Models/H
Bonds/ A-Mt A-Bd A-TMP-Mt A-TMP-Bd

Catz–H···Ow 2.46; 2.72; 2.74 2.48; 2.55; 2.75 2.56; 2.98; 2.99 2.62; 2.77; 2.88
Catz–H···Ob 2.38; 2.61; 3.14 2.42; 2.62; 3.05 2.43; 2.63; 2.85 2.39; 2.56; 2.93

CTMP–H···Ob - - 2.32; 2.53; 2.81 2.21; 2.55; 2.91
N–H···Ow 2.15 2.57; 2.83 2.30; 2.55; 2.67 2.31; 2.79; 2.90
N–H···Ob - 2.98 - -

Ow–H···Ow 1.74; 1.88; 2.75 1.76; 1.95; 2.95 1.72; 1.81; 2.97 1.78; 1.95; 2.94
Ow–H···Ob 1.85; 2.53; 2.98 1.71; 2.63; 2.99 1.86; 2.47; 2.99 1.75; 2.57; 2.95

Eint −48.1 −67.6 −189.0 −221.1

The interactions of the atrazine with the surface of both smectites through –CH2 and
–CH3 groups and basal oxygens revealed slight differences between the models with and
without organic surfactant (TMP cation). The Catz–H···Ob hydrogen bond distances in
the range of 2.38–3.14 and 2.42–3.05 Å are present in the A-Mt and/or A-Bd structures,
respectively. They are very similar, slightly favoring the A-Bd structure, especially with
the numbers of the present Catz–H···Ob hydrogen bonds (16 for A-Bd and 13 for A-Mt).
Further, in the A-TMP-Mt model, the Catz–H···Ob distances are in the range of 2.43–2.85
(Figure 2) and 2.39–2.93 Å for the A-TMP-Bd model. The Catz–H···Ob hydrogen bonds are
stronger in the presence of TMP cation. The –CH3 groups of TMP cation are involved in
the weak hydrogen bonds, having CTMP–H···Ob distances in the range of 2.32–2.81 Å in the
A-TMP-Mt and 2.21–2.91 Å in the A-TMP-Bd, respectively. There are no hydrogen bonds
between the TMP cation and the water molecules in the interlayer space of both smectites.

The atrazine –NH groups form a few N–H···Ow weak hydrogen bonds, stronger in
the A-Mt structure than in the A-Bd structure, which is similar in the structures with the
TMP cation. Together with the stronger mutual interactions of moderate strength among
the water molecules (Ow–H···Ow), it can cause the lower stability of the Mt intercalates
compared to in the Bd structures. The weaker Ow–H···Ob hydrogen bonds also support
this fact, and they are stronger in the A-TMP-Bd structure.

A weak N–H···Ob hydrogen bond was found in the A-Bd model with a distance
of 2.98 Å (Table 2), which might also contribute to the higher stability of this structure
compared with the A-Mt one.

The intercalation energies (∆Eint) calculated as a measure of stability of the model
structures correlate well with the strength of hydrogen bonds among the atrazine molecule
and the basal surfaces of both clays (Table 2). The beidellite models show a higher sta-
bility than montmorillonite complexes, without and with TMP cation in the interlayer



Minerals 2021, 11, 554 9 of 20

space. The presence of the TMP cation remarkably improves the stability of the systems
(e.g., −67.6 kJ.mol−1 for A-Bd vs. −221.1 kJ.mol−1 for A-TMP-Bd).

Assuming experimental knowledge, we could estimate that the main driving force
for the adsorption of the atrazine molecules on unmodified smectites covers ion–dipole
interaction and hydrogen bonds. For pure neutral molecules, e.g., atrazine, the adsorption
on hydrophilic clay mineral differs from electrostatic interaction or ion exchange (as in
the case of TMP) and keeps in the clay structure the inorganic exchangeable cations,
which play an important role for the interactions with other species. However, in the case
of TMP organocations, the generally accepted explanation is the extensive intercalation,
underlining electrostatic interaction as the main force for their adsorption [37].

3.3. Infrared Spectra

The measured FTIR spectra of the A-Mt/Bd and A-TMP-Mt/Bd organoclays show
a good agreement with the calculated VDOS from the AIMD simulations (Figures 4–8).
The advantage of calculating the projected VDOS is the possibility to unambiguously
assign the particular vibrations, which can help to interpret the overlapped broad bands in
the experimental FTIR spectra.
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3.3.1. A-Mt and A-TMP-Mt Structures

Measured FTIR and calculated spectra of atrazine–montmorillonite organoclays agree
well for the A-Mt and A-TMP-Mt structures (Figures 4 and 5). The typical bands of mont-
morillonite in the highest energy region (3700–4000 cm−1) and below 2000 cm−1 were dis-
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cussed in detail by Scholtzová (2019). N–H stretching vibrations were assigned at 3592 and
3508 cm−1 for A-Mt and 3564 cm−1 for A-TMP-Mt (calculated). These bands correspond to
bands at 3255 and 3100 cm−1 in the FTIR spectra, respectively. One slightly broader band
in the calculated spectra for both –NH groups of A-TMP-Mt (3564 cm−1) was analyzed
in detail, and it was revealed that the N–H stretching vibration energies of both -NH
groups are close to each other (3560 and 3581 cm−1), differing only by 21 cm−1 (Figure 5).
The analysis of the N–H···Ow hydrogen bonds revealed this tiny effect. The N–H···Ow
hydrogen bond distances in values, with 2.30 Å for the –NH1 group and 2.67 and 2.55 Å
double-centered hydrogen bonds for the –NH2 group, are close to each other. The N–H
bending vibration appeared at 1535 cm−1 (calculated), which corresponds to the experi-
mental band at 1555 cm−1.

The triazine ring vibrations in the atrazine molecule appeared at 1580, 1503, 1433,
1265 and 1130 cm−1 in PDOS, corresponding well with 1570, 1434, 1268 and 1103 cm−1 in
the measured FTIR spectra (Figures 4 and 5). These bands overlap with the O–H bending
vibrations from water molecules (1570 cm−1), N–H vibrations (~1535 cm−1), C-H bending
(~1430 and ~1260 cm−1) and Si–O stretching vibrations (1100 cm−1). Overlapped bands
from the triazine ring in the experimental FTIR spectrum below 1000 cm−1 (e.g., by Si–O–
Al stretching and bending modes and skeletal vibrations from clay structure) were well
resolved in calculated spectra (960, 870, 764, 642, 215, 90 and 35 cm−1) in both A-Mt and
A-TMP-Mt intercalates (Figures 4 and 5).

The C-H stretching vibrations were assigned in the range of 3199–2958 cm−1 in
the calculated spectrum (2972–2840 cm−1 in FTIR) and bending vibrations in the range
of 1450–1270 cm−1 (calculated) and 1430–1260 cm−1 (experimental) for both atrazine–
montmorillonite intercalates (Figures 4 and 5). The calculated C–H stretching vibrations
of the TMP cation in the A-TMP-Mt structure (Figure 6) have higher energy than those of
the C–H stretching vibrations from the atrazine molecule (∆νCH = 97 cm−1 for the highest
energy bands), correlating well with the strength of hydrogen bonds (Table 2), which are
slightly stronger than those for the C–H group of atrazine.

The blue shifts to the higher wavenumbers of the C–H stretching vibrations of the
TMP cations in the both Bd/Mt intercalates are not obvious because, in standard X–H···Y
hydrogen bonds, a red shift of X–H stretching vibration is typical [75]. However, mainly for
the sp3 hybridized carbon, examples where the blue shift of C–H wavenumbers is observed
have been found. Several theories exist for this effect, which can be found (see, e.g., [76])
together with examples showing that the C–H bonds are shortened, being involved in
hydrogen bonding [36].

3.3.2. A-Bd and A-TMP-Bd Structures

The characteristic beidellite bands (925, 534, 474 and 418 cm−1) visible in the ex-
perimental spectrum were recognized in the measured and calculated spectra for both
beidellite organoclays. The detailed analysis of beidellite spectrum was done in our pre-
vious work [47]. The focus on the N–H and C–H vibrations of the atrazine molecule was
done in the present work as in the Mt organoclays discussed above.

Projected N–H stretching vibrations from the atrazine molecule appeared at 3562
and 3431 cm−1 for A-Bd (Figure 7) and at 3595 and 3492 cm−1 for A-TMP-Bd (Figure 8),
corresponding with 3268 and 3113 cm−1 in the FTIR spectra of both intercalates.
N–H bending vibrations appeared at 1550 cm−1 in the calculated spectra and at 1556 cm−1

in the experimental spectra for both intercalates.
The typical bands of triazine ring vibrations in atrazine molecule appeared at 1582 cm−1

with a shoulder at 1530 cm−1; furthermore, bands at 1463, 1258 and 1170 cm−1 in PVDOS
corresponded with 1576, 1555, 1462, 1260 and 1160 cm−1 in the measured FTIR spectra
(Figures 7 and 8). Well resolved calculated bands at 964, 840, 765, 642, 205, 85 and 40 cm−1

in PDOS could not be easily detected in the experimental spectra due to overlapping bands
in the FTIR spectra of both A-Bd and A-TMP-Bd intercalates (Figures 7 and 8). The overlap-
ping of bands in this region is the same as for the montmorillonite clays discussed above.
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Contributions of C–H stretching vibrations are well resolved in the experimental
spectra (2975–2846 cm−1), as well as the bending vibrations (1400–1295 cm−1) for both Bd
intercalates. In the case of A-TMP-Bd, the calculated projected VDOS clearly distinguishes
among the C–H vibrations from the TMP cation and the atrazine molecule, as shown in
Figure 9.

The energy of C–H stretching vibrations from the TMP cation is higher (3143 cm−1)
than that from the atrazine molecule (3108 cm−1), which corresponds with the slightly
stronger hydrogen bonds of these functional groups (Table 2). The energy of C–H stretching
vibrations of the TMP cation is also higher in the A-TMP-Bd intercalate than in the A-TMP-
Mt structure (~26 cm−1 for the highest energy bands).
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When the experimental spectra from Bd and Mt organoclays are compared,
noticeable changes are observed in the area of the C–H stretching modes, and the Bd
structures are favored with regard to the higher energy of C–H vibrations. The bands of
C–H vibrations in the A-Bd structure have higher energy than those for the A-Mt structure
(Figure 10). The same conclusion can be applied for the modified clays (Figure 11).

The most noticeable band splitting corresponding to the blue shift of the C–H stretch-
ing vibrations was observed for A-TMP-Bd (Figure 11) in comparison with the other
structures (Figures 10 and 11).
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This finding is also supported by the projected VDOS of water molecules (Figures
10 and 11). The presence of band splitting in the C–H region in the modified organoclays
is caused by interactions of water molecules with the TMP cation. No bands are present
in the VDOS spectra of water molecules of unmodified clays in this region. In addition,
the bands of OH bending vibrations of water molecules are more structured in the spectra
of modified clays than in those of the unmodified clays. The sharper bands with the highest
energy are caused by stronger interactions in the Bd modified clay.

The modification of clays thus facilitates better adsorption of nonpolar pollutant
molecules, such as atrazine. These findings can explain the shifts in the C–H region in
the experimental spectra. The changes are not so evident at first glance, but some tiny
changes of the C–H vibrations can be seen (Figure 12) for both clays after using the organic
surfactant. The small shift to the highest energies was obtained for the A-TMP-Bd-modified
clay, confirming the findings from the analysis of the theoretical results (Figure 13).
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Figure 13. Comparison of the FTIR spectra (red) and the calculated total VDOS (black) in A-TMP-Bd
as an example. νOH, stretching vibration of hydroxyl groups of clay; νOHw, stretching vibration of
water molecules; νNH, stretching vibration of –NH groups; νCH, stretching vibration of –CH groups;
δOHw, bending vibrations of water; νSiO, stretching vibrations of Si–O bonds; δNC, bending of –NC
triazine ring; mixed νAlOSi, stretching vibrations of Al-O-Si bonds; δNC+ δSiO+ δAlOSi, the region of
mixed δNC bending from triazine ring of atrazine and skeletal vibrations of clay (δSiO+ δAlOS).

3.4. Estimation of Adsorption Amount of Atrazine through FTIR Spectra Analysis

The changes in the adsorbed amount of atrazine in pure and modified clays were
estimated from the relation between the intensities of bands that do not overlap with other
bands, particularly the band at 806 cm−1 for atrazine and the bands at 925/914 cm−1 for
beidellite/montmorillonite clays (Figures 14 and 15). The calculated ωAtr/ωBd/Mt rates
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of 0.39/0.37 for unmodified/modified beidellite and 0.71/0.65 for unmodified/modified
montmorillonite indicate almost no change in the adsorbed amount of atrazine in the
unmodified and modified clays, respectively. It means that the modification of both clays
by TMP did not improve their sorption capacities with respect to a nonpolar organic moiety
such as atrazine. This could be explained by fact that the TMP cation is too small to signifi-
cantly improve the hydrophobicity of the organoclay and, therefore, the sorption capacity
for nonpolar molecules. Such assumption, however, should be proved by further adsorp-
tion experiments with different concentrations of atrazine as well as using organoclays
modified by organic surfactants with longer alkyl chains.
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of atrazine is scaled by a factor 0.3: (Left) spectra in the range 500–1200 cm−1; and (right) complete spectra in the range
500–4000 cm−1.
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Figure 15. Comparison of the FTIR spectra for atrazine, pure montmorillonite (Na-Mt) and modified montmorillonite
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and the spectrum of atrazine is scaled by a factor 0.3: (Left) spectra in the range 500–1200 cm−1; and (right) complete spectra
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4. Conclusions

The stability and the way of anchoring of atrazine in beidellite and montmorillonite
clays was studied and quantified at the molecular level for the first time. The DFT-D3
calculations applied to the models of the montmorillonite and beidellite structures inter-
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calated with the atrazine molecule and the TMP cation showed good agreement with the
calculated and experimental d001 values. The atrazine molecule had a flat arrangement in
the interlayer space of both smectites.

Regarding the interactions, the TMP cation and atrazine formed weak hydrogen bonds
among the C–H groups and the basal surface oxygen atoms of the Mt and Bd layers.

The analysis of the hydrogen bond distances, the d001 value and the intercalation
energies showed that the presence of the TMP cations in the interlayer space improves
the interactions and, consequently, the stability of atrazine in the interlayer space of both
modified smectites. Furthermore, the beidellite organoclays A-Bd and A-TMP-Bd were
found to be more stable than the equivalent montmorillonite organoclays, A-Mt and
A-TMP-Mt.

The calculated vibrational spectra of the models were interpreted in terms of the
individual vibrational modes, which showed good concordance with the experimental
FTIR spectra. The employment of the projected VDOS allowed a detailed interpretation
of the vibrational modes of the respective functional groups, e.g., N–H groups and the
triazine ring, and to distinguish the C–H group vibrational modes of the TMP cation and
the atrazine molecule.

The analysis of the calculated data showed a stronger fixation of atrazine into the two
organically (TMP) modified clay minerals, which was notably higher into beidellite than
into montmorillonite. However, the comparison of the intensities of the selected typical
bands in the measured FTIR spectra showed that the adsorption capacity of the modified
Bd/Mt clays practically did not change with respect to unmodified original clays.
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degeneration in pigs after atrazine treatment. Toxicol. Lett. 1996, 85, 9–15. [CrossRef]

13. Pruett, S.B.; Fan, R.P.; Zheng, Q.; Myers, L.P.; Hebert, P. Modeling and predicting immunological effects of chemical stressors:
Characterization of a quantitative biomarker for immunological changes caused by atrazine and ethanol. Toxicol. Sci. 2003, 75, 343–
354. [CrossRef]

14. McMullin, T.S.; Andersen, M.E.; Nagahara, A.; Lund, T.D.; Pak, T.; Handa, R.J.; Hanneman, W.H. Evidence that atrazine and
diaminochlorotriazine inhibit the estrogen/progesterone induced surge of luteinizing hormone in female Sprague-Dawley rats
without changing estrogen receptor action. Toxicol. Sci. 2004, 79, 278–286. [CrossRef]

15. Modic, W.M. The Role of Testicular Aromatase in the Atrazine Mediated Changes of Estrone and Estradiol in the Male Wistar Rat.
Master’s Thesis, North Carolina State University, Raleigh, NC, USA, 2004.

16. Giusi, G.; Facciolo, R.M.; Canonaco, M.; Alleva, E.; Belloni, V.; Dessi’-Fulgheri, F.; Santucci, D. The Endocrine Disruptor Atrazine
Accounts for a Dimorphic Somatostatinergic Neuronal Expression Pattern in Mice. Toxicol. Sci. 2006, 89, 257–264. [CrossRef]

17. Cooper, R.L.; Laws, S.C.; Das, P.C.; Narotsky, M.G.; Goldman, J.M.; Tyrey, E.L.; Stoker, T.E. Atrazine and reproductive function:
Mode and mechanism of action studies. Birth Defects Res. Part B-Dev. Reprod. Toxicol. 2007, 80, 98–112. [CrossRef]

18. Suzawa, M.; Ingraham, H.A. The Herbicide Atrazine Activates Endocrine Gene Networks via Non-Steroidal NR5A Nuclear
Receptors in Fish and Mammalian Cells. PLoS ONE 2008, 3, e2117. [CrossRef]

19. Laws, S.C.; Hotchkiss, M.; Ferrell, J.; Jayaraman, S.; Mills, L.; Modic, W.; Tinfo, N.; Fraites, M.; Stoker, T.; Cooper, R. Chlorotri-
azine Herbicides and Metabolites Activate an ACTH-dependent Release of Corticosterone in Male Wistar Rats. Toxicol. Sci. 2009,
112, 78–87. [CrossRef]

20. Gore, A.C.; Chappell, V.A.; Fenton, S.E.; Flaws, J.A.; Nadal, A.; Prins, G.S.; Toppari, J.; Zoeller, R.T. EDC-2: The Endocrine
Society’s Second Scientific Statement on Endocrine-Disrupting Chemicals. Endocr. Rev. 2015, 36, E1–E150. [CrossRef]

21. Fan, W.Q.; Yanase, T.; Morinaga, H.; Ondo, S.; Okabe, T.; Nomura, M.; Komatsu, T.; Morohashi, K.I.; Hayes, T.B.;
Takayanagi, R.; et al. Atrazine-induced aromatase expression is SF-1 dependent: Implications for endocrine disruption
in wildlife and reproductive cancers in humans. Environ. Health Perspect. 2007, 115, 720–727. [CrossRef]

22. E.U Commission Decision of 10 March 2004. 2004. Available online: https://eur-lex.europa.eu/eli/dec/2004/248/oj (accessed
on 3 August 2018).

23. USEPA Decision Documents for Atrazine. 2006. Available online: https://archive.epa.gov/region5/teach/web/pdf/atrazine_
summary.pdf (accessed on 3 August 2018).

24. Belzunces, B.; Hoyau, S.; Benoit, M.; Tarrat, N.; Bessac, F. Theoretical Study of the Atrazine Pesticide Interaction with Pyrophyllite
and Ca2+—Montmorillonite Clay Surfaces. J. Comput. Chem. 2017, 38, 133–143. [CrossRef] [PubMed]

25. Davies, J.E.D.; Jabeen, N. The Adsorption of Herbicides and Pesticides on Clay Minerals and Soils. Part 2. Atrazine. J. Incl. Phenom.
2003, 46, 57–64. [CrossRef]

26. Grundgeiger, E.; Lim, Y.H.; Frost, R.L.; Ayoko, G.A.; Xi, Y. Application of organo-beidellites for the adsorption of atrazine.
Appl. Clay Sci. 2015, 105–106, 252–258. [CrossRef]

27. Zarpon, L.; Abate, G.; dos Santos, L.B.; Masini, J.C. Montmorillonite as an adsorbent for extraction and concentration of atrazine,
propazine, deethylatrazine, deisopropylatrazine and hydroxyatrazine. Anal. Chim. Acta 2006, 579, 81–87. [CrossRef] [PubMed]

28. Belzunces, B.; Hoyau, S.; Bessac, F. Interaction of Metamitron and Fenhexamid with Ca2+-Montmorillonite Clay Surfaces: A
Density Functional Theory Molecular Dynamics Study. J. Comput. Chem. 2019, 40, 1449–1462. [CrossRef] [PubMed]

29. Polati, S.; Angioi, S.; Gianotti, V.; Gosetti, F.; Gennaro, M.C. Sorption of pesticides on kaolinite and montmorillonite as a function
of hydrophilicity. J. Environ. Sci. Heal. Part B Pestic. Food Contam. Agric. Wastes 2006, 41, 333–344. [CrossRef]

30. Aggarwal, V.; Li, H.; Teppen, B.J. Triazine adsorption by saponite and beidellite clay minerals. Environ. Toxicol. Chem. 2006,
25, 392–399. [CrossRef]

31. Manzotti, F.; dos Santos, O.A.A. Evaluation of removal and adsorption of different herbicides on commercial organophilic clay.
Chem. Eng. Commun. 2019, 206, 1526–1543. [CrossRef]

32. Paiva, L.B.; Morales, A.R. Organophilic bentonites based on argentinean and brazilian bentonites. Part 1: Influence of intrinsic
properties of sodium bentonites on the final properties of organophilic bentonites prepared by solid-liquid and semisolid reactions.
Braz. J. Chem. Eng. 2012, 29, 525–536. [CrossRef]

http://doi.org/10.1289/ehp.97105308
http://doi.org/10.1097/00043764-200211000-00011
http://doi.org/10.1136/oem.60.9.e11
http://doi.org/10.1093/jnci/djh264
http://doi.org/10.1136/oem.2004.016469
http://doi.org/10.1016/0378-4274(96)03631-4
http://doi.org/10.1093/toxsci/kfg200
http://doi.org/10.1093/toxsci/kfh127
http://doi.org/10.1093/toxsci/kfj012
http://doi.org/10.1002/bdrb.20110
http://doi.org/10.1371/journal.pone.0002117
http://doi.org/10.1093/toxsci/kfp190
http://doi.org/10.1210/er.2015-1010
http://doi.org/10.1289/ehp.9758
https://eur-lex.europa.eu/eli/dec/2004/248/oj
https://archive.epa.gov/region5/teach/web/pdf/atrazine_summary.pdf
https://archive.epa.gov/region5/teach/web/pdf/atrazine_summary.pdf
http://doi.org/10.1002/jcc.24530
http://www.ncbi.nlm.nih.gov/pubmed/27862038
http://doi.org/10.1023/A:1025604713256
http://doi.org/10.1016/j.clay.2015.01.003
http://doi.org/10.1016/j.aca.2006.07.011
http://www.ncbi.nlm.nih.gov/pubmed/17723731
http://doi.org/10.1002/jcc.25799
http://www.ncbi.nlm.nih.gov/pubmed/30790322
http://doi.org/10.1080/03601230600591416
http://doi.org/10.1897/05-264R.1
http://doi.org/10.1080/00986445.2019.1601626
http://doi.org/10.1590/S0104-66322012000300010


Minerals 2021, 11, 554 19 of 20

33. Szczerba, M.; Kalinichev, A.G.; Kowalik, M. Intrinsic hydrophobicity of smectite basal surfaces quantitatively probed by molecular
dynamics simulations. Appl. Clay Sci. 2020, 188, 105497. [CrossRef]

34. Andrunik, M.; Bajda, T. Modification of bentonite with cationic and nonionic surfactants: Structural and textural features.
Materials 2019, 12, 3772. [CrossRef] [PubMed]

35. Kukkadapu, R.K.; Boyd, S.A. Tetramethylphosphonium-smectite and tetramethylammonium-smectite as adsorbents of aromatic
and chlorinated hydrocarbons—Effect of water on adsorption efficiency. Clays Clay Miner. 1995, 43, 318–323. [CrossRef]

36. Scholtzová, E.; Madejová, J.; Tunega, D. Structural properties of montmorillonite intercalated with tetraalkylammonium cations—
Computational and experimental study. Vib. Spectrosc. 2014, 74, 120–126. [CrossRef]

37. Guégan, R. Organoclay applications and limits in the environment. Comptes Rendus Chim. 2019, 22, 132–141. [CrossRef]
38. de Paiva, L.B.; Morales, A.R.; Diaz, F.R. V Organoclays: Properties, preparation and applications. Appl. Clay Sci. 2008, 42, 8–24.

[CrossRef]
39. Chun, Y.; Sheng, G.Y.; Boyd, S.A. Sorptive characteristics of tetraalkylammonium-exchanged smectite clays. Clays Clay Miner.

2003, 51, 415–420. [CrossRef]
40. Lagaly, G.; Ogawa, M.; Dékány, I. Clay Mineral-Organic interactions. In Developments in Clay Science; Bergaya, B.K.G., Theng, G.,

Lagaly, H., Eds.; Elsevier: Amsterdam, The Netherlands, 2013; pp. 435–506.
41. Vaia, R.A.; Teukolsky, R.K.; Giannelis, E.P. Interlayer structure and molecular environment of alkylammonium layered silicates.

Chem. Mater. 1994, 6, 1017–1022. [CrossRef]
42. Mishra, A.K.; Allauddin, S.; Narayan, R.; Aminabhavi, T.M.; Raju, K. Characterization of surface-modified montmorillonite

nanocomposites. Ceram. Int. 2012, 38, 929–934. [CrossRef]
43. Mittal, V. Modification of montmorillonites with thermally stable phosphonium cations and comparison with alkylammonium

montmorillonites. Appl. Clay Sci. 2012, 56, 103–109. [CrossRef]
44. Carvalho, P.J.; Ventura, S.P.M.; Batista, M.L.S.; Schroder, B.; Goncalves, F.; Esperanca, J.; Mutelet, F.; Coutinho, J.A.P. Understand-

ing the impact of the central atom on the ionic liquid behavior: Phosphonium vs ammonium cations. J. Chem. Phys. 2014, 140,
064505. [CrossRef]

45. Alves, J.L.; Rosa, P.; Morales, A.R. A comparative study of different routes for the modification of montmorillonite with
ammonium and phosphonium salts. Appl. Clay Sci. 2016, 132, 475–484. [CrossRef]

46. Palkova, H.; Zimowska, M.; Jankovic, L.; Sulikowski, B.; Serwicka, E.M.; Madejova, J. Thermal stability of tetrabutyl-phosphonium
and -ammonium exchanged montmorillonite: Influence of acid treatment. Appl. Clay Sci. 2017, 138, 63–73. [CrossRef]

47. Scholtzova, E.; Jankovic, L.; Tunega, D. Stability of Tetrabutylphosphonium Beidellite Organoclay. J. Phys. Chem. C 2018,
122, 8380–8389. [CrossRef]

48. Scholtzova, E.; Tunega, D. Density functional theory study of the stability of the tetrabutylphosphonium and tetrabutylammonium
montmorillonites. Clay Miner. 2019, 54, 41–48. [CrossRef]
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