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Abstract In this study thermodynamic parameters of adsorp-
tion of nitrogen containing environmental contaminants
(NCCs, 2,4,6, trinitrotoluene (TNT), 2,4-dinitrotoluene
(DNT), 2,4-dinitroanisole (DNAN), and 3-one-1,2,4-triazol-
5-one (NTO)) interacting with the tetrahedral and octahedral
surfaces of kaolinite were predicted. Adsorption complexes
were investigated using a density functional theory and both
periodic and cluster approach. The complexes, modeled using
the periodic boundary conditions approach, were fully opti-
mized at the BLYP-D2 level to obtain the structures and ad-
sorption energies. The relaxed kaolinite-NCCs structures were
used to prepare cluster models to calculate thermodynamic
parameters and partition coefficients at the M06-2X-D3 and
BLYP-D2 levels from the gas phase. The entropy effect on the
Gibbs free energies of adsorption of NCCS on kaolinite was
also studied and compared with available experimental data.
The results showed that in all calculated models, the NCCs
molecules are physisorbed and they favor a parallel orienta-
tion toward both kaolinite surfaces. It was found that all cal-
culated NCCs compounds are more stable on the octahedral
than on the tetrahedral surface of kaolinite. The Gibbs free
energies and partition coefficients were also predicted for in-
teractions of NCCs with Na-kaolinite from aqueous solution.
Calculations revealed adsorption of NCCs is effective from
the gas phase on both cation free kaolinite surfaces and on

Na-kaolinite from aqueous solution at room temperature. The-
oretical data were validated against experimental results, and
the reasons for small differences between calculated and mea-
sured partition coefficients are discussed.
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Introduction

Nitrogen containing compounds (NCCs) including
nitroaromatic compounds (NACs, 2,4,6, trinitrotoluene
(TNT), 2,4-dinitrotoluene (DNT), 2,4-dinitroanisole
(DNAN)) and 3-one-1,2,4-triazol-5-one (NTO), widely used
as explosives, have received considerable attention due to
their environmental impact as contaminants. A few experi-
mental papers have been published on adsorption of NACs
on kaolinite in the presence of cations [1–8]. An electron
donor-acceptor (EDA) complex was suggested to be the
governing mechanism of adsorption of NACs on the siloxane
surface. The strength of adsorption was shown to depend on
the structure of the compound (type of substituent) and on the
type of cation on the siloxane surface [2]. Distribution coeffi-
cients (Kd) have also been measured, and the highest values
were found for polynitroaromatic compounds (e.g., TNB,
TNT) [1].

Adsorption processes occurring on soil mineral surfaces
(dry or hydrated) play a crucial role in determining the fate
and distribution of organic contaminants in the environment.
Thus, investigations of surface adsorption sites on soil com-
ponents (e.g., clay minerals), the binding nature and sorption
mechanisms of contaminants on soil minerals are crucial to
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understand sorption phenomena in soils. Clay minerals are
one of the most chemically dominant components of soil that
significantly affect the fate and transport of organic chemicals.
Minerals of the kaolinite group have been reported to adsorb
various munitions-related nitroaromatic compounds (NACs)
such as 2,4-dinitrotuluene (DNT) [9, 10], nitrobenzene (NB)
[11], 1,3-dinitrobenzene, 1,3,5-trinitrobenzene (TNB)
[12–14], as well as different derivatives of nitrotoluene and
nitrophenol [2–7]. Kaolinite is a dioctahedral layered 1:1 alu-
minosilicate (Al2Si2O5(OH)4), with layers consisting of an
octahedral sheet (formed of AlO6 octahedra), and tetrahedral
sheet (formed of SiO4 tetrahedra) [15, 16]. The Al octahedra
and Si tetrahedra are connected with each other through the
oxygen centers to form layers, and the layers are bound to
each other via hydrogen bonds formed between the hydroxyl
groups of the octahedral sheet to the basal oxygen atoms of the
tetrahedral sheet [17]. Moreover, the ideal structure of kaolin-
ite is electroneutral (the interlayer space does not contain any
exchangeable cations, and there are no substitutions in the
layers). Thus, in our study kaolinite was selected to create
the surface models to study the adsorption phenomenon on
clay minerals.

First, we will summarize the results of computational stud-
ies on adsorption of nitrogen containing environmental con-
taminants on clay mineral surfaces. A few of these papers
have focused on interactions between NACs adsorbed on ka-
olinite or montmorillonite [9–13, 17], in which the mineral
surface models were prepared using the cluster approach.
The periodic approach has been applied only once to calculate
the adsorpt ion of TNB and 1,3,5- t r ini t ro-1,3 ,5-
triazacyclohexane (RDX) [18]. To the best of our knowledge,
adsorption of target NCCs by both kaolinite surfaces (i.e.,
octahedral and tetrahedral surfaces) was investigated theoret-
ically in only one study using the cluster approach at theM06-
2X level [19]. In this study, the structure, interactions, and
binding energies of NCCs adsorbed on the tetrahedral and
octahedral kaolinite surfaces were investigated [19]. The main
conclusion of the above listed publications [9–13, 17–19] is
that the cluster approach is insufficient to treat accurately com-
plex phenomena of adsorption on clay minerals. The methods,
without inclusion of long-term dispersion, were shown to un-
derestimate the interaction energies of NACs on the kaolinite
surfaces [19]. HF, DFT(B3LYP), and MP2 methods were not
able to correctly predict interaction energies for adsorption
systems when small cluster models of the mineral surface
were used [12, 13]. DFT functionals, developed to take into
account both short- and long-term dispersion interactions,
have been shown to accurately produce adsorption energies
for various aromatic compounds interacting with minerals and
metal oxides [20, 21]. However, Gibbs free energies of ad-
sorption on the kaolinite surfaces have not been predicted for
both, the gas phase and aqueous solution. The main reason is
that such studies are time-consuming especially if one wants

to obtain accurate results when compared with experimental
data. A few theoretical studies have been recently published to
better understand thermodynamics of adsorption processes on
soil components from the gas phase and aqueous solution
[22–27]. They include publications on adsorption of polycy-
clic aromatic hydrocarbons (PAHs) and NCCs on carbon
black [25–27]. In these studies different approaches were in-
vestigated to accurately predict thermodynamic parameters
and partitioning coefficients for carbon-NCCs and carbon-
PAHs that can be applied to other sorption systems on soil
components.

The aim of this study is to investigate adsorption of selected
NCCs on the surface models of kaolinite from vacuum. This
work will predict the binding geometries and interaction en-
ergies of the kaolinite-NCCs (K-NCCs) systems. The ultimate
goal is to predict the Gibbs free energies of adsorption and
partition coefficients for distribution of selected explosives
between kaolinite and air. The cluster and periodic approaches
will be applied to model the kaolinite-NCCs adsorption sys-
tems. This investigation is a part of an ongoing research to
develop a computational strategy to accurately characterize
the fate of organic contaminants in the environment with a
limited amount of experimental data, and test reliability and
effectiveness of used modeling approaches.

Computational details

The combined modeling approximation was applied to study
adsorption of NCCs on kaolinite surfaces as follows: in the
first step, the kaolinite-NCCs systems modeled using the pe-
riodic boundary conditions (PBC) approachwere fully relaxed
to obtain the optimized geometries and adsorption energies; in
the second step, the PBC kaolinite-NCCs optimized structures
were used to construct the kaolinite-NCCs cluster models to
calculate adsorption entropies, enthalpies, Gibbs free energies,
and partition coefficients. It has been shown that this method
provides adsorption energies and enthalpies with an almost
experimental accuracy [25, 26].

Periodic approach

The crystal structure of kaolinite was used to prepare the pe-
riodic models of the octahedral and tetrahedral surface of ka-
olinite [28]. The experimental lattice parameters were: a=
5.154 Å, b=8.942 Å, c=7.401 Å, α=91.69°, β=104.61°,
and γ=89.82°. The axes of the unit cell are oriented so that
the (001) plane corresponds to the octahedral and tetrahedral
basa l su r f aces , r e spec t ive ly. The conven t iona l
Al4Si4O10(OH)8 unit cell was employed for structure optimi-
zations of the kaolinite bulk, with full relaxations of all atoms
within the box. The calculated unit cell consists of a (3x2) slab
of kaolinite to ensure that interactions of adsorbates with their
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periodic images in the a-b plane are minimal. The bulk model
of kaolinite has the following dimensions: a=15.462 Å, b=
17.884 Å, c=22.401 Å since 15 Åwas added in the c direction
to prevent interactions of the adsorbates with the periodic
image of the kaolinite layer in the c direction. The kaolinite
slab model was comprised of a single kaolinite layer
consisting of six full silicon-oxygen tetrahedral rings and six
full aluminum-oxygen octahedral rings containing 204 atoms
(Si24Al24O60(OH)48). This unit cell was used to investigate the
gas phase adsorption of NCCs on the (001) surfaces of kao-
linite. The (3x2) slab size of the periodic kaolinite model was
found to be reliable to study adsorption of various organic
chemicals (including TNB and RDX [18]) on the surfaces of
kaolinite (see for example 29, 30). The inner and outer OH
groups bonded with the aluminum atoms in the octahedral
sheet of the periodic kaolinite models were initially orientated
according to the results for the geometry of kaolinite bulk
[31–33]. Selected NCCs were adsorbed on both surfaces of
this kaolinite model in a parallel (we will use notation K-NCCs
(=)) or perpendicular (we will use notation K-NCCs(⊥)) way.
Several different initial orientations of NCCs toward both sur-
faces were examined.

The periodic DFT calculations were performed using the
Car-Parrinello molecular dynamics (CPMD) code [34]. A
plane-wave basis set and the BLYP exchange-correlation func-
tional [35, 36] with inclusion of the D2 dispersion correction
were used for the total-energy geometry optimization of
kaolinite-NCCs periodic models. The D2 correction was incor-
porated to reproduce long-range dispersion contributions using
the Grimme’s empirical method [37]. This method is based on
the addition of the C6R

-6 form of pairwise interatomic potentials
to the conventional Kohn−Sham DFT energy. The Kleinman-
Bylander separation scheme and Goedecker-Teter-Hutter
(GTH) pseudopotentials were applied to mimic the effect of
the inner electrons for all atoms [38, 39]. The form of GTH
pseudopotentials has been optimized to efficiently perform
real-space DFTcalculations. The plane-wave kinetic energy cut-
off was set to 952 eV, respectively. The Γ-point sampling was
restricted for the Brillouin-zone integration. The kaolinite-NCCs
PBCmodels were fully optimized until the Hellmann-Feynman
forces were less than 0.05 eV/Å, and the error in the total energy
convergence was less than 10-6 eV. All of the atomic positions
were allowed to relax, but the shape and size of the computa-
tional unit cells were conserved.

Cluster approach

The density functional theory (DFT) [40] and 6-31+G(d,p)
basis set were applied, and the E.01 version of Gaussian09
[41] was employed. Calculations of kaolinite-NCCs cluster
models were performed using two different DFT functionals
(BLYP [35, 36] and M06-2X [42]). In order to compare the
effect of dispersion interactions on the adsorption energies of

the kaolinite-NCCs systems, BLYP and M06-2X were incor-
porated with two different Grimme’s dispersion correction
terms (D2 [37] and D3, in which the C6 term is no longer
scaled [43]). The studied systems were allowed to fully relax.
Vibrational frequency calculations were carried out to verify
that the true minima were obtained from the geometry optimi-
zation for all studied kaolinite-NCCs systems.

The cluster models were applied to calculate adsorption
enthalpies (ΔHads), Gibbs free energies (ΔGads) and parti-
tion coefficients (log Kd, they characterize distribution of se-
lected contaminants between kaolinite and air) for all studied
K(o)-NCCs and K(t)-NCCs systems at room temperature
from the gas phase. The basis set superposition error (BSSE)
correction was also included at these levels of theory using the
counterpoise method [44]. The adsorption entropy values
(TΔSads) were calculated using the rigid rotor – harmonic
oscillator – ideal gas approximation based on the harmonic
vibrational frequencies at 298.15 K and 1 atm pressure.

The kaolinite-NCCs cluster models were prepared as cut
outs from the PBC optimized geometries of kaolinite-NCCs
systems calculated at the BLYP-D2 level so that they contain
one tetrahedral ring of the tetrahedral sheet, one octahedral
ring of the octahedral sheet, and one NCC molecule. The
kaolinite cluster models have the Al6Si6O36H30 chemical for-
mula, and they were composed from six SiO4 tetrahedra,
which share corners, and six AlO6 octahedra, sharing edges.
Dangling bonds of the cluster models were saturated with
hydrogen atoms to ensure electroneutrality of the system.
The following conventions will be used in the text, tables
and Figures for the kaolinite-NCCs models: K(o)-NCCs and
K(t)-NCCs for adsorption systems of NCCs on the octahedral
and tetrahedral surface of kaolinite, respectively.

Results and discussion

Geometry of adsorption complexes

Optimized structures of all calculated NCCs (DNT, DNAN,
NTO, and TNT) adsorbed on the octahedral (K(o)-NCCs) and
tetrahedral surfaces (K(t)-NCCs) of kaolinite obtained at the
BLYP-D2(PBC) level are illustrated in Figs. 1, 2, 3, 4, 5, 6, 7
and 8. The geometry of the K(o)-NCCs and K(t)-NCCs ad-
sorption complexes has already been described in detail in our
previous study [19]. Therefore, in this section wewill focus on
the main differences in optimized geometries of kaolinite-
NCC systems with NCCs oriented in a parallel way toward
the surface (K-NCCs(=)) obtained at the BLYP-D2(PBC) and
M06-2X(Cluster) levels [19]. In addition, optimized structures
of the kaolinite-NCCs systems with NCCs oriented in a per-
pendicular way toward the kaolinite surface (K-NCCs(⊥)) will
be briefly discussed.
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All NACs are placed in a coplanar orientation on both
kaolinite surfaces (Figs. 1, 2 and 3), which is in good agree-
ment with previous experimental and theoretical findings
[1–8, 11–13, 18, 19]. An exception is K(o)-NTO where
NTO is oriented toward the surface by the N1-H group in an
angle of 50° (see Fig. 4). The BLYP-D2(PBC) vertical dis-
tances between the aromatic ring of NCCs and the plane of the
octahedral surface oxygen atoms are in a range 2.88-3.28 Å in
K(o)-NCC(=). In K(t)-NCC(=), distances between the adsor-
bate and plane of the basal oxygen atoms of the tetrahedral
surface vary between 2.9 and 3.13 Å. Adsorption of the NCCs
molecules on the PBC model of the octahedral kaolinite sur-
face is governed by multiple hydrogen bonds, while adsorp-
tion on K(t) is mostly controlled by dispersion forces. This is
in accordance with the results of previous studies of adsorp-
tion of TNB and NB on the siloxane surface [12, 13, 18]. The

main difference between the kaolinite-NCC optimized struc-
tures obtained using the PBC and cluster approach (M06-2X-
D3, BLYP-D2) calculated in this and previous study (M06-
2X) [19] is that only K-NCC(=) are found to be stable using
the cluster kaolinite models. For K-NCCs(=), the cluster and
BLYP-D2(PBC) calculations show almost the same
adsorbate-adsorbent binding. The PBC K(t)-NCCs(=) struc-
tures confirm that the O…H-OH-bonds found between NCCs
and the edge OH groups of the K(t) cluster model in our
previous study [19] are only artifacts of the modeling ap-
proach, and they do not exist in real systems. The reason is
that the full optimization of the K(t) model changes orientation
of hydrogen atoms of edge OH groups so that one or two of
these edge OH groups form H-bonds with the adsorbate. The-
se hydrogen atoms have been added only to saturate dangling
bonds of the K(t) model (do not exist in the real system).

3.28 

Fig. 1 Top and side view of the
optimized structure of TNT
adsorbed in a parallel orientation
toward the octahedral kaolinite
surface (K(o)-TNT(=)) obtained
at the BLYP-D2(PBC) level of
theory
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H-bonds between the K(t) mode and adsorbate, in which these
hydrogen atoms participate, are therefore an artifact of the
model (see ref 19 for more explanation).

Figures S1-S6 in the Supporting Information illustrate the
optimized geometries of the kaolinite–NACs systems with
NACs placed in a perpendicular orientation toward the sur-
face (K-NACs(⊥)) as obtained at the BLYP-D2(PBC) level.
In K-NACs(⊥), NACs are oriented toward the surface in
almost perpendicular orientation with only a small leaning
(by less than 5°). The full relaxation of K(o)-NTO(⊥) and
K(t)-NTO(⊥) has led to the same structures as revealed from
the optimization of K(o)-NTO(=) and K(t)-NTO(=) (Figs. 4
and 8). This means that only K-NTO complexes with NTO

tilted toward both kaolinite surfaces at an angle of 50° are
stable. Thus, only this type of the kaolinite-NTO systems
were further analyzed and they are denoted K(o)-NTO(=)
and K(t)-NTO(=) in the text, Tables and Figures. NACs face
the surface by one C3-H and two nitro groups, and NTO by
the nitro, N1-H, and C5=O groups. These groups form three
O-H…O and one C3-H…O H-bonds (K-NACs(⊥)) with the
hydroxyl groups of the octahedral surface or the basal oxy-
gen atoms of the tetrahedral site of kaolinite. Similar binding
was found for NACs interacting in a perpendicular orienta-
tion with (100) surface of alpha-quartz [20]. The amount and
strength of formed H-bonds in all K-NACs(⊥) is smaller
than in K-NACs(=).

3.07

Fig. 2 Top and side view of the
optimized structures of DNT
adsorbed in a parallel orientation
toward the octahedral kaolinite
surface (K(o)-DNT(=)) obtained
at the BLYP-D2(PBC) level of
theory
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Adsorption energies and enthalpies

The adsorption energies (ΔEads) obtained at all levels used
(BLYP-D2(PBC), BLYP-D2(cluster), M06-2X-D3(cluster))
are presented in Table 1. The BSSE values are given in paren-
theses. These values are much higher at the BLYP-D2 level
than at theM06-2X-D3 level. Comparison of the BSSE values
obtained at the M06-2X-D3 level with the values from our
previous study [19] shows that usage of a larger basis set
affects these values more significantly than inclusion of the
D3 term.

The PBC results are regarded as more precise when com-
pared with the cluster data due to the application of the nearly
complete basis set and interactions of NCCs with virtually

infinite surfaces of kaolinite (avoiding artifacts caused by the
periodic structure cutout). Therefore, the BLYP-D2(PBC) re-
sults are used as our benchmark values, and they are further
discussed and compared with the ΔEads values calculated
using the cluster approach.

Comparison of the BLYP-D2(PBC) adsorption energies in
Table 1 shows that they are more than two times larger for
K-NACs(=) (NACs in a parallel orientation toward the sur-
face) than for K-NACs(⊥) (NACs in a perpendicular orienta-
tion toward the surface). This implies higher stability of
K-NACs(=) than K-NACs(⊥). This result is in accordance
with conclusions of previous studies on adsorption of DNT
on both kaolinite surfaces [9] and NB and 1,3,5-TNB on the
siloxane surface of clay minerals [12, 13]. A parallel

3.10

Fig. 3 Top and side view of the
optimized structures of DNAN
adsorbed in a parallel orientation
toward the octahedral kaolinite
surface (K(o)-DNAN(=))
obtained at the BLYP-D2(PBC)
level of theory
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orientation of NCCs was also revealed to be favorable for ad-
sorption of NCCs on the (100) α-quartz [20], and alumina
surface [45, 46]. Energies, enthalpies, entropies, and Gibbs free
energies, and partitioning coefficients will further be analyzed
only for the more stable kaolinite-NCCs complexes (K-NCCs
(=) with a parallel orientation of NCCs toward the surface).

Greater adsorption energies are observed for K(o)-NCCs
than K(t)-NCCs at all levels of theory used, with the energy
difference of about 10 kcal mol−1, similarly as revealed for
DNT [9, 10], benzene (difference of 5 kcal mol−1) [47, 48],
and other aromatic molecules (thymine and uracil with differ-
ence of 7 and 8 kcal mol−1) [49]. A different trend in the
stabilization of NCCs is indicated for the octahedral than for
the tetrahedral kaolinite surface. In the K(o)-NCC complexes,
the ΔEads value is largest for TNT, followed by DNAN, DNT,

and NTO. In the case of K(t)-NCCs, we predict NTO to be the
most strongly adsorbed followed by DNAN, DNT, and TNT.
This is in agreement with the results of adsorption of NCCs on
silica, where silica-NTO was also found to be the most stable
and silica-TNT the least stable complex [20].

All previously published ΔEads for NCCs (DNT, TNB,
triaminotoluene (TAT)) adsorbed on small models of the octa-
hedral (−5 to −19 kcal mol−1 [9, 10, 47, 48, 50]) or siloxane
dickite and kaolinite surface (-2.7 to -12.4 [9, 10, 12, 13, 50]) are
smaller than our BLYP-D2(PBC) values. This can be caused by
the fact that dispersion corrections, which were shown to play a
major role in adsorption of aromatic compounds on metal
oxides [20, 51–55] andminerals [56], were not included in most
of these calculations. Other reasons can be the usage of small
basis sets and very small models of mineral surfaces.

2.88

Fig. 4 Top and side view of the
optimized structures of NTO
adsorbed in a parallel orientation
toward the octahedral kaolinite
surface (K(o)-NTO(=)) obtained
at the BLYP-D2(PBC) level of
theory
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ΔEads obtained using the cluster approach (M06-2X-D3,
and BLYP-D2(cluster)) are mostly higher than the BLYP-D2
(PBC) results. They differ by 0.3–3.4 kcal mol−1 (M06-2X-
D3), and by 1.5–10.8 kcal mol−1 (BLYP-D2(cluster)). M06-
2X ΔEads data [19] are mostly smaller that the BLYP-D2 and
M06-2X-D3 results for K-NCCs. This indicates that long-
term dispersion interactions play a role in adsorption of NCCs

on both kaolinite surfaces, which varies based on the com-
pound and mineral surface used. One can suggest that the
M06-2X-D3 data better mimic data of the PBC model than
the BLYP-D2(cluster) results, especially in the case of K(t)-
NCCs. Due to a proper account of long-range electron corre-
lation in adsorption on the mineral surfaces, M06-2X-D3 was
shown to perform well for a series of compounds [56].

3.13 

Fig. 5 Top and side view of the
optimized structure of TNT
adsorbed in a parallel orientation
toward the tetrahedral kaolinite
surface (K(t)-TNT(=)) obtained at
the BLYP-D2(PBC) level of
theory
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Moreover, several recent benchmarking studies have shown
that functionals such as M06-2X-D3 yield higher-quality pre-
dictions than MP2 across a broad range of properties [57–60].

There are no experimental adsorption energies available for
adsorption of studied NCCs on kaolinite surfaces. Available
experimental adsorption enthalpies are for different environ-
mental contaminants (e.g., polychlorinated biphenyls (PCBs))
interacting with soil from air [64, 65]. They amount from

−16.9 to −26.1 kcal mol−1. In order to better compare our
calculated valueswith available experimental data, the adsorp-
tion enthalpies were calculated for all K-NCCs at all levels
used ((BLYP-D2(PBC), M06-2X-D3, BLYP-D2(cluster)),
and they are presented in Table 2. The BLYP-D2(PBC) ΔEads
values were converted to ΔHads using the zero-point correc-
tion obtained at the M06-2X-D3 level since this level was
shown to mimic the PBC results most closely. The ΔHads

3.10 

Fig. 6 Top and side view of the
optimized structures of DNT
adsorbed in a parallel orientation
toward the tetrahedral kaolinite
surface (K(t)-DNT(=)) obtained at
the BLYP-D2(PBC) level of
theory
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values for K(o)-NCCs obtained at all levels considered agree
well with the experimentally measured interval indicated
above [61, 62].

Only available adsorption enthalpies for compounds relat-
ed to NCCs were measured for 4-methyl-2-nitrophenol, 3-
nitrotoluene, 4-nitrotoluene, 4-chloronitrobenzene, 4-

nitrobenzaldehyde adsorbed on the siloxane surface of Cs+-
kaolinite in aqueous solution [1, 2]. Thus, to compare our
calculated values with these experimental data, ΔHads of
K(t)-NCCs were converted to adsorption enthalpies from
aqueous solution (ΔHsol). The fitting was performed based
on comparison with previously published theoretical data

3.06 

Fig. 7 Top and side view of the
optimized structures of DNAN
adsorbed in a parallel orientation
toward the tetrahedral kaolinite
surface (K(t)-DNAN(=)) obtained
at the BLYP-D2(PBC) level of
theory
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regarding adsorption from aqueous solution on soil compo-
nents [19, 25, 26, 63, 64]. For adsorption on metal oxide and
mineral surfaces (including kaolinite) it has been shown that
the presence of the solvent significantly decreases the adsorp-
tion energies [19, 25, 26, 63, 64]. The adsorption energies
from aqueous solution (ΔEsol) for K-NCCs were several
times lower than ΔEads, depending on the level of theory
and basis set used [19]. Further, predicted adsorption strength
for K(t)-NCCs in aqueous solution should be decreased since

the ΔEsol values were shown to be overestimated by about
3 kcal mol−1 [19]. This was due to the formation of O…H-O
H-bonds between NCCs and the edge OH groups of the K(t)
cluster model, which do not exist in real systems. On the other
hand, the presence of a sodium cation was shown to increase
adsorption affinity of kaolinite toward various compounds
[63, 65, 66]. Specifically, this difference amounts to 7–12 kcal
mol−1 for NACs adsorbed on both kaolinite surfaces calculat-
ed at the M05-2X level of theory [63]. Taking into account the

2.90

Fig. 8 Top and side view of the
optimized structures of NTO
adsorbed in a parallel orientation
toward the tetrahedral kaolinite
surface (K(t)-NTO(=)) obtained at
the BLYP-D2(PBC) level of
theory
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above mentioned facts, we fitted the BLYP-D2(PBC) ΔHads
values of K(t)-NCCs(=) for adsorption on Na-kaolinite from
aqueous solution. This was performed by using differences in
ΔEads and ΔEsol for K(t)-NCCs(=) from our previous study
[19], and differences between the kaolinite adsorption systems
with and without a sodium cation. These fitted adsorption
enthalpies are denoted ΔHsol, and they are presented in
Table 2. As one can see, ΔHsol (−8.4 to −11.6 kcal mol−1)
are very close to the experimental range for NACs adsorbed

on Cs+-kaolinite (−9.6±1.2 kcal mol−1) [1, 2]. A small differ-
ence can be explained by differences in the cation and exper-
imental conditions since the adsorption strength of NACs on
kaolinite was shown to significantly depend on the type of
kaolinite, cation, and pH [2].

Adsorption entropies and Gibbs free energies

The adsorption entropy term (ΔSads), and its contribution to
the Gibbs free energies of adsorption for kaolinite-NCCs was
also analyzed. Table 3 presents TΔSads values calculated at
298.15 K temperature using the M06-2X-D3 and BLYP-D2
(cluster) levels of theory for all kaolinite-NCCs systems. They
are comparedwith the TΔSads values obtained in our previous
study at the M06-2X level [19]. The TΔSads values for all

Table 1 Adsorption energies (ΔEads) and BSSE values (in parentheses) [kcal mol−1] and vertical distances [Å] for nitrogen containing compounds
(NCCs) interacting with the octahedral (K(o)) and tetrahedral (K(t)) surface of kaolinite in the gas phase

Method model/
system

BLYP-D2
PBC

M06-2X/6-31G(d,p)a

cluster
M06-2X/6-31+G(d,p)a

cluster
BLYP-D2
Cluster

M06-2X-D3/6-31+G(d,p)
cluster

Distance

K(o)-TNT(=) −27.4 −26.5 (10.5) −27.5 (8.0) −30.7 (13.2) −31.4 (8.0) 3.28

K(o)-DNAN(=) −25.1 −22.9 (10.8) −24.9 (7.4) −28.2 (13.3) −28.5 (7.3) 3.10

K(o)-DNT(=) −24.3 −21.7 (8.9) −23.6 (6.5) −26.6 (10.9) −26.8 (6.4) 3.07

K(o)-NTO(=) −21.5 −26.0 (9.1) −25.9 (6.2) −27.7 (11.2) −19.6 (6.2) 2.88

K(t)-TNT(=) −13.9 −15.7 (10.9) −15.7 (8.8) −19.0 (11.9) −10.6 (8.8) 3.13

K(t)-DNAN(=) −13.7 −19.0 (10.7) −19.1 (7.9) −24.5 (12.1) −14.0 (7.8) 3.06

K(t)-DNT(=) −14.0 −16.6 (9.8) −16.9 (7.2) −21.3 (11.1) −11.7 (7.1) 3.10

K(t)-NTO(=) −12.2 −8.5 (8.2) −10.9 (6.2) −13.7 (9.0) −13.8 (6.2) 2.90

K(o)-TNT(⊥) −13.9 – – – – –

K(o)-DNAN(⊥) −11.7 – – – – –

K(o)-DNT(⊥) −14.3 – – – – –

K(o)-NTO(⊥) −20.6 – – – – –

K(t)-TNT(⊥) −3.6 – – – – –

K(t)-DNAN(⊥) −5.5 – – – – –

K(t)-DNT(⊥) −5.1 – – – – –

K(t)-NTO(⊥) −10.5 – – – – –

a ref [19]

Table 2 Adsorption enthalpies [kcal mol−1] for nitrogen containing
compounds (NCCs) interacting with the octahedral (K(o)) and tetrahedral
(K(t)) surface of kaolinite in the gas phase (ΔHads) and aqueous solution
(ΔHsol)

Method model/
system

BLYP-D2a PBC BLYP-D2
cluster

M06-2X-D3
cluster

ΔHads ΔHsolb ΔHads ΔHads

K(o)-TNT(=) −25.0 – −30.7 −29.4
K(o)-DNAN(=) −23.6 – −27.3 −26.6
K(o)-DNT(=) −23.0 – −26.6 −25.3
K(o)-NTO(=) −18.9 – −26.9 −18.0
K(t)-TNT(=) −12.5 −11.6 −19.7 −10.0
K(t)-DNAN(=) −12.7 −9.2 −25.1 −13.0
K(t)-DNT(=) −12.8 −9.5 −21.9 −11.1
K(t)-NTO(=) −9.9 −8.4 −13.5 −12.2

a ΔHads calculated using BLYP-D2(PBC)ΔEads and M06-2X-D3 zero
point correction
bΔHsol calculated from ΔHads by fitting the adsorption on kaolinite
from aqueous solution in the presence of a sodium cation

Table 3 Adsorption entropies (TΔSads) [kcal mol−1] for nitrogen con-
taining compounds (NCCs) interacting with the octahedral (K(o)) and
tetrahedral (K(t)) surface of kaolinite

Method model/system BLYP-D2 cluster M06-2X-D3 cluster

K(o)-TNT(=) −20.2 −18.0
K(o)-DNAN(=) −17.5 −16.5
K(o)-DNT(=) −18.8 −16.7
K(o)-NTO(=) −18.8 −13.8
K(t)-TNT(=) −19.2 −16.1
K(t)-DNAN(=) −20.2 −16.1
K(t)-DNT(=) −19.7 −14.2
K(t)-NTO(=) −15.4 −14.5
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kaolinite-NCCs demonstrate similar trends for both DFT
functionals applied. They are in a range −13–−20 kcal
mol−1 for both, K(o)-NCCs(=) and K(t)-NCCs(=) systems.
The experimental adsorption entropy term for NACs on Cs+-
kaolinite was measured to be −7.2 kcal mol−1 at room temper-
ature [2]. Since there is only a limited number of experimental
adsorption entropies available, against which our calculated
TΔSads values of kaolinite-NCCs can be validated, we have
used the experimental adsorption entropies for various NACs
interacting with zeolites and other compounds (such as stearic
acid) adsorbed on kaolinite [67–73]. They are presented in
Table S1 in the Supporting information. The TΔSads values
for kaolinite-NCCs are more than two times greater when
compared with experimental data. In our previous studies of
adsorption of NCCs, benzene, and PAHs on the carbon sur-
faces [26, 27], the main reason for such a difference was
assigned to intermolecular low-frequency modes [74–76].
Thus, we have analyzed low harmonic vibrational frequencies
(below 200 cm-1) for all kaolinite-NCCs(=) systems obtained
using both DFT functionals. They are collected in Table S2 in
the Supporting information. As one can see, all kaolinite-
NCCs(=) systems are characterized by a large amount of
low-frequency modes, which also include internal rotations
[77]. This can be explained by the fact that during the adsorp-
tion process the conversion of translational and rotational de-
grees of freedom of the adsorbate molecule into low-
frequency vibrations occurs [78]. In order to analyze the ad-
sorption entropy of kaolinite-NCCs(=) more comprehensive-
ly, contributions of all three individual entropy terms (vibra-
tional (TΔSvib), rotational TΔS(rot), and translational
(TΔStrans)) were evaluated. These entropy terms are present-
ed in Table S3 in the Supporting information. Only TΔSvib
values are positive, while both TΔSrot and TΔStrans are neg-
ative, and they are several times larger than TΔSvib. They
provide the major contribution to the total TΔStot term, and
are mainly responsible for its large negative value. This value
is overestimated for all studied kaolinite-NCCs(=) analogous
as found for NCCs adsorbed on carbonaceous materials [26].
Thus, we suggest that calculations of the adsorption entropies
using the harmonic oscillator approach lead to an overestima-
tion of the rotational entropy term due to an improper treat-
ment of internal rotations as suggested in several other studies
of vibrational frequencies [77, 79, 80] and adsorption of small
molecules on metal-organic frameworks [78]. To obtain more
accurate Gibbs free energies of adsorption on soil compo-
nents, the calculated TΔSads entropy term was divided by a
factor of two to correct the entropy effect, as recommended in
[26]. Gibbs free energies of adsorption (ΔGads) for all studied
kaolinite-NCCs systems calculated in the gas phase at room
temperature, and corrected according to this approach, are
presented in Table 4.

In this section we analyze ΔGads for kaolinite-NCCs(=)
systems obtained at all levels of theory (BLYP-D2(PBC),

M06-2X-D3, BLYP-D2(cluster)). The BLYP-D2(PBC)
ΔGads values were calculated using BLYP-D2(PBC) ΔEads,
and the M06-2X-D3 zero-point correction and half TΔSads
values, since the M06-2X-D3 level was shown to best mimic
the PBC results. ΔGads are given in Table 4. Based on the
explanation in section BAdsorption energies and enthalpies^,
we regard the results obtained at the BLYP-D2(PBC) level,
including the ΔGads values, as the most accurate, and they
will be used to make the final conclusions.

The ΔGads values are negative for all studied kaolinite-
NCCs(=). This shows that all of the studied NCCs are suffi-
ciently stabilized on both surfaces of kaolinite to make adsorp-
tion thermodynamically feasible from the gas phase. ΔGads
are much more negative for K(o)-NCCs(=) than for K(t)-
NCCs(=). This corresponds with the strength of intermolecu-
lar binding as discussed in section BGeometry of adsorption
complexes^, which is much larger for the octahedral than
tetrahedral kaolinite-NCCs complexes. The largest ΔGads value
was obtained for K(o)-TNT(=) (−16.0 kcal mol−1).

In order to compare calculated Gibbs free energies of K(t)-
NCCs(=) with available experimental data measured in water,
the ΔGads values were fitted for adsorption from aqueous
solution in the presence of a sodium cation using ΔHsol pre-
dicted in section BAdsorption energies and enthalpies^ and
half TΔSads values (obtained at M06-2X-D3). Usage of the
gas phase TΔSads values is justifiable since it was previously
shown that TΔSads calculated in the gas phase and aqueous
solution for adsorption on kaolinite differ only by ∼1 kcal
mol−1 [63]. Gibbs free energies of adsorption of K(t)-NCCs
(=), calculated using this approach, are presented in Table 4,
and they are denoted ΔGsol. We predict the BLYP-D2(PBC)

Table 4 Gibbs free energies of adsorption [kcal mol−1] for nitrogen
containing compounds (NCCs) interacting with the octahedral (K(o))
and tetrahedral (K(t)) surface of kaolinite in the gas phase (ΔGads) and
aqueous solution (ΔGsol)

Method model/
system

BLYP-D2 PBC BLYP-D2
cluster

M06-2X-D3
cluster

ΔGadsa ΔGsolb ΔGads ΔGads

K(o)-TNT(=) −16.0 – −20.5 −20.4
K(o)-DNAN(=) −15.3 – −18.6 −18.4
K(o)-DNT(=) −14.6 – −17.2 −16.9
K(o)-NTO(=) −12.0 – −18.9 −11.1
K(t)-TNT(=) −4.4 −3.5 −10.1 −1.9
K(t)-DNAN(=) −4.7 −1.2 −15.0 −5.0
K(t)-DNT(=) −5.7 −2.4 −12.1 −4.0
K(t)-NTO(=) −2.6 −1.1 −5.8 −5.0

aΔGads calculated using BLYP-D2(PBC) ΔEads and M06-2X-D3 zero
point correction and half M06-2X-D3 TΔSads values
b ΔGsol calculated using ΔHsol and half value of TΔSads to fit the
adsorption on kaolinite from aqueous solution in the presence of a sodium
cation
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ΔGsol values for NCCs adsorbed on the siloxane site of Na+-
kaolinite from aqueous solution to be in a range from −1.1 to
−3.5 kcal mol−1. Taking into account the error due to the
substitution of TΔSsol by TΔSads (±1 kcal mol−1) [63],
ΔGsol still remain negative for all K(t)-NCCs(=). This im-
plies the effectiveness of adsorption of all calculated NCCs
on Na+-kaolinite from aqueous solution at 298.15 K. Experi-
mental results of adsorption of NACs on kaolinite from water
in the presence of cations vary in a range from 1.9 to −4.4 kcal
mol−1 [2–4, 84–87]. Our calculated data fall into this interval.
The explanation of small differences between these experi-
mental and theoretical results is placed in the next section.

Partition coefficients

Partition coefficients (Kd) for all kaolinite-NCCs systems
were calculated using the Gibbs free energies as follows:

Kd ¼ exp �ΔG

RT

� �
ð1Þ

where ΔG are ΔGads and ΔGsol (presented in Table 4)
obtained at all levels of theory (BLYP-D2(PBC), M06-2X-
D3, BLYP-D2(cluster)), R is the universal gas constant, and
T is temperature. The Kd values calculated using ΔGads or
ΔGsol describe distribution of NCCs between kaolinite and
air or between kaolinite and water, respectively. They were
recalculated to log Kd (obtained using ΔGads), and log Kd’
(obtained using ΔGsol fitted for adsorption on Na+-kaolinite
from water). They are presented in Table 5. The calculated log
Kd values are positive for all studied kaolinite-NCCs systems.

They vary from 8.1 to 15.0 for K(o)-NCCs(=), and from 1.9 to
11.0 for K(t)-NCCs(=). Experimental log Kd for distribution
of various environmental contaminants, including PAHs, be-
tween air and soil are in a range 3.2–12.8 (9.1–12.3 for PAHs)
[62, 81–83]. Our predicted BLYP-D2(PBC) log Kd values,
which we regard as the most accurate, generally belong to this
experimentally measured interval. As expected, calculated log
Kd for TNT, DNT, and DNAN adsorbed on K(o) are slightly
higher than experimental log Kd for PAHs since NACs were
shown to more strongly adsorb to soil components than PAHs
[25, 26].

A few experimental studies were published, in which par-
tition coefficients were measured for distribution of NACs
between water and kaolinite in the presence of cations [2–4,
84–87]. Experimental log Kd’ vary between -1.4 and 3.2
[84–87]. To the best of our knowledge, in only one report
log Kd’ was measured for adsorption of TNT on untreated
kaolinite from aqueous solution (-0.7) [87]. Our calculated
BLYP-D2(PBC) log Kd’ for K(t)-NCCs, which characterize
adsorption on Na+-kaolinite from aqueous solution (see
Table 5), vary from 0.8 to 2.6. These values fall into the ex-
perimentallymeasured range. Small discrepancy of theoretical
and experimental data can be caused by differences in exper-
iments and calculatedmodels such as impurities, small surface
charge differences, and the presence of different cations in
solution. The latter has been shown to have a significant effect
on the Kd values for adsorption of TNT on kaolinite. The log
Kd’ value for TNT adsorbed on Ca2+-saturated kaolinite was
measured to be much lower (-1) than the values observed for
kaolinite saturated with K+ (0.7) and NH4

+ (0.4) [87]. More-
over, our simple model of adsorption of NCCs on the siloxane
surface of Na+-kaolinite in water does not take into account
such factors as solubility, nitroreduction, and competition with
water, which are expected to play an important role in the
adsorption process [18]. Thus, at the kaolinite–water interface,
the influence of the above listed factors can result in smaller
experimental log Kd’ values. Further investigations are needed
to better understand the phenomenon of adsorption from
aqueous solution in the presence of cations with a construction
of the surfacemodels that take into account all of the parameters
described above.

Conclusions

M06-2X and B3LYP DFT functionals with inclusion of D2
and D3 dispersion terms and both, periodic and cluster ap-
proaches were applied to investigate adsorption of nitrogen
containing compounds (NCCs, 2,4,6, trinitrotoluene (TNT),
2,4-dinitrotoluene (DNT), 2,4-dinitroanisole (DNAN), and
3-one-1,2,4-triazol-5-one (NTO)). The M06-2X-D3(cluster)
adsorption energies were shown better mimic the BLYP-D2

Table 5 Partitioning coefficients for distribution of nitrogen containing
compounds (NCCs) between octahedral (K(o)) or tetrahedral (K(t)) sur-
face of kaolinite and air (log Kd) or water (log Kd’)

Method model/
system

BLYP-D2 PBC BLYP-D2
cluster

M06-2X-D3
cluster

Log
Kd

a
Log
Kd’

b
Log Kd

a Log Kd
a

K(o)-TNT(=) 11.7 – 15.0 15.0

K(o)-DNAN(=) 11.2 – 13.6 13.4

K(o)-DNT(=) 10.7 – 12.6 12.4

K(o)-NTO(=) 8.8 – 13.9 8.1

K(t)-TNT(=) 3.2 2.6 7.4 1.4

K(t)-DNAN(=) 3.4 0.9 11.0 3.6

K(t)-DNT(=) 4.2 1.8 8.8 2.9

K(t)-NTO(=) 1.9 0.8 4.2 3.6

a Log Kd calculated from ΔGads
b Log Kd’ calculated from ΔGsol to fit the adsorption on kaolinite from
aqueous solution in the presence of a sodium cation
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(periodic) data than the BLYP-D2(cluster) results. Binding of
studied NCCs was found to be almost two times greater with
the octahedral than with tetrahedral surface of kaolinite. All
studied NCCs were preferably adsorbed in a parallel than
perpendicular orientation on both kaolinite surfaces. TNT
was the most strongly adsorbed on the octahedral surface of
kaolinite, and NTO was the least strongly adsorbed on both
kaolinite surfaces among studied NCCs.

The main focus of this study was prediction of thermody-
namic parameters for adsorption of NCCs on kaolinite from
the gas phase. The results reveal the effectiveness of adsorp-
tion for all NCCs on both kaolinite surfaces from the gas phase
at room temperature. Adsorption enthalpies for kaolinite-
NCCs obtained at all levels of theory were shown to be quite
accurate when compared with published experimental data for
various environmental contaminants, including nitroaromatics
on kaolinite. The Gibbs free energies and partition coefficients
were also computationally estimated and validated against
previously published experimental data for NCCs on kaolinite
from aqueous solution. We suggest that all studied NCCs will
form stable surface complexes with Na-kaolinite in aqueous
solution at 298.15 K. The presence and type of cations and
impurities were shown to have a significant effect of the
strength of adsorption and the process of distribution of NCCs
between kaolinite and water.
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