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2,3,7,8-Tetrachloro dibenzo-p-dioxin can be successfully decomposed
over 2:1 dioctahedral smectite—a reactivity index study
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Abstract

2:1 Dioctahedral smectite family has shown its capability to decompose 2,3,7,8-tetrachloro dibenzo-p-dioxin (TeCDD) using the active
hydroxyl hydrogen attached with the central octahedral aluminum, as monitored using density functional theory (DFT). From the values
of the local softness and the charge on the hydrogen atom of the bridging/structural (occurring on the surface) hydroxyl attached to
octahedral/tetrahedral metal site present in smectite used as a first approximation to the local hardness, it is concluded that the local
acidities of the inorganic material systems are dependent on several characteristics which are of importance within the framework of
hard–soft acid–base (HSAB) principle. The first step in this process of decomposition is the abstraction of chlorine bound to TeCDD using
surface hydrogen of smectites. This results in non-chlorinated dibenzo-p-dioxin (NCDD), which is less toxic than TeCDD. The second step
is the formation of a dative bond between oxygen of NCDD and hydroxyl proton of smectite, with the breaking of C–O bond of NCDD.
The reaction mechanism is postulated within the helm of DFT using Fukui functions for all possible chlorinated and non-chlorinated dioxin
varieties along with clay clusters. The material is identified to act for the decomposition of dioxin.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Polychlorinated dibenzo-p-dioxins (PCDD)—highly
toxic materials, have been detected as trace contaminants
in municipal incinerators[1] and industrial heating facili-
ties during combustion[2]. This become a serious global
concern not only due to its acute and chronic toxicity, but
also for their suspected role to act as endocrine disrup-
tors that disturb the balance of hormones and damage the
metabolism, immunity, and reproduction of exposed or-
ganisms[2,3]. Combustion processes, especially those of
Municipal Solid Waste, are an important source of PCDD
[4]. In countries, such as Switzerland[5], The Netherlands
[6], Canada, and Japan[7], PCDDs are produced in munic-
ipal incinerators and industrial heating facilities during the
combustion of chlorine-containing plastics. There have been
many studies on the formation of dioxins under various con-
ditions[8,9]. However, formation mechanisms were not yet
completely understood because many parallel complex re-
action pathways seemed to be involved in the process. One
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postulate, among many, has wide support from experiment,
which is, formation of dioxin from precursors by a conden-
sation reaction of two molecules of chlorophenols and the
cyclization reaction of polychlorinated biphenyls[10,11].
Now, the disposal of PCDDs is still mainly based on high
temperature incineration, which demands modification.
We need a low energy process for dioxin decomposition.
Although an understanding of the elementary processes in-
volving formation of dioxin, their structure and other details
will provide invaluable information, but the experiments
are very hazardous due to the high toxicity of dioxin, hence
molecular orbital calculations can help to rationalize the
understanding.

There are many empirical and ab initio theoretical studies
on PCDD[12–14]. The mechanism of the toxicity attributed
to the PCDDs depends on structurally-related properties
[13]. Fuji et al. [14] have studied the structure and energy
of TCDD using the Gaussian 92 program at two ab ini-
tio molecular orbital levels: RHF/6-31G and RHF/6-31G∗.
These results are comparable with the structural information
obtained from X-ray diffraction studies. There is a recent
study on the formation of PCDDs by ab initio calculations
[15]. They examined twelve possible pathways to locate the
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formation of TeCDD, the most toxic one among available 75
varieties of PCDD. They compared two possible pathways
(1) by direct intermolecular condensation and (2) via direct
radicals. They observed that TeCDD is the only one of the
three PCDD isomers produced when the reactions proceed
by direct condensation of trichloro phenol. On the other
hand, when the reactions proceed through radicals, two path
types seem to compete with each other. At low temperature,
one path prefers to form TeCDD, but the other prefers to
form phenoxy chloro dibenzo dioxin (PeCDD). Now, the
destruction of dioxin by biological, chemical, or thermal
means involves high costs, because it occurs in such low
concentrations in the environment. Because of its high toxic-
ity, there is no lower limit at which dioxin can be considered
safe and would therefore require no remedial action. The de-
sired concentration (i.e. threshold value for estimation) can
be achieved through adsorption of the dioxin from solution
onto a solid[16]. The optimal solid sorbent for dioxin should
have the following properties: low cost, ease of handling,
environmental neutrality, high affinity, high selectivity and
the capability of being integrated into a dioxin-destruction
process. Among many candidates examined experimentally,
clays meet the majority of the above criteria.

Montmorillonite and beidellite is member of the 2:1 dioc-
tahedral smectite family, which shares the common feature
that two octahedral sites sandwich a sheet of octahedrally-
coordinated metal ion. Substitution of a divalent metal
ion for octahedral aluminum in montmorillonite and sub-
stitution of a trivalent metal ion for tetrahedral silicon in
beidellite result in a net negative charge and an interaction
with positive ions (exchangeable cation) to form an inter-
layer hydrated phase. Their activity lies in the layer charge
resulting by either octahedral or by tetrahedral substitution.
In any case, the hydroxyl hydrogen is attached with the oc-
tahedral metal ion through oxygen bridge or the structural
hydroxyl occurring due to the substitution of tetrahedral ion
in the active site of clay for catalytic activity[17].

The hard–soft acid–base (HSAB) principles classify the
interaction between acids and bases in terms of global soft-
ness. Pearson proposed the global HSAB principle[18].
The global hardness was defined as the second derivative
of energy with respect to the number of electrons at con-
stant temperature and external potential, which includes
the nuclear field. The global softness is the inverse of this.
Pearson also suggested a principle of maximum hardness
(PMH) [19], which states that, “for a constant external po-
tential, the system with the maximum global hardness is
most stable”. In more recent days, density functional theory
(DFT) has gained widespread use in quantum chemistry.
Some DFT-based local properties, e.g. Fukui functions and
local softness[20], have already been used for the reliable
predictions in various types of electrophilic and nucle-
ophilic reactions[21–24]. In our recent study[25], we pro-
posed a reactivity index scale for heteroatomic interaction
with zeolite framework. Moreover, Gazquez and Mendez
[26] proposed that when two molecules, A and B of equal

softness interact, it is implicitly assumed that one of the
species is nucleophile and the other is an electrophile. Then,
a novel bond would likely form between an atom A and
an atom B whose Fukui function values are close to each
other.

The aim of the current study is to find a material from
the smectite family for the decomposition of dioxins. Two
types of hydroxyl hydrogen present in the smectite in terms
of tetrahedral and octahedral substitution are monitored. The
location of hydroxyl hydrogen influences the activity of clay.
The local reactivity index calculation is employed to find the
perfect match between the interacting organic toxic pollutant
starting form non-chlorinated (NCDD), mono-chlorinated
(MCDD), di-chlorinated (DCDD), tri-chlorinated (TCDD)
and tetrachlorinated (TeCDD) dioxin structures and smectite
members. Montmorillonite type of clays with Mg2+ sub-
stituted for one of the octahedral Al3+ is compared with
beidellite variety of clay where tetrahedral Si4+ is substi-
tuted with tetrahedral Al3+ to compare the effect of loca-
tion of layer charge on the reaction process. A reactivity in-
dex scale is proposed in terms of activity of clay materials
chosen. Based on that, the decomposition scenario has been
proposed. The decomposition consists of two steps: (1) se-
lective abstraction of chlorine from dioxins and (2) decom-
position of dioxin ring by breaking the C–O bond of the
molecule. The reactions are carried out in presence of the
active hydroxyl hydrogen of clays. The current methodol-
ogy rationally designs a material from the 2:1 dioctahedral
smectite family suitable for decomposition of dioxin in a
cheapest and environment friendly way.

2. Theory

Let us first recall the definition of various quantities em-
ployed. Parr and Yang[20] have demonstrated that most
of the frontier electron theory of chemical reactivity can
re rationalized from the DFT of the electronic structure of
molecules. The Fukui functionf(r) is defined by[20]

f(r) =
[

δµ

dv(r)

]
N =

[
δρ(r)

δN

]
v (1)

The function ‘f’ is thus a local quantity, which has different
values at different points in the species,N is the total number
of electrons,µ the chemical potential, andv is the potential
acting on an electron due to all nuclei present. Sinceρ(r) as
a function ofN has slope discontinuities,Eq. (1) provides
the following three reaction indices[20]:

f−(r) =
[
δρ(r)

δN

]−

v

(governing electrophilic attack),

f+(r) =
[
δρ(r)

δN

]+

v

(governing nucleophilic attack),

f 0(r) = 1
2[f+(r) + f−(r)] (for radial attack)
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In a finite difference approximation, the condensed Fukui
function [27] of an atom, sayx, in a molecule withN elec-
trons are defined as

f+
x = [qx(N + 1) − qx(N)] (for nucleophilic attack),

f−
x = [qx(N) − qx(N − 1)] (for electrophilic attack),

f 0
x = [qx(N + 1) − qx(N − 1)]

2
(for radical attack) (2)

whereqx is the electronic population of atomx in a molecule.
In density functional theory, hardness (η) is defined as[28]

η = 1

2

(
δ2E

δN2

)
v(r) = 1

2

(
δµ

dN

)
v

The global softness,S, is defined as the inverse of the global
hardness,η.

S = 1

2
η =

(
δN

δµ

)
v

The local softnesss(r) can be defined as

s(r) =
(

δρ(r)

δµ

)
v

(3)

Eq. (3)can also be written as

s(r) =
[
δρ(r)

δN

]
v

[
δN

δµ

]
v

= f(r)S (4)

Thus, local softness contains the same information as the
Fukui function f(r) plus additional information about the

Fig. 1. The cluster model of montmorillonite with six tetrahedral silicons at the top and two octahedral aluminum atoms. It is the top view of the cluster.
The aluminum atoms are labeled. The color code is as follows: red (oxygen); yellow (silicon); violet (octahedral aluminum); and black (hydrogen).

total molecular softness, which is related to the global reac-
tivity with respect to a reaction partner, as stated in HSAB
principle. Using the finite difference approximation,S can
be approximated as

S = 1

IE − EA
(5)

whereIE andEA are the first ionization energy and electron
affinity of the molecule, respectively. Atomic softness values
can easily be calculated by usingEq. (4), namely:

s+x = [qx(N + 1) − qx(N)]S,

s−x = [qx(N) − qx(N − 1)]S,

s0
x = S

[qx(N + 1) − qx(N − 1)]

2
(6)

3. Computational methodology and model

In the present study, all calculations have been carried
out with DFT using DMOL code of MSI Inc.[29]. A gra-
dient corrected functional BLYP[30,31] and DNP basis set
[32] were used throughout the calculation. Basis set super-
position error (BSSE) was also calculated for the current
basis set in non-local density approximation (NLDA) using
Boys–Bernardi method[33]. Geometries of the interacting
TeCDD/TCDD/DCDD/MCDD/NCDD along with the indi-
vidual clay cluster models representing different isomor-
phous substitution in the octahedral aluminum/tetrahedral
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silicon of dioctahedral smectites were fully optimized for
calculating the reactivity index. The theory for reactivity
index calculations is mentioned in details elsewhere[25].
Single point calculations of the cation and anion of each
molecule at the optimized geometry of the neutral molecule
were also carried out to evaluate Fukui functions and global
and local softness. The condensed Fukui function and atomic
softness were evaluated usingEqs. (2) and (6), respectively.
The gross atomic charges were evaluated by using the tech-
nique of electrostatic potential (ESP) driven charges.

The ideal formula of the clay montmorillonite, a mem-
ber of 2:1 dioctahedral smectite family, is (Nax

+, nH2O)
(Al4−xMgx) Si8O20 (OH)4 [34]. The Al2Si6O24H18 cluster
was generated from the clay structure as shown inFig. 1.

Fig. 2. The initial configuration of clay cluster having the formula (a)
TSi4O14H10 (representing montmorillonite) and (b) AlSi3AlO16H11 (rep-
resenting beidellite) is shown. The aluminum atoms are labeled. The color
code is as follows: red (oxygen); yellow (silicon); violet (octahedral alu-
minum); and black (hydrogen).

Fig. 1displays the top view of one tetrahedral and one octa-
hedral sheet, showing the hexagonal cavities at the oxygen
surface of the silicon layers. The dangling bonds were satu-
rated with hydrogens, not shown inFig. 1 for visual clarity.
Two localized clusters were generated to represent two types
of 2:1 dioctahedral smectite (a) montmorillonite and (b) bei-
dellite. The clusters are having the formula MgSi4O16H10
and AlSi3AlO16H11, where the adjacent silicon and alu-
minum atoms occurring in the clay lattice are replaced by
hydrogens to preserve the electroneutrality of the model.
The clusters are shown inFig. 2a and b, respectively. The
varieties of dioxin molecule used in this study are shown in
Fig. 3.

4. Results and discussion

The aim of the current communication is to monitor the
decomposition of dioxin over 2:1 dioctahedral smectite. The
two most commonly available varieties of smectite are cho-
sen with different location of layer charge, which is respon-
sible for its activity. The varieties of dioxin with different
amount of chlorine present along with the different location
of chlorine atom were explored to rationalize emphatically
the chlorine abstraction process, the first step of dioxin de-
composition. The activities of the dioxin counterpart were
compared with clay clusters to locate the active site of clay
interacting with the dioxin molecule. The electronic and
structural properties of the dioxin and furan varieties along
with the clay cluster models are first rationalized. The global
softness values of the clay cluster models as well as the in-
teracting molecules are calculated using DFT and are pre-
sented inTable 1. The values of nucleophilic condensed lo-
cal softness (s+x ) and condensed Fukui function (f+

x ) of the
individual atoms of the clay cluster models obtained through
ESP technique at DFT level is shown inTable 2. This is to
compare between magnesium substituted montmorillonite
and aluminum substituted beidellite variety. The values of
electrophilic condensed local softness (s−x ) and condensed
Fukui function(f−

x ) of the major electrophilic centers of the
dioxin molecules obtained through ESP technique at DFT

Table 1
Global softness values (in a.u.) for clay clusters and dioxin molecules

Molecules Global softness (a.u.)

[MgSi4O16H10]− 1.52173
AlSi3AlO16H11 2.22610
TeCDD 4.08804
238-TCDD 4.11557
237-TCDD 4.12066
28-DCDD 4.06369
23-DCDD 4.07273
27-DCDD 4.08535
8-MCDD 3.98444
2-MCDD 3.99440
NCDD 3.80055
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Fig. 3. The initial configurations of dioxin varieties are shown with the order from top: TeCDD, 237-TCDD, 238-TCDD, 23-DCDD, 27-DCDD, 28-DCDD,
8-MCDD, 2MCDD, and NCDD. The hydrogens after chlorine abstraction are not shown for visual clarity. The color code is as follows: green (carbon);
red (oxygen); black (hydrogen); and blue (chlorine).

level is shown inTables 3 and 4, respectively. It is observed
from Table 1, that those global softness values for the clay
cluster models are lower than that of the interacting molec-
ular species. So to test the HSAB principle, it seems to
be important to analyze whether the local softness values,
Fukui functions or reactive indices for the constituent atoms

Table 2
Condensed local softness and Fukui function values (a.u.) for clay clus-
ters representing montmorillonite (with Mg2+ at octahedral position) and
beidellite (with Al3+ at tetrahedral position)

Atoms Substituent cation for tetrahedral Si4+ and
octahedral Al3+

Mg2+ (for octahedral Al3+) Al3+ (for tetrahedral Si4+)

f+
x s+x f+

x s+x

T1 0.150 0.229 0.219 0.487
Si 0.058 0.089 0.090 0.200
O-structural 0.061 0.093 0.234 0.520
O-hydroxyl 0.402 0.612 0.170 0.378
O-hydroxyl 0.458 0.698 0.187 0.416
H-structural 0.016 0.025 0.302 0.672
H-hydroxyl 0.323 0.492 0.168 0.373
H-hydroxyl 0.396 0.603 0.172 0.382

T1: Substituent cation Mg2+(for octahedral Al3+) and Al3+(for tetrahedral
Si4+) for montmorillonite and beidellite, respectively.

of the cluster models and interacting molecular species, will
be more reliable parameter. First, a qualitative trend is pro-
posed in terms of the local reactivity descriptors in the helm
of HSAB between the different clay clusters and the inter-
acting molecules, to rationalize the phenomenon and to trace
a selectivity of clays for the respective organic pollutants in
terms of their active centers. This has been done by com-

Table 3
Condensed local softness and Fukui function values (a.u.) for the main
active centers (chlorine and oxygen) present in different dioxin varieties

Atoms Active centers present in dioxin varieties

Chlorine atom center Oxygen atom center

f−
x s−x f−

x s−x

TeCDD 0.111 0.457 0.051 0.208
238-TCDD 0.205 0.846 0.046 0.192
237-TCDD 0.213 0.881 0.045 0.187
28-DCDD 0.245 1.063 0.046 0.188
23-DCDD 0.253 1.032 0.045 0.185
27-DCDD 0.261 1.004 0.044 0.183
8-MCDD 0.322 1.286 0.046 0.185
2-MCDD 0.293 1.173 0.048 0.191
NCDD 0.045 0.159
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paring the nucleophilicity and electrophilicity of the inter-
acting centers of the interacting molecules to trace the steps
of the reaction of decomposition process. This order is val-
idated by the interaction energy calculations. Now here, in
the clay cluster two different types of hydroxyl has been ob-
served (1) is the structural hydroxyl present during a tetra-
hedral substitution occurred in beidellite variety of clay and
(2) hydroxyl hydrogen attached with octahedral metal cation
present in montmorillonite variety. The orientation of the
optimized interacting molecular conformation is also mon-
itored to justify its inter-molecular interaction with octahe-
dral/tetrahedral metal ion present in the clay framework.

4.1. Activity of clay cluster and interacting dioxin
molecules in terms of reactivity index

In order to choose the best material suitable for decom-
position of dioxin from the 2:1 dioctahedral clay structures
first we need to know the active center present in it. Now,
for montmorillonite, Mg2+ replaces one of the Al3+ ions
present at octahedral site and for beidellite, tetrahedral
Si4+ is replaced by Al3+, to monitor the role of octahe-
dral/tetrahedral substitution on the sorption of those or-
ganic molecules mentioned previously. In each case, the
cluster was totally optimized. The initial configurations of
the representative clusters are shown inFig. 2a and b, re-
spectively. We compared the localized properties in terms
of Fukui function and local softness for the octahedral
magnesium-substituted cluster representing montmorillonite
with tetrahedral aluminum-substituted cluster representing
beidellite. The aim is to compare the activity of structural
and bridging hydroxyl hydrogen present in the clay struc-
ture. The results are shown inTable 2. The results show that
for a situation with tetrahedral Al3+ substitution, the surface
hydroxyl is more active than the bridging hydroxyl attached
to octahedral aluminum. This is because the layer charge of
beidellite is originated from the tetrahedral substitution and
not from octahedral substitution. Now, combining the activ-
ities of these two sets of clay clusters, it was found that the
order of activity in terms of hydroxyl hydrogen montmoril-
lonite is more active than beidellite type of clays, whereas,
the reverse is true for structural hydroxyl group. The global
softness values showed that octahedral Mg2+-containing
cluster has a lower value than that of tetrahedral Al3+ sub-
stituted one. At this point, the results show that the hydroxyl
hydrogens of 2:1 smectite clays may behave as a nucle-
ophilic center. In route to find the suitable decomposer for
dioxin, we need to know the activity of dioxin molecules
as well to find a match in the domain of HSAB principle.

Now, for dioxin molecules, we have chosen all possible
varieties of dioxin in terms of chlorine atom content and
its location. It is observed from the global softness values
that the global softness decreases with decreasing number of
chlorine atoms present. The value is the lowest for NCDD.
The values are not quantitative. But still the numbers raise
a question about the role of the numbers and locations of

chlorine atoms present in dioxin varieties. As these numbers
do not incorporate any insight into the electronic structure
of the molecules, local properties certainly would contain
more information. So we calculated the local atomic softness
(s−x ) values and Fukui function(f−

x ) for the constituent
atoms of all the dioxin varieties using ESP method with
DFT, and these results of the active atoms are shown in
Table 3. Two of the most probable active centers present in
dioxin molecule (1) the chlorine atoms and (2) the oxygen
atoms are monitored. The results show that the local softness
values for the chlorine atom for all the dioxin varieties are
much higher in comparison to the oxygen centers present.
The order of activity of is as follows:

For chlorine as the electrophilic center:

8-MCDD > 2-MCDD > 28-DCDD> 23-DCDD

> 27-DCDD> 237-TCDD> 238-TCDD

> TeTCDD.

For oxygen as the nucleophilic center:

TeTCDD > 238-TCDD> 237-TCDD> 27-DCDD

> 23-DCDD> 28-DCDD> 2-MCDD

> 8-MCDD > NCDD.

NCDD shows the lowest local softness for the oxygen
atom. The oxygen of TeTCDD has the highest local soft-
ness value. This suggests that the number of chlorine atoms
present in the dioxin varieties influences the local softness
values. Hence, the chlorine of MCDD is the most elec-
trophilic, and it follows in an order from TeCDD to MCDD.
So we can propose that chlorine abstraction from dioxin can
be a stepwise process and lead NCDD. The results for oxy-
gen center depict the same story from the other direction. The
oxygen of TeCDD shows the highest value, which is again
dependent on the number of chlorine atoms present and thus
with abstraction of chlorine, the values fall in an order so as
to end with NCDD. Therefore, the lowest value component
will trigger the decomposition process; TeCDD will first in-
teract with its nucleophilic counterpart to start the chlorine
abstraction process, whereas the NCDD oxygen will interact
with its match in search for the C–O bond breaking part-
ner. Now to trace the decomposition mechanism, we need
to find comparable nucleophilic activity from the clay vari-
eties. This will help us to postulate the interaction scenario.
At this point, we may propose that chlorine abstraction can
be the first step of the decomposition reaction.

4.2. Reactivity index scale

The aim of the current study is to find a material from
smectite family suitable for dioxin decomposition through
a process, which will proceed via first chlorine abstraction
followed by C–O bond dissociation. We have used two sets
of clay clusters to monitor the role of different types of
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hydroxyl hydrogen present in the clay cluster. It is observed
that in terms of global softness values dioxin varieties have
higher values in comparison to the clay clusters. NCDD
has the lowest value among dioxin varieties and cluster
representing montmorillonite type clay has the lowest value
in comparison to the other cluster representing beidellite.
The order of global softness for dioxin varieties is as fol-
lows: NCDD < 8-MCDD < 2-MCDD < 28-DCDD <

23-DCDD < 27-DCDD < TeCDD < 237-TCDD <

238-TCDD. The order of global softness of for representa-
tive clay clusters is as follows:

Al3+(substituted at tetrahedral Si4+)

> Mg2+(substituted at octahedral Al3+)

Now, we present the results of the condensed local soft-
ness and Fukui functions of the most nucleophilic atom of
the cluster from ESP techniques inTable 2. The results show
that both in terms of Fukui functions and condensed lo-
cal softness, the hydroxyl hydrogen attached to octahedral
Mg2+ in clay cluster representing montmorillonite type clay
is more active in comparison to hydroxyl hydrogen attached
to octahedral Al3+ in beidellite type clay cluster, whereas
the trend is reversed for structural hydrogen. This can be cor-
related with the location of layer charge. The layer charge
resulted in montmorillonite type clay from octahedral sub-
stitution, and hence the higher softness values for hydroxyl
hydrogen and in case of beidellite type the layer charge are
due to the tetrahedral substitution. At the same time, it is ob-
served from local softness values that for beidellite the hy-
drogen activities are comparable with each other (structural
and hydroxyl), whereas for montmorillonite, the activity of
structural hydroxyl is very low compared to the hydroxyl
hydrogen. In order to monitor the match between the lo-
cal softness of the electrophilic centers of the organic toxic
molecules to that of nucleophilic center of the clay clusters,
we calculated the ratio ofs+x ands−x . This ratio is thus a ratio
of the local softness of most nucleophilic center of clay clus-

Fig. 4. Ratio of local softness values for nucleophilic H of clay clusters both montmorillonite (�) and beidellite ( ) to that of electrophilic Cl of
different dioxin varieties is plotted against each of the interacting organic toxic molecules. The molecules are represented as follows: (1) 8-MCDD, (2)
2-MCDD, (3) 28-DCDD, (4) 23-DCDD, (5) 27-DCDD, (6) 237-TCDD, (7) 238-TCDD, and (8) TeCDD.

ter to the local softness value of most electrophilic center of
the dioxin moiety. This idea has been first proposed by Roy
et al.[35] to predict intramolecular and intermolecular reac-
tivity sequences of carbonyl compounds. We have used this
ratio to find the best dioctahedral smectite for nitrogen het-
erocyclics adsorption[36]. The results are shown inFigs. 4
and 5. It is observed that for the interaction between chlo-
rine center of dioxin molecules and hydroxyl/structural hy-
drogen of clay clusters, for montmorillonite type clays, the
ratio of s+x ands−x is perfect one for TeCDD and gradually
decreases for the rest in the order TeCDD< 238-TCDD<

237-TCDD < 27-DCDD < 23-DCDD < 28-DCDD <

2-MCDD < 8-MCDD. The trend is same but with a higher
value for all of the set of dioxin molecules with the highest
being with TeTCDD. The results are shown inFig. 4. Fig. 5
shows the trend for the interaction between oxygen centers
of dioxin molecules with nucleophilic centers of clay clus-
ters. The ratio ofs−x and s+x are plotted. The results show
an opposite trend, here the values for montmorillonite are
higher compared to beidellite, and for the dioxin set in both
the cases, the TeTCDD has a higher relative nucleophilicity
with NCDD being lowest. The order remains the same as
above with an addition of NCDD at the end: TeTCDD<
238-TCDD < 237T-TCDD < 27-DCDD < 23-DCDD <

28-DCDD< 2-MCDD < 8-MCDD < NCDD. The results
show another point that surface hydroxyl may interact fa-
vorably with chlorine atom of dioxin, and the hydroxyl hy-
drogen will have a favorable interaction with oxygen center.
The trend also shows that an oxygen interaction is less fa-
vorable in comparison to that of a chlorine interaction. This
is due to the fact that the oxygen center is less active than
its chlorine counterpart. Hence, chlorine will first interact
with clay and then with oxygen. In that case, NCDD has a
more feasible chance of interaction with clay. Though the
trend is qualitative, the information generated from the trend
is invaluable. The varieties of 2:1 smectite will help in the
successful abstraction of chlorine in steps through TCDD,
DCDD, MCDD and NCDD. Once NCDD is formed, this
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Fig. 5. Ratio of local softness values for nucleophilic H of clay clusters both montmorillonite (�) and beidellite ( ) to that of electrophilic O of different
dioxin varieties is plotted against each of the interacting organic toxic molecules. The molecules are represented as follows: (1) 8-MCDD, (2) 2-MCDD,
(3) 28-DCDD, (4) 23-DCDD, (5) 27-DCDD, (6) 237-TCDD, (7) 238-TCDD, and (8) TeCDD.

moiety can then interact with nucleophilic center of clay
through its oxygen center for the second step of the decom-
position process. To visualize now the orientation of the in-
teracting molecule and the interaction process, interaction
energy calculations have been performed to locate the bond
dissociation process.

4.3. Dioxin decomposition process

As mentioned before, the dioxin decomposition is a
two-step process with the first step being chlorine abstrac-
tion, followed by decomposition through bond breaking
and formation. A recent paper of Okamoto et al.[15]
on the formation pathways of three PCDD isomers from
2,4,5-trichlorophenol (TCP) showed that chlorine abstrac-
tion from a benzene ring of TCP, through the irradiation of
hydrogen radical, is more favorable than hydrogen abstrac-
tion from the ring both thermodynamically and kinetically.
This gives us a feeling about our approach. We proceeded
through the following game plan as our first target is to
monitor the chlorine abstraction process, the reaction is as
follows:

(a) for montmorillonite : MgSi4O16H10 + chloro dioxins=
MgSi4O16H9 + HCl

(b) for beidellite : AlSi3AlO16H11 + chloro dioxin =
AlSi3AlO16H10 + HCl

Now, from the reactivity index calculations we have ob-
served that the structural hydroxyls are more active in bei-
dellite in comparison to montmorillonite; while the reverse
is true for hydroxyl hydrogen. The results find support in
terms of the hydrogen bond formation between water and
a hydroxyl proton present in montmorillonite as mentioned
in an IR study[37]. Sposito et al.[37] have proposed that
in case of smectites, which have their isomorphous substi-
tution in the tetrahedral sheet, water molecules are involved
in hydrogen bonding with oxygen atoms belonging to the

tetrahedral aluminum which were replaced by tetrahedral
silicon. From the relative nucleophilicity calculation, it is
observed that chlorine abstraction is more feasible process
in beidellite, though montmorillonite has some selectivity.
The only constraint with that of montmorillonite is that the
structural hydrogen has no role in the interaction process
with dioxin. So, if TeCDD has to interact with hydroxyl
hydrogen, it needs to pass through the hexagonal hole of
the clay surface as shown inFig. 1. Though an earlier work
of Fuji et al. [14] has shown that dioxin molecules have
a butterfly-like movement around the central axis along
the central oxygen atoms of the dioxin molecule. Still this
is much less favorable for dioxin molecule to enter the
montmorillonite layer, as surface silanols are present on
clay surface. As we observed that beidellite having higher
surface interaction possibilities with dioxin, which make
this material as a potential candidate for the decomposition
process, we carried out the interaction energy calculations
with beidellite. Each of the dioxin varieties with the chlo-
rine pointed towards surface hydroxyl is optimized with an
initial Cl–H distance being 3.0 Å. Then the bonded atom
was moved closer manually with an initial interval of 0.5 Å,
followed by 0.2 Å distant. Each structure at that distance
was fully relaxed, and thus a potential energy surface was
generated. Chlorine abstraction seems to be a more selec-
tive process; starting from TeCDD it goes in steps to end
up with NCDD. The simulated reaction barriers were in the
range of 7.95–22.78 kcal/mol and the reaction energies were
in the range of 12.06–43.26 kcal/mol. The order obtained
from of energy is same as the order predicted by reactivity
index calculations. The difference of the reaction energy
between TeCDD, DCDD, MCDD and NCDD is almost
∼9.22 kcal/mol. Though the numbers are qualitative, and the
energy difference is few kcal/mol, still the trend is in perfect
match with the reactivity index results, which proves the
utility of reactivity index calculations in designing material.
The initial configuration of TeCDD with bidellite cluster is
shown inFig. 6. This is the first step of the decomposition
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Fig. 6. Initial structure of TeCDD molecule during interaction with alu-
minum substituted beidellite type clay cluster. The color code is red
(oxygen); yellow (silicon); violet (octahedral/tetrahedral aluminum); black
(hydrogen); green (carbon); and blue (chlorine).

process. When the chlorine abstraction is complete, it results
in a non-chloro moiety NCDD. Since the dioxin ring remains
as such, it may be chlorinated again to lead an enhancement
of toxicity. Hence, the decomposition of dioxin ring is the
target. Now among the sixteen bonds present in dioxin it
looks like the C–O bond breaking is more feasible than C–C
bonds because the latter has double bond character due to
its presence in the benzene ring. This idea has also been
supported by the experimental results probing the formation
of dioxin. So there are many debates about the right step but
a general consensus has been reached that the dioxin can
be generated in the incinerator with direct condensation of
its phenoxy radical through TCP[11]. The formation study
proposes that formation of dioxin through halo phenols is
favored kinetically over the other competing mechanism.
Hence, we feel that C–O bond breaking will be the reaction
to monitor. The C–O bond breaking process will be trig-
gered by the interaction of NCDD with hydrogen of the clay
cluster. The initial configuration is shown inFig. 7. This
reaction will be a two-step process. The first step is that the
dioxin oxygen will form a bond with the hydroxyl hydrogen,
which will then break away from the oxygen connecting the
hydrogen. The second step is the C–O bond breaking. Now,
here the addition of a hydrogen radical to the oxygen of

Fig. 7. Initial structure of NCDD molecule during interaction with alu-
minum substituted beidellite type clay cluster in presence of water. The
color code is red (oxygen); yellow (silicon); violet (octahedral/tetrahedral
aluminum); black (hydrogen); green (carbon); and blue (chlorine).

NCDD is unlikely since the oxygen atom does not form a
three coordinated species like C–OH–C in the neutral state.
Thus, a proton should be added to NCDD because a dative
bond then can be formed between the oxygen lone pair of
NCDD and a proton. After this proton attachment, there is
a need of another hydrogen source, which can approach the
proton–NCDD complex to break the C–O bond. Prost[38]
has proposed that in case of beidellite the water molecules
adsorbed in interlamellar spaces are involved in hydrogen
bonding with oxygen atoms belonging to tetrahedral SiO4

−
replaced by AlO4− tetrahedral. Then, the hydrogen of water
molecule will be attracted to the surface hydrogens paving
the formation of H3O+. We did an exhaustive calculation in
our earlier work[17] to show that water may interact with
both a structural and hydroxyl hydrogen depending on its
location. The interlayer cation has no influence whatsoever
in this interaction process. Once the hydronium ion gen-
erated, then it can be an active source of hydrogen radical
in the medium. It has been also shown in our periodic cal-
culation that for a single water molecule that the influence
of sodium is negligible. As in reality, the clay contains the
interlayer cation to balance the layer charge generated by
octahedral/tetrahedral substitution of Al3+/Si4+ by other di-
valent/trivalent metal cation. This hydronium thus generated
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Fig. 8. Potential energy curve to study the feasibility of interaction between hydroxyl proton close to the tetrahedral substitution and the oxygen of
NCDD in terms of the O–H bond formation of TCDD and dissociation of O–H bond in the beidellite clay cluster.

will now proceed to the C–O bond breaking phenomenon.
This process is as well barrierless. The proton treatment and
the C–O bond breaking process are shown inFigs. 8 and 9,
respectively.Fig. 8shows the first formation of a O–H bond
between the oxygen center of NCDD, and the hydroxyl
hydrogen of the clay cluster, as well as, the bond dissocia-
tion of the hydroxyl hydrogen from the oxygen connected
with tetrahedral aluminum of the clay cluster. The result
shows that the formation of NCDDH is a favorable process,
and the stabilization energy is−9.91 kcal/mol, whereas for
the availability of hydroxyl hydrogen linked to tetrahedral
aluminum the stabilization energy is−106.07 kcal/mol, be-
cause the structure stabilizes at a O–H distance of 2 Å. Then,
for further distance increments, there is no change in the
energy value. The formation of O–H bond in NCDD is stabi-
lized at a O–H distance of 1.2 Å and no further change with

Scheme 1. A schematic diagram to show two step mechanisms, only the interacting molecules are shown. First the chlorine abstraction to form NCDD,
then proton attack to NCDD, and finally the bond breaking to form phenol. The color code is red (oxygen); yellow (silicon); violet (octahedral/tetrahedral
aluminum); black (hydrogen); green (carbon); and blue (chlorine).

Fig. 9. Potential energy curve to study the feasibility of interaction between
hydroxyl proton close to the octahedral substitution and the oxygen of
NCDD in terms of the C–O bond breaking of TCDD and formation of
C–H bond in NCDD resulting in phenol formation.
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steady decrease in the said distance. Similarly, the next step
of the reaction is monitored, and the energetics is shown in
Fig. 9. The C–O bond dissociation is stabilized at energy of
−5.4 eV at a C–O distance of 3 Å, where as the C–H new
bond formation is stabilized at an energy –103.77 kcal/mol
at a C–H distance of 1.3 Å. The hydrogen needed for this
bond formation is supplied by H3O+ ion formed by the
interaction of water for a monohydrated clay with surface
silanols. This finally results in the formation of phenol, as
mentioned by the experimentalist[11] that the formation of
dioxin is from the condensation of TCP. So the decomposi-
tion of dioxin by the 2:1 smectite family is feasible. The de-
composition process is barrierless and consists of two main
steps. First, chlorine is abstracted from TeCDD stepwise to
form NCDD. Then NCDD interacts with hydroxyl hydrogen
to form C–OH–C bond in NCDD. Then, C–O bond break-
ing occurs in presence of hydronium ion generated in pres-
ence of water with its interaction with surface hydroxyls of
beidellite. This proposition is shown inScheme 1.

This solves the long hunt for a material to decompose
dioxin. The reactivity indices propose the plausible interac-
tion sites, which help us to design the model and finally the
material for the process. Hence, we can use this methodol-
ogy to design novel materials of interest. The only limitation
of this study is the cluster size for the energetics calculation
and the absence of interlayer cations. The cluster size is a
rational compromise between CPU and accuracy, as stated
and observed in our earlier studies[25], and interlayer
cations cannot influence hydration as observed before[17].
But still, we wish to pursue this little further using ab initio
molecular dynamics to monitor the dynamics of interacting
molecules in presence and absence of interlayer cations.

5. Conclusion

This is the first theoretical study to design a suitable
inorganic material which is economically and environmen-
tally viable for the effective and selective decomposition of
highly hazardous dioxin. The decomposition occurs mainly
through two main steps, first chlorine abstraction and sec-
ond breaking of C–O bond of dioxin. This study compares
two common varieties of 2:1 dioctahedral smectite to ratio-
nalize an understanding in terms of the activity of hydroxyl
hydrogen connected with the octahedral/tetrahedral moiety
of the framework which, determines the layer charge of the
clay moiety, and hence its catalytic property. The presence
of two types of hydroxyl groups is identified in dioctahedral
clays, and their role in their respective activity is also ratio-
nalized. Finally, beidellite type clays have been chosen due
to their immense surface potentiality, which is important in
the decomposition process, along with the fact that genera-
tion of hydronium ions is feasible in beidellite due to tetra-
hedral substitution on the surface. This further helps in the
C–O bond dissociation process. The comparison is based
on reactivity indices, which locates the nucleophilic site

of the clay clusters. We then compared these indices with
the electrophilicity of dioxin varieties starting from NCDD
to TeCDD. The relative nucleophilicity clearly indicated
the superiority of beidellite-type of clays. We designed the
complexes and performed energy calculation to validate the
proposition and also to propose a plausible decomposition
mechanism of dioxin. The results showed that the reactivity
indices can help to design a new material in terms of their
electronic structure. The current methodology can qualita-
tively locate the active center in a material and the interact-
ing species, which can then be correlated to find a plausible
mechanism for a typical reaction. Materials like dioxin are
so toxic that experiments are really difficult. The concentra-
tion of dioxin in atmosphere is very low to estimate which
needs a solid sorbent for concentration and further decompo-
sition as after chlorine abstraction dioxins can be recharged
if come into contact with the environment. Our current work
involves a wide array of organic toxic pollutants whose
pre-concentration with clays will be the cheapest solution of
the problem, because the natural occurrence of clay in earth
is still plenty. The optimized geometry vividly shows that
prediction of pseudo-bond formation between nucleophilic
and electrophilic moieties is possible within the helm of
HSAB principle. The optimistic results pave the way for
expanding the methodology for other systems as well.
Simultaneously, the theoretical observation demands exper-
imentation for the materials potential usage, which is under
way.
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