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a b s t r a c t

Quantum-chemical calculations were performed using the DFT method and a qualitative parametric quan-
tum method (PQM) named CATIVIC, in order to model the whole EFAL formation process. Two clusters
(AlSi3O12H9 and AlSi63O152H49) were employed to model zeolite ZSM-5. Formation of intermediate Al
species was reported with four to zero bond coordinations to the zeolite framework. The EFAL formation
process was analyzed by the evaluation of bond distances, diatomic bond energies changes (�DBE) and
eywords:
eolite
FAL
ATIVIC

Wiberg’s indexes (WI) of Al–O bonds. Penta- and hexacoordinated intermediates were produced and free
Al(OH)3 and Al(OH)3(H2O)2 EFAL species were formed from the small and big clusters, respectively. Com-
parisons with the DFT method permit establishing that CATIVIC or a well-parameterized PQM method
can be used to understand zeolite changes under hydrothermal treatment.
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. Introduction

Zeolites can be used in many catalytic applications due to their
tability and activity combined with a high selectivity. They have
wide range of industrial applications in the refining, petrochem-

cal, molecular sieves, sorbents, green chemistry, animal feeding,
nd detergent industries [1–3]. The reactivity of zeolites depends
n their Brønsted acidic properties as well as Lewis acidity. The
eutralization of the net negative charge on the framework alu-
inum (FAL) atoms by protons leads to Brønsted acid sites and

he corresponding catalytic activity. The Lewis acidity is believed
o be generated by extraframework aluminum (EFAL) [4], formed
y dealumination of FAL, in a non-tetrahedral environment as well.
n general, dealumination is achieved via steaming or acid leach-
ng with different thermal treatments. In other words, framework
ydrolysis of Si–O–Al linkages can lead to aluminum losses from
he framework that enhances the catalyst activity [5].

EFAL particles in zeolites have been characterized by using vari-
us experimental techniques. The local environment of Al has been
haracterized by 27Al magic angle spinning (MAS)-NMR, the loca-

ions of their peaks in X-ray absorption spectra (XAS), and the
resence of hydroxyl bands in IR spectra [6–14].

Bourgeat-Lami et al. [6], using Al MAS NMR spectroscopy in
eolite-beta, concluded that the aluminum state depends on the

∗ Corresponding author. Tel.: +58 212 5041442; fax: +58 212 5041350.
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ation nature that compensates lattice negative charges. Aluminum
toms with non-tetrahedral coordination symmetry (e.g., octahe-
ral) remains connected to the framework and may be reverted to
heir tetrahedral coordination sphere by ion exchange with cations
ike Na+, K+, and by adsorption of ammonia (i.e., AlVI → AlIV transfor-

ation). They also observed that proton introduction in the lattice
isturbs FAL atoms coordination. In addition, the strained T–O–T
ridge bonds (T = Si and Al) can be broken forming TO4−n(OH)n sites
n = 1, 2, and 3) in the presence of water [6].

Remy et al. [10], using MAS NMR and XPS spectroscopy, studied
series of dealuminated H–Y Zeolites. 27Al MAS NMR spectroscopy

hows the presence of three types of Al in dealuminated samples:
ramework tetrahedral, non-framework octahedral, and a third
ype of Al that may be localized into the zeolite framework. XPS data
ndicate that three types of acid sites are formed upon ammonia
dsorption on dealuminated zeolites.

A change in the aluminum coordination is observed by Omegna
t al. [11] in H–Y zeolite and amorphous silica, not only after
reatment with a base but also after thermal treatment. Under
et conditions aluminum atoms are susceptible to hydrolysis of
l–O bonds and become octahedral after coordination of water
olecules. A simple thermal treatment is enough to remove the
ater coordinated to these aluminum atoms, returning them to a
etrahedral coordination.
Von Bokhoven et al. [12] used 27Al MAS and MQ (multiple quan-

um) MAS NMR in order to determine the aluminum coordination
n zeolite-beta as a function of the heat treatment used. They found
hat in the presence of water a framework tetrahedral aluminum

http://www.sciencedirect.com/science/journal/13811169
mailto:fruette@ivic.ve
dx.doi.org/10.1016/j.molcata.2008.08.003
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ite eventually creates an octahedral aluminum in the acidic zeolite.
ctahedral Al(VI) completely is reversed into a framework tetra-
edral coordination after ammonia treatment at 100 ◦C. A severe
teaming causes a complete hydrolysis of tetrahedral FALs and at
east two distorted octahedral FAL are formed. These Al species,
nder certain conditions, lose bonds with the framework oxygen
nd may become mobile in the zeolite pores and migrate to the
rystallites surface.

Bugaev et al. [13], using X-ray absorption near-edge structure
XANES) spectroscopy, described the local structure of tetrahedrally
oordinated aluminum with three short Al–O bonds (1.71 ´̊A) and
ne long Al–OH bond (1.91 ´̊A) in the dehydrated H-mordenite. How-
ver, they also reported Al–O distances of about 2.15 ´̊A that are
ssigned to distorted octahedrally coordinated Al.

Kunkeler et al. [14] proposed an active site formation mecha-
ism for the MPV (Meerwein–Ponndorf–Verley) ketone reduction

n zeolite-beta. They concluded that water facilitates the Al–O bond
reaking in the Si–OH–Al zone by forming a silanol group (SiOH)
nd by a water O atom coordination to the Al atom.

Recent studies show that HZSM-5 zeolite can also undergo dea-
umination. Bao et al. [15], using XRD, XRF and 27Al MAS NMR
pectroscopy, reported formation of EFAL species after steaming.
n the other hand, Costa Vayá et al. [16] also proposed the EFAL for-
ation in HZSM-5 after washing with water, drying and calcination

t 400 ◦C.
Several theoretical calculations have been utilized to describe

he structure and catalytic properties of zeolites by using EFAL mod-
ls. A combined solid-state NMR and theoretical calculations (DFT)
ere carried out by Li et al. in dealuminated HY zeolite supercage
odel [17]. They showed that there exists a Brønsted/Lewis acid

ynergy mechanism with Al(OH)3 and Al(OH)2+ species. Alterna-
ively, Benco et al. [18] performed ab initio molecular dynamics
imulation to study the dynamical behavior of EFAL particles
l(OH)3(H2O) and Al(OH)3(H2O)3 located in the main channel and
age of gmelinite. They found multiple proton exchange between
he zeolite framework and the EFAL particle in a highly acidic zeo-
ite leading to charge separation (EFAL2+ plus zeolite2−). Ruiz and
ollaborators [19] also used ab initio quantum mechanical methods
o examine the transformation for tetrahedral to octahedral coordi-
ation, in aluminum complexes [Al(OH)x(H2O)n−x]3−x (n = 4, 5, and
). They concluded that transformations involving aluminum coor-
ination number changes do not require large energies and that,
or a neutral complex, the stable coordination numbers were 4 and
.

Bhering et al. [20] carried out DFT calculations for ultrastable
(USY) zeolite concerning the structure of some selected EFAL

pecies (Al3+, Al(OH)2+, AlO+, Al(OH)2
+, AlO(OH), and Al(OH)3. They

ound that AlO+ and Al(OH)2
+ prefer a bicoordination to oxygen

toms near the four-membered ring containing two framework
luminum atoms. Another works using the same EFAL model
Al(OH)2

+) and USY zeolite were performed by Mota et al. [21]
sing Si4Al2O10H10 cluster and the onion approach employing a 102
tom cluster [22]. They concluded that the role of EFAL is to stabi-
ize the conjugated base formed upon deprotonation by hydrogen
onding and nucleophilic interaction with the framework oxygen
toms. They discard the Brønsted/Lewis synergism and their results
xplain experimental results obtained by Biaglow et al. [23] for
aujasites.

On the other hand, Lukinskas and Fărcaşiu [24] studied
luminum and dialuminum oxide clusters as models of extraframe-

ork aluminum species in the dissociation of H2. They found that

he existence of unsaturated Al clusters might be the explanation
f EFAL effect in steamed zeolites.

It is experimentally known that the zeolite catalytic activity is
rimarily determined by their structure and the presence of EFAL

f
f
A
m
2

ysis A: Chemical 294 (2008) 93–101

pecies. However, the role and the way EFAL species are formed
emain poorly understood. The catalytic activity enhancement has
een associated with the presence of EFAL species. For this rea-
on the dealumination process is fundamental in understanding
he transformations that lead to stable, active, and selective zeolite
atalysts. In this work a theoretical modeling of EFAL formation is
arried out by studying water molecules interactions on the vicin-
ty of an Al site of ZSM-5 zeolite. Different levels of theory were
onsidered for studying the EFAL formation process with DFT and
he CATIVIC methods.

This paper is organized as follows. In Section 2, a brief descrip-
ion of the methodology and cluster models employed here are
resented. In Section 3, EFAL formation results are discussed based
n bond distances, bond strengths and Al–O diatomic binding
nergy changes in each step after a water molecule interaction with
he Al site. This analysis was performed for both small and big zeo-
ite cluster models considering a graphical schematic explanation
f each step and bond property values for intermediate species. In
ddition, a description of the resulting intermediates was carried
ut in some detail. Finally, a summary of the most important fea-
ures and comments coming out from this work are presented in
ection 4.

. Methodology

All calculations were carried out by the quantum parametric
ethod named CATIVIC [25] and some of them with Gaussian pro-

ram [26] using the B3LYP functional with a 6-31+G(d,p) basis set.
he former method is based on simulation techniques to mimic the
otal energy functional using parametric elementary functionals
27–29].

Atomic parameters for H, O, and Si were taken from Ref. [30];
hose for Al were selected from Ref. [31]. Molecular parameters for
–H, O–O, and H–H bonds were obtained from Ref. [30] and other
olecular parameters, Al–O, Al–H, Al–Si, Si–O, Si–Si, and Si–H, were

btained from previous works [31].
Bond strengths were evaluated using diatomic bond energies

DBE) and Wiberg’s indexes (WI) [32] for aluminum ligands. The
ormer tool allows the evaluation of the bond formation and bond
reaking in kcal/mol for all interacting atoms. This technique is
ased on energy partition applied to the parametric method with
he condition that the total bond energy is equal to the sum of DBEs
33]. Because CATIVIC is a qualitative method from the energetic
oint of view, the local changes (DBE changes for all Al–O bonds)
an give a qualitative idea of the energy changes through the whole
FAL process.

The starting geometry of the substrate to build these clusters
as obtained from a web site database [34]. Two different model

izes were considered: AlSi3O12H9 and AlSi63O152H49, as drawn in
ig. 1. The selection of a four-membered ring framework model for
tudying H2O–Al interaction and EFAL formation is supported by
unkeler et al. [14]. Other theoretical modeling works also select

ourfold ring as model for adsorption of EFAL species [17,20–22].
hey affirm that most probably rings to undergo transformation are
hose that are under strain. In both model clusters, hydrogen atoms
ere used to tie off the peripheral O atoms and to saturate them.

hese hydrogen atoms were optimized with the other atoms fixed,
nd then they were kept unchanged when the rest is optimized.
alculations were carried with full geometry optimization except
or the terminal H atoms. In order to maintain the neutral zeolite
ramework, a charge-balance proton attached to a bridging oxygen
l–O–Si is included in each model. All calculations start with a H2O
olecule within the region around the Al atom between 1.8 and

.3 Å. The assortment of the particular region for H2O interaction
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Fig. 2. Geometries of hexacoordinated (Al(OH)3(H2O)3) and tetracoordinated
(Al(OH)3H2O) aluminum species.

Table 1
Bond distances (Å) of Al(OH)3H2O and Al(OH)3(H2O)3 complexes from VASP* and
CATIVIC methods (see Fig. 2)

Bond Al(OH)3H2O Bond Al(OH)3(H2O)3

CATIVIC VASP CATIVIC VASP

Al–O(1) 2.01 2.00 Al–O(1) 2.11 2.049
Al–O(2) 1.74 1.726 Al–O(2) 2.12 2.136
Al–O(3) 1.74 1.725 Al–O(3) 1.76 1.782
Al–O(4) 1.74 1.724 Al–O(4) 1.76 1.747
O(1)–H(5) 0.95 0.977 O(1)–H(5) 0.95 0.979
O(1)–H(6) 0.95 0.976 O(1)–H(6) 0.95 0.981
O(2)–H(7) 0.93 0.965 O(2)–H(7) 0.93 0.974
O(3)–H(8) 0.93 0.965 O(3)–H(8) 0.93 0.966
O(4)–H(9) 0.93 0.965 O(4)–H(9) 0.93 0.962

O(10)–H(11) 0.95 0.993
O(10)–H(12) 0.95 0.974
O(6)–H(14) 0.95 0.970
O(6)–H(15) 0.95 0.970

l
[
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3
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Fig. 1. Zeolite models for dealumination: (a) AlSi3O12H9 and (b) AlSi63O152H49.
n each step was selected according to the accessibility of the H2O
olecule.
In order to evaluate the precision of the CATIVIC method hexa-

oordinated (Al(OH)3(H2O)3) and tetracoordinated (Al(OH)3H2O)
luminum species, as models of EFAL (see Fig. 2), were calcu-

s
b
c
O

able 2
omparison in bond distance and time for CATIVIC with respect to DFT using the AlSi3O12

ond Bond distances (Å)

AlSi3O13H11
a AlSi3O14H13

a

CATIVIC DFT CATIVIC DFT

l–O(3) 1.84 1.76 1.87 1.77
l–O(5) 1.82 1.73 1.84 1.75
l–O(11) 2.08 1.98 2.25 2.17
l–O(24) 1.84 1.73 1.85 1.76
l–O(27) – – 2.34 2.17
l–O(31) – – – –
l–O(32) – – – –
ime (min) 1.93 11,940 1.78 14,58

a Cluster.
O(6)–H(11) 3.42 1.934
Al–O(10) 2.12 2.136

* Values are given in Ref. [18].

ated and compared with the geometries obtained by Benco et al.
18] using a VASP simulation package [35]. Results presented in
able 1 indicate that there is a reasonable good correlation between
ATIVIC and the VASP method.

. Results and discussion

.1. AlSi3O12H9 model
In order to examine the CATIVIC performance, dealumination
tep calculations were also carried out for AlSi3O12H9 (see Fig. 1a)
y the DFT-B3LYP/6-31-G(p,d) method of Gaussian 98 [26]. Model
luster atom labels employed here are shown in Fig. 1a. Note that
(3), O(5), O(11), and O(24) are framework oxygen atoms in small

H9 cluster (see Fig. 1a).

AlSi3O14H13
a AlSi3O15H15

a

CATIVIC DFT CATIVIC DFT

1.90 1.79 4.32 3.43
1.87 1.80 1.85 1.77
4.73 3.41 4.75 3.37
1.89 1.79 1.85 1.76
2.17 2.05 2.27 2.02
2.11 2.11 2.23 2.06
– – 1.84 1.84

0 2.50 24,840 5.37 40,980
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Table 3
Bond properties of intermediates using CATIVIC method. Bond distances (BD) and Wiberg’s bond indexes (WI) (values in parentheses) in the formation of aluminum
extraframework from AlSi3O12H9 cluster (*)

Bond Bond distances (Å) and (bond orders)

(a) 1H2O (b) 2H2O (c) 3H2O (d) 4H2O (e) 5H2O (f) 6H2O (g)
AlSi3O12H9 AlSi3O13H11 AlSi3O14H13 AlSi3O15H15 AlSi3O16H17 AlSi3O17H19 AlSi3O18H21

Al–O(3) 1.84 (0.72) 1.87 (0.68) 1.90 (0.64) 4.32 (0.00) 4.41 (0.00) 5.16 (0.00) 8.28 (0.00)
Al–O(5) 1.82 (0.66) 1.84 (0.65) 1.87 (0.63) 1.85 (0.64) 1.84 (0.69) 1.88 (0.61) 8.91 (0.00)
Al–O(11) 2.08 (0.30) 2.25 (0.22) 4.73 (0.00) 4.75 (0.00) 4.97 (0.00) 5.21 (0.00) 11.40 (0.0)
Al–O(24) 1.84 (0.67) 1.85 (0.65) 1.89 (0.63) 1.85 (0.66) 4.83 (0.00) 5.16 (0.00) 11.15 (0.0)
Al–O(27) 2.34 (0.16) 2.17 (0.23) 2.27 (0.19) 2.29 (0.17) 2.41 (0.13) 6.57 (0.00)
Al–O(31) 2.11 (0.22) 2.23 (0.19) 2.33 (0.16) 2.24 (0.19) 8.02 (0.00)
Al–O(32) 1.84 (0.67) 1.86 (0.66) 1.87 (0.66) 1.80 (0.78)
Al–O(35) 1.83 (0.67) 1.86 (0.62) 1.79 (0.78)
Al–O38) 2.41 (0.13) 6.39 (0.00)
A
�

D the la

a
g
a

N
m
t
a

t
a
t

F
F

l–O(41)
DBE (kcal/mol) −37.0 −3.1

iatomic binding energy (DBE) change (�DBE) for each step is given in kcal/mol in

nd big models. The O(11)–H corresponds to the bridging hydroxyl
roup in which the proton compensates the negatively charged
luminum.
Calculated Al–O bond distances (BD) are depicted in Table 2.
ote that new oxygen atoms (O(27), O(31), O(32)) come from H2O
olecules bonded to Al as OH2 and OH. In addition, all calcula-

ions show that Al–O bond distance values of the DFT method
re smaller than those of the CATIVIC method. However, similar

d
t
a
p
b

ig. 3. Scheme of different steps in the EFAL formation process for the AlSi3O12H9 model.
ig. 1).
1.79 (0.78)
2.7 8.4 −37.8 −143.2

st row. (*) See Fig. 3. Bold values indicate Al-O broken bonds.

rends are observed, i.e., the same bonds are broken (BD > 2.5 Å)
nd formed (BD < 2.5 Å). One important issue is the computational
ime employed for modeling processes in both methods. Table 2

isplays DFT computer times varying from about 8 days and 7 h
o 28 days and 11 h, while in CATIVIC calculation time ranges from
bout 2 to 5.4 min. For that reason, the complete EFAL formation
rocess is performed in this work with the CATIVIC method, using
oth AlSi3O12H9 and AlSi63O152H49 models.

(*) Means that those H atoms are kept fixed during the optimization procedure (see
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Calculations with CATIVIC were performed with the small clus-
er in order to understand the formation of H2O–Al, HO–Al, and the
reaking of Al–O and Si–O bonds. Part of the framework dealumi-
ation process for the AlSi3O12H9 model was described in previous
ork [36]; however, in order to understand the H2O–Al interaction

n different steps until the formation of EFAL, results are presented
n a scheme shown in Fig. 3 and in Table 3. Changes of DBE val-
es for all Al–O bonds are also displayed in Table 3 and in Fig. 3,

n order to analyze the main energetic change in each step of the
rocess.

Results show that the addition of the first water molecule
H2O(27), step (1) in Fig. 3) leads to a species with a five-coordinated
luminum atom. This step is locally favored by an increase of
7 kcal/mol in the strength of all Al–O bonds (�DBE = −37 kcal/mol)
nd the formation of a relatively weak O(27)–Al bond (BD = 2.34 Å
nd WI = 0.16). Note that an important change also occurs in the
D(Al–O(11)) from 2.08 to 2.25 Å and the corresponding WI from
.30 to 0.22. This bond is the weakest in the AlSi3O12H9 model,
ecause O(11) contains an additional bond (O(11)–H), as shown

n Fig. 3a. Penta-coordinated species have been experimentally
eported by several authors [37–39] on different zeolites after
team treatment.

In the second step, another H2O molecule (H2O(31), see Fig. 3c)
s adsorbed and it causes the Al–O(11)H bond rupture. This
esult suggests that acidified water will favor EFAL formation, as
ecently reported by Marques et al. [8]. Bond properties values
f Al–O(11), BD = 4.73 Å and WI = 0.00, confirm its bond breaking
nd Al–O(31)H2 values of BD = 2.11 Å and WI = 0.22 indicate a rela-
ively weak bond formation (see Table 3). A SiO–H bond formation
lso occurs, as shown in Fig. 3b. In this respect, Kiricsi et al. [40]
eported internal SiOH groups at framework defects and SiOH ter-
inal groups from the analysis of IR absorptions. Here, the other

enta-coordinated species appears but with two water molecules
nd with three Al–O bonds to the zeolite framework.

A different process is observed with the addition of a third H2O;
he H2O(32) adsorption leads to SiO(3)–H bond formation and the
l–O(3) bond breaking (BD = 4.32 Å and WI = 0.00). Furthermore,

he Al–O(32)H bond formation occurs (BD = 1.84 Å and WI = 0.67)
see Fig. 3d). In this sense, Wouters et al. [41] proposed that beside

he framework dealumination a partial hydrolysis of Al–O bond
ccurs with the formation of Al–O–H species in the zeolite Y.

The adsorption of a forth water molecule (H2O(35), step (4))
roduces the H2O(35)–Al and H*O(24)–H bonds formation and the
l–O(24) bond breaking. This yields another penta-coordinated

l
t
a
t

able 4
ond distances (BD) and Wibergı̌s bond indexes (WI) (in parentheses) of intermediate
lSi63O152H49 model, see Fig. 4

ond Bond distances (Å) and (Wiberg bond orders)

(a) 1H2O (b) 2H2O (c) 3H2O (d)
AlSi63O152H49 AlSi63O153H51 AlSi63O154H52 AlSi63O155H54

l–O(3) 1.68 (0.68) 1.69 (0.67) 1.78 (0.64) 1.80 (0.59)
l–O(5) 1.69 (0.65) 1.74 (0.61) 1.80 (0.61) 1.78 (0.64)
l–O(11) 1.95 (0.31) 2.30 (0.18) 3.82 (0.00) 4.38 (0.00)
l–O(24) 1.72 (0.61) 1.72 (0.61) 1.81 (0.60) 3.17 (0.03)
l–O(27) 2.16 (0.19) 2.08 (0.23) 2.30 (0.15)
l–O(31) 2.06 (0.23) 2.09 (0.21)
l–O(32) 1.79 (0.64)
l–O(35)
l–O(38)
l–O(41)
l–O(44)
l–O(47)
DBE (kcal/mol) −52.8 −8.5 13.4

alues of DBE changes (�DBE) for each step are shown in kcal/mol. All distance values
alues indicate Al-O broken bonds.
ysis A: Chemical 294 (2008) 93–101 97

luminum species attached to zeolite framework by only one
l–O(5)–Si bridge bond (Fig. 3e) with the Al bonded to two H2O
olecules and two OH groups.
A fifth water molecule (H2O(38)) leads to a hexacoordinated

pecies that has weak H2O–Al bonds with a length of 2.41 ´̊A
nd WI of 0.13 (see Table 3). This process releases energy
�DBE = −12.7 kcal/mol) and the Al–O(x) (x = 3, 11, and 24) bond
istances are increased. This last feature indicates that the Al site

s moving away from the framework (see Fig. 3f and column (f)
n Table 3). This octahedral coordinated species is experimentally
upported by several authors [9–12,15,38,41,42].

Finally, the resulting EFAL after the attack of a sixth water
olecule (H2O(41)) produces a three-coordinated Al species

hat is very stable respect to the hexacoordinated one (see
DBE = −143.2 kcal/mol in Table 3). The Al–O(5) bond is broken

nd Al–O(41)H is formed together with the SiO(5)–H bond. In this
ay an Al(OH)3 compound is formed and all water molecules bonds

o Al are broken (H2O(38)–Al, H2O(31)–Al, H2O(27)–Al) after the
nteraction with H2O(41). Recently 1H DQ MAS NMR experiments
as revealed the existence of Al(OH)3 species out of the frame-
ork [15], as previously suggested [43]. Threefold coordinated

pecies have been also proposed at high temperature by Bugaev et
l. [13]. The formation of Al(OH)3 after steam dealumination has
een schematically anticipated by Mota et al. [20] but with the

nteraction of three H2O molecules instead of six ones, as found
ere. Results of the Al–O(x) optimized distances (x = 3, 5, 11, 24,
7, 31, and 38) indicate that the Al(OH)3 molecule is moving far
way from the zeolite framework and other H2O molecules. Exper-
mental results of Fleisch et al. [44] suggest that non-structural
luminum in faujasites migrates toward the zeolite particle surface
fter hydrothermally treated.

Note that this model is very simple and contains close to the Al
eaction site fixed H* atoms that model the rest of the zeolite frame-
ork. In addition, the cage effect is not included into this model.
evertheless, several interesting features were obtained from this
lementary model.

.2. AlSi63O152H49 model
The process of framework zeolite dealumination is also ana-
yzed considering a bigger model (AlSi63O152H49) in order to see
he effect of including the fourfold ring into a 10-fold ring channel,
s shown in Fig. 1b. The atom labels are the same as those used in
he AlSi3O12H9 model. Note that in this cluster the H2O molecules

s (see Fig. 4 for species (a–i) in the formation of aluminum extraframework for

4H2O (e) 5H2O (f) 6H2O (g) 7H2O (h) 8H2O (i)
AlSi63O156H56 AlSi63O156H56 AlSi63O157H58 AlSi63O157H58 AlSi63O158H60

1.98 (0.31) 2.13 (0.26) 2.56 (0.11) 3.20 (0.00) 3.02 (0.02)
1.79 (0.62) 1.83 (0.57) 1.86 (0.57) 1.81 (0.59) 3.25 (0.01)
4.55 (0.00) 4.89 (0.00) 5.18 (0.00) 5.27 (0.00) 5.49 (0.00)
3.71 (0.00) 4.73 (0.00) 4.71 (0.00) 4.96 (0.00) 4.95 (0.00)
3.40 (0.00) – – – –
2.31 (0.17) 2.14 (0.21) 2.13 (0.21) 2.14 (0.21) 2.08 (0.23)
1.78 (0.61) 1.81 (0.60) 1.83 (0.59) 1.83 (0.59) 1.78 (0.62)
1.83 (0.53) 1.80 (0.60) 1.79 (0.62) 1.81 (0.63) 1.77 (0.63)

2.30 (0.14) 2.14 (0.19) 2.21 (0.18) 2.24 (0.19)
2.68 (0.05) – –

2.38 (0.14) 5.2 (0.00)
1.81 (0.61)

16.5 14.0 −10.3 −12.7 85.8

greater than 2.5 ´̊A are presented in bold together with its corresponding WI. Bold
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Fig. 4. Scheme of framework dealumi

pproaching is limited by hindrance effects of other rings around
he fourfold one.

As in the previous cluster, successive attacks of water molecules
o the Al–O–Si bonds are considered. In the first step (see scheme
hown in Fig. 4) the (H2O(27) interaction leads to a penta-
oordinated aluminum atom (Fig. 4b), as in the previous model.
able 4 results indicate a relatively weak Al–O(27) bond formation

ith BD = 2.16 ´̊A and a WI of 0.19. Once again, a bond strength weak-
ning occurs in the Al–O(11) bond. In this respect, Jentys et al. [45],
tudying the HZSM5 adsorption sites, have found out that water
dsorption affects primarily the bridged hydroxyl bonds. On the
ther hand, Kunkeler et al. [14] has proposed partially hydrolyzed
AL as the precursor for the catalytic active species in the steamed
eolite-beta. The process seems to be exothermic, although in this

ase the absolute value is higher (�DBE = −52.8 kcal/mol) than in
he AlSi3O12H9 model (�DBE −37.0 kcal/mol).

In a similar way that in the small model case, a second water
olecule (H2O(31)) adsorption causes the Al–O(11) bond rup-

ure (BD = 3.82 ´̊A and WI = 0.00. Note that BD(Al–O(11)) = 3.82 ´̊A

b
A
b
i
t

process for the AlSi63O152H49 model.

s shorter than in the small model (BD = 4.73 ´̊A) due to the cage
ffect. In addition, this second water is adsorbed by the Al–O(31)H2
ond formation (BD = 2.06 and WI = 0.23) (see Fig. 4c). A similar
nergetic trend is also observed with a �DBE of −8.5 kcal/mol
espect to −3.1 kcal/mol in the small model, see step (2) in
igs. 4 and 3.

The addition of a third water molecule (H2O(32)) leads the
ater bond cleavage and the formation of Al–O(32)H and SiO(24)–H
onds in a way akin to a previous model. The formation of inter-
al Si–O–H groups have been also confirmed by Yashima et al. [46]
ho proposed a hydroxy nest structure from clustering SiOH groups

round the empty Al site. Values of BD = 1.79 and WI = 0.64 in Table 4
uggest the formation of a relatively strong Al–O(32) bond that has
haracteristics of an OH group. In addition, the Al–O(24) bond is
roken, as shown in a BD of 3.17 ´̊A. The resulting penta-coordinate
l complex is bonded to the zeolite framework by two Al–O–Si
onds (Fig. 4d). Similarly, the Al–O binding energy change shown

n Table 4 and Fig. 4 is positive (13.4 kcal/mol) following the same
rend of the small model (2.7 kcal/mol) (see Table 3).



Catal

g
a
a
i
o
o
H
T

f
t
t
b

O. Lisboa et al. / Journal of Molecular

In a fourth step, water (H2O(35)) interaction with the Al site
enerates the removal of H2O(27) adsorbed in the first step. In
ddition, the H2O(35) molecule produces the Al–O(35)H bond and
t the same time a H atom transfers to the O(3) atom form-

ng a Al–(O(3)–H)–Si structure (see Fig. 4e). This step is not
bserved in the small cluster model. Values presented in Table 4
f BD(Al–O(27)) = 3.40 ´̊A and BD(Al–O(35)) = 1.83 ´̊A confirm the
2O(27) release and the Al–O(35)H bond formation, respectively.
he Al–O(27) bond breaking occurs instead of Al–O(3) because the

m
t
A
O

Fig. 5. Different species formed during the dealumination process. Dark balls go with
ysis A: Chemical 294 (2008) 93–101 99

ormer bond strength (BD = 2.08 ´̊A and WI = 0.23) is weaker than
hat of Al–O(3) (BD = 1.78 ´̊A and WI = 0.64). Note that this step leads
o a fairly weak Al–O(3) bond and a decrease in local Al–O bonds
y 16.5 kcal/mol.
The interaction of a fifth water (H2O(38)) produces the for-
ation of a hexacoordinated species (see Fig. 4f). In this case

he octahedral species is bonded through the framework by two
l–O–Si bridge bonds with two adsorbed water molecules and two
H groups. This is different to that found in the small model that

O atoms, small white balls are H atoms, and gray balls correspond to Si atoms.
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Fig. 5.

as one single Al–O–Si bond (see Fig. 3f). As in previous cases, the
2O adsorption causes an Al–O(3)H bond weakening, because the

l–O(3) bond distance increases from 1.98 to 2.13 ´̊A.
After the addition of a sixth water (H2O(41)) molecule an alu-

inum species evolves with one Al–O–Si bridge bond, two OH
roups, and two coordinated H2O. In addition, two very weak bonds

re observed with BDs of 2.56 and 2.68 ´̊A and with WIs of 0.11 and
.05 for Al–O(3) and Al–O(41) bonds, respectively; see Fig. 4g and
able 4. This structure seems to have a sort of solvation shell by an
nteraction with a water molecule (Al· · ·O(41)H2) and part of the
ramework (Al· · ·O(3)HSi). This step is locally favored by a �DBE of
10.2 kcal/mol.

The attack of other water molecule (H2O(44)) (seventh step) will
roduces a complete Al–O(3) bond breaking, the slightly bonded
2O(41) release, and a Al–O(44)H2 bond formation. This hexacoor-
inated intermediate has three H2O and two OH groups bonded to
he framework through one Al–Si–O bond, in a similar way to that
ound in the small cluster. Note that this step is locally favored with

DBE of −12.7 kcal/mol.
Finally the adsorption of H2O(47) (Fig. 4i) and Table 4) pro-

uces the Al–O(5) rupture between Al and the framework and
he SiO(5)–H bond formation. The final EFAL has three OH groups
nd two H2O molecules in a penta-coordinated species. These
esults agree with dynamical simulation carried out by Benco et
l. [18] of six-coordinated cluster Al(OH)3(H2O)3 in vacuo. The
istances of Al–OH and Al–OH2 obtained by Benco et al. are

n the range of 1.74–1.78 ´̊A and 2.05–2.14 ´̊A that compares well

ith these results of 1.77–1.81 ´̊A and 2.08–2.24 ´̊A, respectively.
owever, Benco’s work found that the Al atom coordination has

hree OH groups in the equatorial region and two axial H2O,
ifferent from this work. Other agreement with these results
as obtained by ab initio calculations of Ruiz et al. [19] for the

etrahedral to octahedral transformation coordinations in alu-
inum complexes. They found that a penta-coordinated complex

s favored over the tetrahedral one and octahedral coordination
nd that six-coordinated species are not stable in the neutral
tate.

Comparison of the dealumination processes in the two mod-
ls, AlSi3O12H9 and AlSi63O152H49, shows a similar behavior. The

nal EFAL complexes are different: Al(OH)3 in the first case and
l(OH)3(H2O)2 in the second one. The dissimilar environments
round the Al are responsible of this difference. However, it is
ossible that Al(OH)3(H2O)2 may lose water molecules all ends
p in Al(OH)3. This assertion is supported by experimental results

m
t
a

nued ).

btained by Bugaev et al. [13], who reported the Al(OH)3 formation
t high temperatures or after cooling at room temperature under
acuum.

.3. Models of intermediate species

The intermediate species generated during the EFAL formation
re not completely known and here we present some of these
btained from modeling water interaction with zeolite models.
ifferent species types are considered taking into account H2O
olecules, OH groups and Al–zeolite framework bond numbers.
The intermediate formation with one single H2O molecule is

ighly probable because in both models it occurs. This intermedi-
te species is penta-coordinate attached to the zeolite framework
y four Al–O–Si bridge bonds, as shown in Fig. 5a. Note that the
ater adsorption from the straight channel is favored. The inter-

ction of a second water molecule would lead to the formation
f other penta-coordinate intermediate species in both models.
ere the intermediate has three bonds to the zeolite framework
nd two water molecules attached, as depicted in Fig. 5b. Note
hat the water attack was from behind the straight channel and
n an opposing direction of the previous adsorbed H2O molecule.
ther intermediate with two bonds to the framework is also formed

n both models. It has two water molecules and one OH group
onded to the Al atom, as depicted in Fig. 5c, resulting in other
enta-coordinated intermediate. This can be transformed in other
enta-coordinated intermediate with two OH groups and one H2O
olecule (see Fig. 5d). Hexacoordinated intermediate, as shown in

ig. 5e, with two H2O molecules and two OH groups, bonded to the
ramework by two bridge Si–O–Al bonds was found. Other hexa-
oordinated species with one framework bond was also observed.
t has three H2O molecules and two OH groups attached to the Al
tom, as described in Fig. 5f. Finally, the free Al species is penta-
oordinated with three OH groups and two H2O molecules bonded
o the Al atom, as presented in Fig. 5g. A further treatment of this
nbonded species may lead to addition or loss of water molecules,
ielding octahedral or tetrahedral and tricoordinated EFALs.

. Conclusions and comments
Parametric method CATIVIC has been applied successfully to
odeling the multifarious process of H-ZSM5 zeolite dealumina-

ion. The cost on time in relation to DFT methods is an indication of
promissory future for PQMs in modeling complicated processes
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n complex systems. Theoretical modeling is very helpful in the
ecognition of intermediates that are very difficult to identify by
xperimental methods.

Several intermediate species were found in the dealumination
rocess: penta-coordinated species with four, three, two and one
onds to the framework; and a hexacoordinated with two bonds
ith the framework.

The resulting EFAL in the dealumination process of H-ZSM5 zeo-
ite are penta- (Al(OH)3(OH)2) or threefold (Al(OH)3) coordinated
pecies. Octahedral species are not discarded because these species
re formed as intermediates in the EFAL formation. A SiOH nest is
lso produced in the framework.

Results support the fact that the dealumination is facilitated by
cidified H2O because the proton charge compensation weakens
he Al–OHSi bonds. This feature would lead to intermediates with

ore H2O bonded molecules than OH groups. Another possibility is
he dissociation of H2O molecules on Al–O–Si bonds to yield Al–OH
lus SiO–H or AlO–H plus Si–OH. These last two mechanisms would
roduce intermediates with more OH groups than H2O ligands.

More work has to be done considering the formation of positive
harged intermediates and polymeric EFAL species. It means that
ater molecules and protons may react with the resulting species

o produce more complex intermediates and EFAL compounds. In
ddition, several sites different to those located in the fourfold ring
as to be considered. Van Bokhoven et al. [12] found that T1- and
2-sites in zeolite-beta, located in fourfold ring, are prevented to be
ealuminated. Furthermore, it would be also important to include
ore than one water molecule to describe in a more realistic man-

er the stability of the formed species.
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