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ABSTRACT: Density functional calculations have been performed
applying periodic boundary conditions to investigate the oxidation of
methanol on vanadium-containing SiBEA zeolite (VSiBEA). Different types
of reaction configurations have been set up in conformity with the
experimental conditions. Thermodynamic property calculations for T > 0 K
have been performed and compared with the available experimental results.
Transition path sampling was employed to unravel the reaction mechanisms
for oxidation of methanol on vanadium-containing SiBEA zeolites at three
temperatures (300, 415, and 523 K). Dispersion interactions were accounted
for by adding a damped dispersion term to the PBE energies. The study of
different reaction pathways was combined with experimental data that
enabled us to shed more light on the reaction mechanism.

■ INTRODUCTION
Zeolitic materials are extensively employed in petroleum
refining, petrochemicals production, and pollution control, as
well as catalysts in various reactions, such as alkylation,
aromatization, and isomerization of hydrocarbons.1−8 They
can exhibit both Brønsted and Lewis acidic properties.9−11

For understanding the catalytic reactions at the molecular
level, quantum chemical calculations based on density func-
tional theory (DFT) combined with statistical thermodynamics
and transition state theory have been employed successfully
over the past few years.12−14 Recently, different theo-
retical1,15−22,87−90 and experimental results20,23 on the vana-
dium framework sites in zeolites have been reported. It was
shown that the isomorphous substitution of framework atoms
in molecular sieve materials gives the possibility to modify their
acidic and/or redox catalytic properties.1 The isomorphous
substitution of zeolite framework atoms by certain transition
metals such as Ti or V creates redox catalysts with efficient
activity for the partial oxidation of hydrocarbons and alcohols,
epoxydation of olefins, hydroxylation of aromatics, or the
ammoxidation of ketones.24 These transition metal-substituted

zeolites or zeotypes have opened new ways for many
applications, not only in petrochemical industry but also in
various photochemical processes, such as decomposition of
NO, reduction of CO2 with H2O, or the reduction of N2O with
CO. Incorporation of vanadium in the framework T-atom sites
of zeolite BEA is strongly favored when the zeolite is previously
dealuminated by treatment with nitric acid solution.1 The
vanadium incorporation results from the reaction between the
mononuclear cationic V species of the precursor solution and
the silanol groups created by dealumination. The vanadium
framework sites have been characterized by their calculated
geometric parameters, vibrational frequencies, and deprotona-
tion energies.1 Vanadium is stabilized in the zeolite framework
sites, forming a very stable pseudo-tetrahedral V(V) species
with a vanadyl group.1 In addition to this stable structure, a
whole series of activated, less stable sites can exist and may be

Received: February 26, 2015
Revised: May 11, 2015
Published: May 11, 2015

Article

pubs.acs.org/JPCC

© 2015 American Chemical Society 13619 DOI: 10.1021/acs.jpcc.5b01911
J. Phys. Chem. C 2015, 119, 13619−13631

D
ow

nl
oa

de
d 

vi
a 

T
U

 E
IN

D
H

O
V

E
N

 o
n 

Fe
br

ua
ry

 5
, 2

01
9 

at
 1

2:
21

:4
0 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.5b01911


considered as the precursor of the catalytic properties of
vanadium SiBEA zeolite (VSiBEA).
Chemical reactions involving methanol are important in

many fields, e.g., fuel cells, catalysis, biological processes.13,25,26

One major application of methanol is the production of
formaldehyde. About 40% of the existing methanol is converted
into formaldehyde and further into products such as plastics,
paints, and explosives.
Although there are known ways to obtain formaldehyde from

methanol (dehydrogenation or oxidative dehydrogenation of
methanol on Ag/Cu/MoO catalysts), these processes have two
significant drawbacks: high operating temperatures (573−923
K) and the formation of several by-products such as carbon
monoxide, carbon dioxide, dimethyl ether, methyl formate, and
formic acid.27 Because of these there is an ongoing research to
develop improved ways for the conversion of methanol to
formaldehyde.28,29

A recently investigated pathway is the oxidation of methanol
on the V-BEA zeolite. While experimentally proven success-
fully,23 the actual steps of this procedure are not fully
understood. How does methanol actually adsorb on the V-
BEA? Which is the reaction sequence for its oxidation?
On the basis of the experiments, two different model

reactions at 523 K have been proposed:23

+ →(SiO) V O CH OH (SiO) (CH O)VOH3 3 3 3 (1)

+

→ +





(SiO) (OH)V O CH OH

(SiO) (CH O)V O H O
2 3

2 3 2 (2)

In eq 1, the vanadium center in V-BEA zeolite is assumed to
be non-hydroxylated (i.e., the V atom is single bonded to 3 SiO
groups and double bonded to an O atom, see structure V5 in
refs 1 and 2). The reaction describes the breaking of the
methanol O−H bond and the change of the VO to V−O−H.
The transformation of the CH3O into CH2O is not considered
here. In eq 2, the vanadium center in the V-BEA zeolite is
assumed to be hydroxylated (i.e., one of the SiO groups
connected to the V atom is replaced by an OH group, see
structure BVT5 or TV5 in refs 1 and 2). The reaction supposes
that the hydroxyl hydrogen of the methanol group will interact
now with the hydroxyl group of V−OH, forming water as a by-
product.
Most computational studies address the electronic structure

and bonding properties of clean vanadium oxide surfaces and
supported vanadium oxide clusters,33−39 with very few
theoretical works dealing with the structure or reactivity of
vanadium oxides under hydration conditions.40,41

On the basis of ab initio calculations, using an 8-atom V-BEA
cluster, Romanyshyn et al.30,31 have proposed the following
model: in a first step the interaction of methanol with the non-
hydroxylated V-BEA takes place at the level of the V−O−Si.
This results in the formation of the H−OSi group as a stable
by-product. In the second stage, the oxidation of the adsorbed

Figure 1. Methanol adsorbed on VBEA zeolite. Three different types of reactant structures are shown for the adsorption of methanol on VBEA
zeolite. Structure 1 corresponds to eq 2; Structure 2 is similar to the Sauer model and corresponds to eq 1; Structure 3 corresponds to eq 1, too. The
difference between Structure 2 and Structure 3 is the position and orientation of the methanol molecule: pointing toward the V−OSi group in the
first case and toward the VO bond in the second case (color code: carbon, dark gray; hydrogen, light gray; oxygen, red; silicon, yellow; vanadium,
cyan).
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methanol to formaldehyde occurs. A different theoretical model
has been proposed by Calatayud et al.25,26 studying the
oxidation of methanol on a V-supported Ti oxide cluster. The
methanol oxidation takes place if (1) methanol points toward
the V−OTi site or (2) methanol points toward the VO site.
In the present article, both thermodynamic property

calculations for methanol on VSiBEA and transition path
sampling (TPS) simulations for observing how the process of
oxidation takes place in detail are presented. The TPS
simulations have been performed at temperatures close to the
experimental ones. Large periodic structures have been
considered. Both the hydroxylated and the non-hydroxylated
cases were treated.
In a set of experiments, the partial oxidation of methanol to

formaldehyde has been studied on VOX/CeO2/SiO2.
32 The

effect of ceria was suggested to be a possible lowering of the
reaction temperature down to 415 K. These experiments
indicate that the ceria layer, to which the vanadate species are
bound, participates in the formation of the products.32 In the
case of our system, we will show that the formation of
formaldehyde can occur directly on VSiBEA at 415 K (see
Figure 1, Structure 2).
This work aims to describe the oxidation mechanism of

methanol to formaldehyde on VSiBEA by combining
experimental and theoretical investigations. The experimental
investigations allowed determining the acidic properties of
VSiBEA zeolites and the nature and environment of V species.
Both non-hydroxylated (SiO)3VO and hydroxylated
(SiO)2(HO)VO vanadium species have been identified by
experimental investigation and considered in the theoretical
investigation of the mechanism of methanol oxidation. The
basic vanadyl oxygen of hydroxylated (SiO)2(HO)VO
species is proposed as an active site responsible for selective
oxidation of methanol into formaldehyde on the VSiBEA
zeolite. The experimental investigations of the methanol
oxidation are in line with the theoretical investigations
presented in this work.
First-principles calculations within the density functional

theory framework applying periodic boundary conditions have
been performed. Dispersion interactions were accounted for by
adding a damped dispersion term to the PBE energies. From
intrinsic energy barriers, intrinsic rate coefficients were
calculated by means of transition state theory. Transition
path sampling (TPS) was employed to unravel the reaction
mechanism for the oxidation of methanol. Thermodynamic
properties (adsorption enthalpies, entropies, free energies)
were calculated for temperatures used in the experiments.

■ COMPUTATIONAL DETAILS
A. DFT Calculations Applying Periodic Boundary

Conditions. The DFT calculations were carried out using
the VASP program (Vienna Ab Initio Simulation Pack-
age),42−45 where the electronic wave functions have been
expanded into plane waves up to an energy cutoff of 500 eV,
and a projected-augmented-wave (PAW)46 scheme has been
used in order to describe the interactions between the valence
electrons and the nuclei (ions).
Thermodynamic properties have been calculated in the

framework of harmonic oscillator rigid rotator approximation.
For details see ref 13.
The crystal structure of VSiBEA consists of a tetragonal unit

cell with fixed edge lengths of a = 12.70 Å, b = 12.70 Å, c =
26.77 Å. According to the crystallographic data,47 the beta

zeolite contains nine different tetrahedral sites (T-sites).48 The
most stable site for V incorporation was proven to be the T1
site.48 Therefore, the reaction calculations performed in this
article were done for this site. During the simulations all the
atoms were allowed to relax. This means >200 atoms in the
non-hydroxylated or hydroxylated unit cell structures.
The transition states were localized by using the improved

dimer method.49 Convergence was considered to be achieved
when the forces were below 0.01 eV/Å. Stationary points found
were characterized by harmonic frequencies obtained by
diagonalization of the full dynamical matrices. The force
constants were obtained by numerical differentiation of forces
with a step size of 0.02 Å.
Open shell calculations have been performed for all the

transition states and product calculations, in order to allow for a
variable oxidation state of vanadium. In order to compute the
adsorption energies, the total energies for the vacuum
molecules (methanol, formaldehyde, etc.) had to be computed.
This has been done by considering each of these molecules
isolated in a large 25 × 25 × 25 Å3 unit cell.
Adsorption energy at T = 0 K was calculated from the PBE

energies as

Δ = − +=E E E E( )T
ads

0
system molecule zeolite (3)

Zero point corrected vibrational adsorption energies were
obtained from

∑ ∑

∑

ω ω

ω

Δ = Δ + −

−

= =E E h h

h

1
2

1
2

1
2

T T

ip
ip

is
is

iA
iA

ads,0
0

ads
0

modes modes

modes

(4)

where ∑ip
modes 1/2hωip is the contribution of the vibrational

frequencies associated with the adsorbed system, ∑is
modes 1/2

hωis are the vibrational frequencies corresponding to the
zeolite, and ∑iA

modes 1/2 hωiA are the vibrational frequencies
corresponding to the gas phase molecule.

B. Dispersion Corrections. van der Waals (VdW)
interactions between atoms and molecules caused by long-
range electron correlation contribute significantly to the heat of
adsorption.50,51 However, the functionals which can be used
efficiently in periodic solid-state simulations do not properly
account for long-range dispersion interactions52,53 and are
subject to the self-interaction error.54−57 Many of the
computational approaches that can be used to describe
dispersion interactions such as the treatment of dynamic
correlations within the random phase approximation (RPA)
theorem,58,59 the Langreth method,60 or MP2 calculations are
very time-consuming for extended systems such as zeolites. A
computationally less demanding approach consists in adding a
pairwise interatomic C6R

−6 term to the DFT energy.60−69 Here
the semiempirical approach of Grimme is adopted.61−64 The
total energy can be written as

= +E E ETOTAL PBE DISP (5)

where EPBE is the electronic energy and EDISP is the empirical
dispersion correction term D3-BJ.64 The Grimme approach has
been applied to a variety of molecules in diverse sets of host
structures, including several studies of zeolites12,13,70−74

providing enough evidence that this semiempirical approach
can be used successfully to estimate interaction energies.
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C. Transition Path Sampling. There are several methods
available for obtaining reaction pathways. The traditional
approach has been finding transition states, or local saddle
points, and then follow the imaginary mode to find the
reactants and the products associated with the transition state.75

A more effective approach would involve sampling various
dynamic pathways that are representative of the true reaction
process.75 The transition path sampling (TPS) is such an
approach.76−83 Path finding algorithms, including the recently
developed transition-path theory (TPT), have been reviewed
by Weinan and Vanden-Eijnden.84

The TPS method is based on a random walk in the space of
reactive trajectories. The reactive trajectory is an equilibrium
object defined as an ordered sequence of states (i.e., atomic
positions and corresponding momenta) connecting reactants
and products. They are generated by Molecular Dynamics
(MD) simulations. Similar to Monte Carlo (MC) simulations, a
random walk in reactive trajectory space is executed by means
of trial moves, called “shooting“ and “shifting“. In a shooting
move, a certain state on the previous trajectory is selected
randomly and the corresponding momenta are modified by
adding a small Boltzmann distributed noise to the respective
previous values. The equations of motion are integrated
forward and backward in time. If the new trajectory still
connects the reactants and products, it is accepted, otherwise it
is rejected. In a “shifting” move a state close to the reactant or
product region is chosen. Thus, all states before or after,
respectively, on the trajectory are removed and the same
number of states is added to the other end of trajectory by
integration of the equation of motion. The TPS has been
implemented as described in ref 83. The initial trajectory has
been obtained by forward and backward integration of the
equations of motion starting from a configuration close to the
transition state and randomly generated momenta. The
simulations were performed in the canonical ensemble. The
MD time steps were set to 1 fs. About 1500 trajectories have
been calculated. The electronic energies were taken from the
VASP code at each time step.
The transition states (TS) have been found using the dimer

method49 as implemented in the VASP program. Starting from
the transition state (TS), the reactants and products are
determined employing the transition path sampling (TPS)
approach. The reaction pathway has been determined at three
temperatures: 300, 415, and 523 K.
The frequency analysis revealed the presence of exactly one

imaginary frequency for all transition states. Visualization of the
normal modes corresponding to the imaginary frequencies was
used to confirm that they indeed correspond to the expected
motion of atoms.

■ EXPERIMENTAL DETAILS
A. Materials. A tetraethylammonium BEA zeolite (TEA-

BEA) (Si/Al = 11) provided by RIPP (China) was treated with
a 13 N HNO3 solution (4 h, 353 K) under stirring to obtain a
dealuminated BEA (Si/Al = 1000) noted SiBEA, which was
separated by centrifugation, washed with distilled water and
finally dried in air overnight at 353 K.
The SiBEA solid was then contacted with an aqueous

solution of ammonium metavanadate (NH4VO3) in large
excess (2 g of zeolite in 20 mL of solution). The concentration
of NH4VO3 solution was varied from 0.7 × 10−2 to 19 × 10−2

mol L−1 in order to obtain samples with different vanadium
contents because of its low concentration at pH = 2.5, the

initial aqueous solution is expected to contain mainly
monomeric VO2

+ ions.24 The suspension was left for 3 days
at room temperature without stirring. The solids with vanadium
were recovered by centrifugation and dried at 353 K overnight.
VSiBEA samples with 0.7 and 6 V wt % were labeled V0.7SiBEA
and V6.0SiBEA, respectively.

B. Experimental Techniques. Infrared spectra were
registered with a Bruker Vector 22 FTIR spectrometer. Samples
were pressed at ∼0.2 tons cm−2 into thin wafers of ∼10 mg
cm−2 and were placed inside the cell. Catalysts were outgassed
at 673 K for 3 h and then contacted with pyridine (PY) at 423
K. After saturation with PY, the samples were degassed at 423,
473, 523, and 573 K under vacuum for 30 min at each
temperature. Spectra were recorded at room temperature in the
range from 400−4000 cm−1. The spectrum without any sample
(“background spectrum”) was subtracted from all recorded
spectra. The IR spectra of the activated samples (after
evacuation at 673 K) were subtracted from those recorded
after adsorption of PY followed by various treatments. Diffuse
reflectance UV−vis (DR UV−vis) spectra were registered with
a Cary 5E spectrometer equipped with an integrator and a
double monochromator.

C. Methanol Oxidation. Methanol oxidation was per-
formed in a fixed-bed flow reactor (diameter = 5 mm; length =
70 mm). An amount of 0.04 g of catalyst with grain size of 0.5 <
diameter < 1 mm was placed into the reactor (4 mm height).
The samples were activated in flowing argon (40 mL min−1) at
673 K for 2 h (heating rate of 15 K min−1). Then, the
temperature was lowered to 523 K. The reactant mixture of Ar/
O2/MeOH (88/8/4 mol %) was supplied at the rate of 40 mL
min−1. Methanol (Chempur Poland) was fed into the flow
reactor by bubbling argon gas through a glass saturator filled
with methanol.
Methanol decomposition was performed in the same fixed-

bed flow reactor under the same operating conditions. The
reactor effluent was analyzed online by employing two gas
chromatographs: the first (8000 Top) equipped with a capillary
column of DB-1 operated at 313 K was used to analyze organic
compounds with a flame ionization detector (FID) and the
second, containing Porapak Q and 5A molecular sieves
columns, to analyze O2, CO2, CO, H2O, and CH3OH with a
TCD detector. For the latter, the columns were heated as
follows: 5 min at 358 K, increase of temperature to 408 K
(heating rate 5 K min−1), 4 min at 408 K, cooling down to 358
K (for the automatic injection on the column with molecular
sieve 5A), 10 min at 358 K, increase of temperature to 408 K
(heating rate 10 K min−1), 11 min at 408 K. Argon was the
carrier gas. The outlet stream line from the reactor to the gas
chromatograph was heated at about 373 K to avoid
condensation of reaction products.

■ RESULTS AND DISCUSSION
A. Description of the Theoretical Results: Reaction

Pathways. Structure 1. To study the reaction of methanol on
the V-BEA zeolite, three different models were taken into
consideration (see Figure 1), based on our earlier experimental
results.23 The first structure (Structure 1, Figure 1) corresponds
to the situation described in eq 2. In this structure, vanadium is
single-bonded to two O−Si groups as well as to a hydroxyl
group and double-bonded to a vanadyl oxygen atom. The
CH3OH molecule is in close vicinity to the vanadium atom (the
distance between V−OH and the O belonging to CH3OH is
1.63 Å). For this structure an adsorption energy of −49.2
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kJ/mol (see eq 3) (ZPE, zero point energy; corrected, −44.6
kJ/mol; see eq 4) was found (Table 1).

From this reactant, a transition state (TS) associated with the
formation of the V−OCH3 group is identified (see Figure 2).
Within this, the H atom belonging to the methanol group is in
close proximity to the V−OH bond (d(V−O(H)···H) = 1.18 Å,
d(H3CO···H) = 1.24 Å). Such a TS favors the formation of
water and of the methoxy (methoxide) group, in agreement
with the experimental results of Trejda et al.19 The TS has an
activation energy of 75.6 kJ/mol (ZPE corrected 66.4 kJ/mol),
see Table 3. The value of 66.4 kJ/mol for the TS shows that for
this reaction path the formation of formaldehyde or of dimethyl
ether (the other potential product) is plausible.
Along the reaction path, the methoxide and water

intermediate state is a stable structure with the relative total
energy of −38.1 kJ/mol (see Figure 2). From this state on, in
order to form the final product, one has to add a second
methanol molecule inside the V-BEA cage. The added
methanol interacts with the methoxide molecule leading to
the formation of dimethyl ether and water.
Different snapshots from the MD simulations performed at T

= 523 K are shown in the Supporting Information (Figure 1).
In these snapshots different intermediate states are shown until
the final product is formed. The products are dimethyl ether
and water. The adsorption energy of the final product
(dimethyl ether + water) is −111.6 kJ/mol.
For temperatures smaller than T = 523 K (i.e., T = 300 K and

T = 415 K) the reaction mechanism ends with the formation of

the methoxide molecule. Dimethyl ether or formaldehyde
molecules are not obtained at these temperatures.

Structure 2. The second and third structures (Figure 1:
Structure 2 and Structure 3) correspond to eq 1. In Structure 2,
vanadium is single-bonded to three O−Si groups and double
bonded to an O atom. The H atom belonging to CH3OH
points toward the V−O−Si group (d(VO···H) = 1.22 Å).
This system is similar to the one proposed by Sauer et al.85,86

The adsorption energy for this structure is −46.2 kJ/mol (ZPE
corrected, −40.3 kJ/mol) (Table 1). Systems like Structure 2
have been intensively investigated in other theoretical
papers.19−22 This structure has been adsorbed on various
type of surfaces (VOx/SiO2, VOx/TiO2, VOx/ZrO2, [VO]

1+-
ZSM-5).19−22 The values obtained for the adsorption energies
of the methanol on these surfaces are between −32 kJ/mol and
−97 kJ/mol.19−22 This difference depends on a lot of factors
like the size of the cluster and the composition of the surface/
zeolite (type of the metal atoms). In the cluster calculations, the
environment interactions are neglected. Depending on the
cluster size the values obtained for the reaction mechanism can
fluctuate. Other quantities that affect the final result are the
functionals and the methods that are used. In our calculations
we have a unit cell composed of approximately 200 atoms and
we are dealing with periodic system calculations.
Because of the fact that the CH3OH molecule is placed in the

close proximity of the vanadium site, in the first step of the
reaction an interaction between the alcohol proton of CH3OH
and the V−O−Si site is observed. This interaction leads to the
formation of a methoxy group and silanol (see Figure 3).
The transition state (TS) for Structure 2 is associated with

the formation of V−OCH3 and H−OSi bonds. In this
stationary point, the vanadium atom is 5-fold coordinated,
with a V−OCH3 bond distance of 1.97 Å. The H−OSi distance
is 1.22 Å. The energy barrier for this process is 69.3 (56.9)
kJ/mol, see Table 3. The transition path sampling calculations
done for this structure revealed that at both temperatures, T =
415 K and T = 523 K, the product formation can be observed
(Supporting Information, Figure 2). The intermediates are the
methoxy group and a silanol group with an energy of 23.9

Table 1. Adsorption Energies at T = 0 K for the Reactantsa

structure considered ΔEads,DFT + D
0K (ZPE)

Structure 1 −49.2 (−44.6)
Structure 2 −46.2 (−40.3)
Structure 3 −32.9 (−29.7)

aAll values are given in kJ/mol. In brackets ZPE (zero-point
vibrational energies) corrected energies are shown.

Figure 2. Reaction path diagram for Structure 1. The energies for the reactant, intermediate states, and the product are given in kJ/mol.
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kJ/mol (see Figure 3). Further, the interaction between the
methoxy group and the vanadium site leads to the formation of
formaldehyde as final product. The adsorption energy of the
formaldehyde product is −133.7 kJ/mol.
To complete the catalytic cycle a further methanol molecule

should be introduced into the system. The H atom belonging
to the methanol will interact with the V−OH group leading to
the formation of water and OCH3.
The methoxy group will interact with the VO−CH2 leading

to the formation of the CH2−O−CH3 intermediate state. For
forming the dimethyl ether, the intermediate CH2−O−CH3
should be in close proximity of the Si−OH group. Once the
proton is transferred from the Si−OH to the CH2−O−CH3,
the second product (CH3−O−CH3) will be formed. Therefore,
the reaction mechanism takes place in two steps:
(1) Formation of the formaldehyde product.
(2) Formation of water and dimethyl ether. After the

formation of the dimethyl ether, the catalytic process is
complete, meaning that the vanadium is bonded again via three
SiO single bonds and one oxygen double bond.

Structure 3. Similar to Structure 2, the vanadium atom in
Structure 3 is single-bonded to three O−Si groups and double-
bonded to an O atom. However, the H atom belonging to the
OH group of CH3OH points toward the VO bond (see
Figure 1, Structure 3). The adsorption energy for methanol in
this configuration was found to be smaller than in Structure 2,
having the value of −32.9 (−29.7) kJ/mol (Table 1).
The transition state occurs when the H atom of the methanol

comes into close proximity to the VO bond (Figure 4). The
proton is then transferred to VO, forming V−OH and at the
same time the methoxide structure (Figure 4).
For Structure 3, the obtained energy barrier is higher than

the one for Structure 2, having a value of 105.1 (92.4) kJ/mol
(Table 3). This is because the cleavage of the VO bond and
the formation of V−OH and V−OCH3 groups is more
expensive than the cleavage of the V−OH bond from Structure
2. The fact that the proton is transferred to the vanadyl group
destabilizes this structure compared to the TS for Structure 2
and makes the mechanism along Structure 2 more probable to
happen. For the TS in Structure 3, the distance of V−OCH3 is
2.05 Å and the distance for V−OH is 1.15 Å. After the transfer
of the proton to the zeolite, the methoxide structure is formed
(Figure 4c). For the methoxide structure, the distance
V−OCH3 is 1.81 Å, d(V−OH) = 1.92 Å and d(VO−H) =
1.0 Å. The relative total energy of this intermediate state with
respect to the reactant state is 43.4 kJ/mol.
For forming the first final product, one of the hydrogen

atoms belonging to OCH3 interacts with the V−OH. During
this interaction, the water molecule and the formaldehyde are
formed. For these products, an adsorption energy of −186.6
kJ/mol was found. At this stage, a new methanol molecule can
be added to the vanadium-zeolite structure (see Figure 4 or the
Supporting Information Figure 3). The methanol will interact
with the VO−CH2. During this interaction, the bond between
oxygen and CH2 is broken and one hydrogen atom is
transferred from methanol to the CH2. After the proton
transfer, the products dimethyl ether and water result with an
adsorption energy of −99.2 kJ/mol. This reaction mechanism
was found to occur at a temperature of 523 K. At smaller

Figure 3. Reaction path diagram for Structure 2. The energies for the
reactant, intermediate states, and the product are given in kJ/mol.

Figure 4. Reaction path diagram for Structure 3. The energies for the reactant, intermediate states, and the product are given in kJ/mol.
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temperatures (300 K, 415 K) only methoxide product was
obtained.
B. Intrinsic Rate Parameters and Thermodynamic

Data. The adsorption energies calculated for the reactants were
found to be between −32.9 (−29.7) kJ/mol and −49.2 (−44.6)
kJ/mol, in close agreement with the results previously reported
for the adsorption of methanol on a TiO2 supported site
(−36.4 and −53.6 kJ/mol).25 This similarity is due to the fact
that the reaction process takes place only near the reactive
center (VO4 and TiO2, respectively). On the basis of the
vibrational frequencies, additionally to the adsorption energies,
we have calculated also the adsorption enthalpies at various
temperatures T = 415/523/650 K (see Table 2). The

adsorption enthalpies are calculated as the sum of the
adsorption energies and the internal energies. As expected,
the adsorption enthalpies are decreasing with increasing the
temperature. For Structure 2 (Figure 1, Structure 2) adsorption
enthalpies between −39.2 and −35.4 kJ/mol are found, while
for Structure 3 (Figure 1, Structure 3) the adsorption enthalpies
vary between −25.7 and −22.1 kJ/mol for the temperature
range 415−650 K. The difference between the adsorption
enthalpies of Structure 2 and Structure 3 is 13 kJ/mol. From
the adsorption energies a difference of approximately 13 kJ/mol
between Structure 2 and Structure 3 is calculated. This shows
that Structure 2 is more stable than Structure 3. The orientation
of the methanol toward V−OSi group (Structure 2) is more
favorable than for the case when the methanol is pointed
toward the VO (Structure 3). The fact that for the
adsorption enthalpies a difference of 13 kJ/mol is obtained
for Structure 2 and Structure 3 is consistent with the adsorption
energy difference obtained for these two structures.
Our results obtained for the energy barriers of methanol

oxidation through the three proposed mechanisms, ΔEact =
[69.3 (56.9)−105.1 (92.4)] kJ/mol, are in good agreement
with those previously reported for methanol oxidation on a
VOX/Ti surface, which are in the interval ΔEact = [69.5−119.7 ]
kJ/mol (see Table 3). Similar results were obtained for the
methanol oxidized on VOX/TiO2/SiO2 (75.3 kJ/mol), VOX/
ZrO2/SiO2 (66.9 kJ/mol), VOX/CeO2/SiO2 (75.3 kJ/mol) and
for VOX/SiO2 (96.2 kJ/mol) (see Table 3). From these results
one observes that the various types of surfaces do not
considerably change the properties of the oxidation process
of methanol (±10−20 kJ/mol variation is observed for the
adsorption and oxidation of methanol on different surfaces).
This occurs because the entire reaction takes place only
between methanol and the atoms close to vanadium.

Comparing the energy barriers obtained for the presently
proposed reaction mechanisms (66.4 kJ/mol for the mecha-
nism associated with Structure 1, 56.9 kJ/mol for the
mechanism associated with Structure 2, and 92.4 kJ/mol for
the mechanism associated with Structure 3) we observe that the
mechanisms associated with Structure 1 and Structure 2 have
low and close energy barriers compared to Structure 3. The
small difference in their energy barriers, correlated with the
similarly small difference in the adsorption energies for the
reactants, suggests that both these reaction mechanisms are
likely to happen. It is to be noted, however, that these reactions
do not occur both at the same hydration conditions. Structure 1
is more hydrated and thus more hydrophilic than Structure 2.
Structure 3 has a significantly higher energy barrier and
therefore its associated reaction mechanism is less probable to
happen.
Next to activation energies (Table 3), activation enthalpies

(ΔH⧧), entropies (ΔS⧧), Gibbs free energies (ΔG⧧), and
reaction rate (k⧧) constants have been calculated for all the
three mechanisms (Table 4). The calculations have been
performed for several temperatures: 415, 523, and 650 K. The
300 K temperature was not considered here as no relevant
product could be obtained at this temperature through any
mechanism. A difference of about 10 kJ/mol is observed
between the intrinsic activation enthalpies of Structure 1 and
Structure 2, which is in line with the similar difference for the

Table 2. Dispersion Corrected Adsorption Enthalpies for the
Reactant Moleculesa

molecule T ΔHads,DFT + D

Structure 1 415 −42.1
523 −41.1
650 −39.4

Structure 2 415 −39.1
523 −37.5
650 −35.5

Structure 3 415 −25.7
523 −24.1
650 −22.1

aEnergies are given in kJ/mol and temperatures in K.

Table 3. DFT Results of Intrinsic Energy Barriers for
Methanol Cracking on Different Surfacesa

molecule ΔEact,DFT + D

Structure 1/VBEA 75.6 (66.4)
Structure 2/VBEA 69.3 (56.9)
Structure 3/VBEA 105.1 (92.4)
VOx/SiO2 96.2(1)

VOx/TiO2/SiO2 75.3(1)−87.9(2)

VOx/ZrO2/SiO2 66.9(1)

VOx/CeO2/SiO2 75.3(1)

VOx/TiO2 66.9(2)

Structure 1/VOx/Ti 69.5(4)

Structure 2/VOx/Ti 119.7(4)

V-ZSM-5 45(3)

aAll values are given in kJ/mol. Experimental data from (1) Vining et
al.,32 (2) Vining et al.,20 (3) Fellah et al.,19 (4) Gracia et al.26. In
brackets ZPE (zeropoint vibrational energies) corrected energies are
shown.

Table 4. Intrinsic Activation Enthalpy, Entropy, Gibbs Free
Energy and Rate Constants for Methanol Oxidation on
VBEAa

molecule T
ΔHDFT

⧧

(kJ/mol)
ΔSDFT⧧ (J/
(mol K))

ΔGDFT
⧧

(kJ/mol) kDFT
⧧ (1/s)

Structure 1 415 62.4 −47.4 82.0 0.40 × 103

523 61.9 −48.4 87.2 0.21 × 105

650 61.4 −49.3 93.4 0.42 × 106

Structure 2 415 54.2 −12.6 59.4 0.28 × 106

523 53.4 −14.2 60.9 0.90 × 107

650 52.6 −15.5 62.8 0.12 × 109

Structure 3 415 89.3 −16.2 96.1 0.68 × 101

523 88.7 −17.6 97.9 0.17 × 104

650 88.0 −18.8 100.2 0.11 × 106

aEnergies are in kJ/mol, temperatures in K, and k in s−1.
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activation energies. Increasing the temperature lowers the
activation enthalpies, with a similar amount for both structures.
The intrinsic activation entropies were calculated to be in the

range of −49.3 J/mol/K to −18.8 J/mol/K for the three
systems, in the temperature interval T = 415−650 K. The
calculated activation entropies are always negative and decrease
with increasing temperature. The activation entropy is related
to the energy-redistribution within the molecule for the
reaction to occur. The negative values for the activation
entropies, which always occur for bimolecular reactions,
indicate that entropy decreases upon achieving the transition
state, because the activated complex is more “ordered” than the
free molecule. A negative entropy indicates that the activated
complex has a lower entropy than the reactants. This is the
situation encountered with most bimolecular reactions because
two molecules, initially in a random situation, must come
together with resulting loss of entropy. A positive value of
entropy is usually associated with dissociation or fragmentation
reactions or with those processes in which there is a greater
disorganization in the transition state than in the reactants.
C. Experimental Results. C.1. Acidity of VxSiBEA Zeolites:

FT-IR Investigation. The treatment of TEABEA zeolite by
aqueous HNO3 solution to remove framework Al atoms leads
to the appearance in the FT-IR spectrum of SiBEA (Figure 5)

with an intense band at 3736 cm−1 and a broad band at 3520
cm−1 due to isolated internal and H-bonded silanols,
respectively, present in vacant T atom sites, in agreement
with earlier assignments.23,91,92

After contact of SiBEA with aqueous NH4VO3 solution at
pH = 2.5, two bands appear at 3645 and 3620 cm−1 for
V0.7SiBEA assigned to the hydroxyl vibration of framework
(SiO)2(HO)VO species located at two different crystallo-
graphic sites, in line with earlier data for VSiBEA zeolite.93,94 As
shown in Figure 5, the intensity of these bands significantly
decreases from V0.7SiBEA to V6.0SiBEA suggesting that for
latter sample a major part of vanadium is present as extra-
framework polynuclear V species. Their presence in V6.0SiBEA
sample reduces strongly the intensity of the band at 3645 and
3620 cm−1 corresponding to isolated (SiO)2(HO)VO
species.
To determine the acidity of SiBEA, V0.7SiBEA, and

V6.0SiBEA, the FT-IR spectra of adsorbed pyridine used as
probe molecule were recorded. Table 5 shows a very small

amount of Lewis and Brønsted acidic sites for SiBEA, most
probably related to Al3+ ions and the acidic proton of
Al−O(H)−Si groups, respectively, still present after treatment
of BEA zeolite with nitric acid. In contrast, for V0.7SiBEA
zeolites additional Lewis and Brønsted acidic sites are
generated. As reported earlier for BEA zeolite,23 the additional
Brønsted acidic centers observed after modification with
vanadium (e.g., in V0.7SiBEA) are related to the acidic proton
o f t he OH group o f f r amework hydroxy l a t ed
(SiO)2(HO)VO.δ This can be deduced from disappearance
of IR band assigned to (SiO)2(HO)VO after pyridine
adsorption. However, as described earlier for BEA and sodalite
systems, only a small part of all framework tetrahedral V(V)
species appear as (SiO)2(HO)VO.95

The number of acidic centers in VxSiBEA calculated from the
amount of pyridine left on the zeolite surface after outgassing at
473 K for 0.5 h is given in Table 5. The number of Brønsted
acidic centers increases with the vanadium content but not in
the directly proportional way. On the other hand, the number
of Lewis acidic centers significantly decreases from V0.7SiBEA
to V6.0SiBEA suggesting that for latter sample a major part of
vanadium is present as extra-framework polynuclear V. This of
course reduces the amount of isolated mononuclear V to a high
extent. The total number of acidic centers determined from the
amount of pyridine remaining adsorbed after outgassing of the
samples at 523 K is also presented in Table 5. These data make
the estimation of acid strength possible. There is a large
difference in the acid strength between the parent SiBEA and
the resulting V-containing zeolites. Thus, the strength of acidic
centers related to vanadium species in both V0.7SiBEA and
V6.0SiBEA appears to be higher than the strength of acidic
centers present in SiBEA zeolite.

C.2. Nature and Environment of Vanadium in VxSiBEA: DR
UV−Visible. The DR UV−visible spectra of VxSiBEA are shown
in Figure 6. The absence of the d−d band expected for VIV

(3d1) ions for V0.7SiBEA and V6.0SiBEA in the range 600−800
nm suggests that there are no VIV ions. For V0.7SiBEA, two
broad bands are observed at 265 and 340 nm which can be
attributed to oxygen−pseudotetrahedral V(V) charge transfer
(CT) transitions, involving bridging (V−O−Si) and terminal
(VO) oxygens, respectively, in line with earlier results.
For V6.0SiBEA with much higher V content, the bands at 280,

320, 410, and 465 nm are observed involving framework
mononuclear pseudotetrahedral V(V) (the bands at 280 and
320 nm) and extra-framework polynuclear V(V) (the bands at
410 and 465 nm).

C.3. Catalytic Activity of VxSiBEA in Oxidation of
Methanol. As reported earlier,96 acidic and basic centers play

Figure 5. FT-IR spectra recorded at room temperature of SiBEA,
V0.7SiBEA and V6.0SiBEA.

Table 5. Number of Acidic Centers in SiBEA, V0.7SiBEA, and
V6.0SiBEA Zeolites (Related to 10 mg of Catalyst)
Determined from the Amount of Pyridine Remaining
Adsorbed after Outgassing the Samples at 473 K (Number of
Lewis or Brønsted Acidic Centers) and at 473 and 523 K
(Total Number of Acidic Centers)

total no. acidic
centers (× 1017)

sample
Lewis acidic

centers (× 1017)
Brønsted acidic
centers (× 1017) 473 K 523 K

SiBEA 5.7 8.7 14.4
V0.7SiBEA 315.7 57.8 373.5 216.7
V6.0SiBEA 268.0 141.2 409.2 254.1
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a role in the oxidation of methanol by oxide catalysts. In
VxSiBEA zeolites, framework non-hydroxylated (SiO)3VO
and hydroxylated (SiO)2(HO)VO behave as either redox or
Lewis (V5+) and Brønsted acidic (proton of the OH group) and
basic (O2−) centers on which hydrogen abstraction can take
place, as proposed earlier.23

The first step in methanol oxidation is suggested to be the
abstraction of hydrogen from methanol leading to methoxy
groups96 that further transform depending on the kind and
strength of active centers, as reported earlier.97 In the presence
of acidic centers only, methoxy groups interact with a second
CH3OH molecule to form dimethyl ether.
The results of methanol oxidation are given in Table 6 which

gather the conversion and selectivity of SiBEA, V0.7SiBEA and
V6.0SiBEA zeolites. The SiBEA exhibits a very small number of
acidic centers (Table 5) and leads to dimethyl ether only, with
methanol conversion of 5% (Table 6). The absence of
vanadium species and basic centers in SiBEA seems to explain
the absence of oxidation products.
The incorporation of a small amount of vanadium in

V0.7SiBEA does not change the methanol conversion, it
however shifts the selectivity toward partial oxidation products

(Table 6), typical of the redox and acid−base character of
VxSiBEA. The selectivity to dimethyl ether decreases from
100% for SiBEA to 62% for V0.7SiBEA. Total oxidation to CO2,
which requires the presence of highly basic centers, is not
significant on both VxSiBEA samples.
The increase of V content in V6.0SiBEA zeolite leads to an

increase of methanol conversion and selectivity toward
formaldehyde (Table 6). As suggested earlier,23 formaldehyde
chemisorbed on acidic centers can desorb as such or be further
transformed to formate species.
The presence of basic vanadyl oxygen in the neighborhood of

vanadium is required to transform methoxy species into
formaldehyde by hydrogen abstraction. This vanadyl oxygen
is also involved in the redox cycle of vanadium in the further
transformation of chemisorbed formaldehyde into partial
oxidation products (e.g., methyl formate). However, the
reaction pathway depends on the strength of acidic centers,
thus the lower their strength, the easier is the desorption of
formaldehyde. The incorporation of vanadium into SiBEA
generates both new Lewis acidic and basic oxygen centers
(V5+O2−) as shown by the increase of the number of Lewis
acidic centers (Table 5). On the other hand, the increase of
BAS number suggests the formation of framework hydroxylated
(SiO)2(HO)VO.
As proposed earlier,23 the basic vanadyl oxygen of framework

(SiO)3VO and (SiO)2(HO)VO is able to abstract
hydrogen from methoxy groups to form formaldehyde, but
because of the high nucleophilicity of the basic vanadyl oxygen,
(SiO)3VO can strongly chemisorb formaldehyde and lead to
its full oxidation. However, a very little amount of CO2 formed
in methanol oxidation (2 and 1% on V0.7SiBEA and V6.0SiBEA,
respectively) suggests that framework (SiO)3VO are rather
not involved in methanol oxidation (Table 6). In contrast, on
the less nucleophilic basic vanadyl oxygen of the framework
(SiO)2(HO)VO, formaldehyde being less strongly chem-
i sorbed can desorb . The proton of f ramework
(SiO)2(OH)VO is likely to be totally responsible for the
Brønsted acidity of VxSiBEA zeolites, where a small part of BAS
comes from residual Al−O(H)−Si. The methoxy species
formed on Lewis or Brønsted acidic centers can further react
with a CH3OH molecule to form dimethyl ether or can be
transformed into formaldehyde in the presence of basic centers,
which abstract hydrogen. For these two reasons, dimethyl ether
and formaldehyde are the main products in methanol oxidation
on VxSiBEA.
The formaldehyde yield increases significantly with vanadium

loading, from 0.75 to 11.7% for V0.7SiBEA and V6.0BEA,
respectively. This suggests that framework (SiO)2(HO)VO
are mainly involved in the transformation of methanol via
oxidation path. In contrast, the dimethyl ether yield increases
less than twice, suggesting that dimethyl ether formation does
not occur mainly on V sites. In our opinion, the dimethyl ether

Figure 6. DR UV−vis spectra recorded at room temperature of
V0.7SiBEA and V6.0SiBEA.

Table 6. Conversion and Selectivity Determined at 523 K for Methanol Oxidation on VxSiBEA
a

selectivity, %

catalyst methanol conversion, % (CH3)2O HCHO (CH3O)2CH2 HCOOCH3 CO2

SiBEA 5 100
V0.7SiBEA 5 62 15 2 19 2
V6.0SiBEA 21 26 56 2 15 1

aMass of catalyst, 40 mg; activation temperature in argon, 673 K; total reactant flow, 40 mL/min (Ar, 35.2 mL/min; O2, 3.2 mL/min; MeOH, 1.6
mL/min; O2/MeOH molar ratio = 2).
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formation takes place on Brønsted acidic sites and is most likely
related to the acidic proton of Al−O(H)-Si groups, present as
traces in SiBEA (Table 5).
The comparison of the experimental results with those from

ref.23 shows that the catalytic activity of VSiBEA zeolites in
methanol oxidation is strongly related to the presence of
hydroxylated (SiO)2(HO)VO species.
The differences in methanol conversion and selectivity to

(CH3)2O and HCHO on V0.7SiBEA zeolite catalyst could be
related to different states of SiBEA obtained after treatment
with concentrated nitric acid solution. The higher conversion of
methanol and lower selectivity to formaldehyde observed in the
present study suggests that in SiBEA there are more traces of
(Al−O(H)−Si) strong Brønsted acid sites. These sites are
responsible for the conversion of methanol to methyl ether
which was not completely removed upon treatment with
HNO3.
In contrast, the lower conversion of methanol and higher

selectivity to formaldehyde in ref 23 suggests that in SiBEA
there were less traces of strong Brønsted acid sites. Indeed, the
Si/Al ratio of 1000 indicates that in both SiBEA supports
(present and previous) obtained upon treatment with HNO3
there are only about 200−300 ppm of Al present, an amount
that is very difficult to measure precisely by chemical analysis.
Difference between Hydroxylated and Non-hydroxylated

V Species Present in VSiBEA. In this section the difference
between the methanol oxidation on the three constructed
structures are discussed. The reaction mechanism correspond-
ing to the methanol oxidation involves two main steps: (1)
oxidation, requiring oxygen either from the gas phase or from
the catalyst and (2) dehydration.
For the SiBEA catalyst only the production of dimethyl ether

has been observed experimentally. Introducing a vanadium
atom into the system leads to a reduction of the concentration
of dimethyl ether and an increase of different products such as
formaldehyde. Vanadium based species exhibit significant
activity in methanol oxidation. For a higher concentration of
vanadium, V6.0SiBEA, the dimethyl ether has been found to be
26% and formaldehyde 56%.
Two types of reactions were considered: (1) occurring on

the hydroxylated V species of VSiBEA and (2) occurring on the
non-hydroxylated V species of VSiBEA.
The hydroxylated V species present in VSiBEA corresponds

to Structure 1. For constructing the hydroxylated (SiO)2(HO)-
VO in VSiBEA, one V-OSi has been replaced by V−OH.
Now, the vanadium is connected with two OSi groups, one
OH, and a double oxygen bond.
The non-hydroxylated (SiO)3VO in VSiBEA corresponds

to Structure 2 and Structure 3. The vanadium is connected with
three OSi groups and the double bond oxygen.
In correspondence with the experimental data for all the

systems, both the formaldehyde and the dimethyl ether have
been found. The temperature at which the products were
obtained in our simulations is in good agreement with the
temperature in the experiments. The first step in the reaction
mechanism is the detachment of one hydrogen atom from the
methanol and the formation of the methoxy group. For this
step, a small energy barrier was shown to be present: 66.4
kJ/mol for the hydroxylated (SiO)2(HO)VO in VSiBEA and
56.9 kJ/mol for the non-hydroxylated (SiO)3VO in VSiBEA.
The small energy barriers can be explained as the transfer of
one hydrogen from methanol to V on VSiBEA, since this
transfer should not require too much energy. Because of the

similar values for the energy barriers it is hard to determine
whether the hydroxylated or the non-hydroxylated V species
are more appropriate for the reaction mechanism.
The environment of active sites strongly affects activity and

selectivity. The high selectivity toward formaldehyde is
observed when the nucleophilicity of oxygen present in the
neighborhood of vanadium is moderate.23 For the non-
hydroxylated (SiO)3VO of VSiBEA, formaldehyde formation
has been calculated. However, the high nucleophilicity of the
vanadyl oxygen can lead in this case to strong chemisorption of
formaldehyde followed by the formation of other products, e.g.
methylal, which can be transformed into methyl formate by
further reaction with methanol. A further increase in
nucleophilicity causes the total oxidation of methanol.23

For the hydroxylated (SiO)2(HO)VO present in VSiBEA,
a very small amount (approximately 2%) of CO2 has been
observed experimentally. In Figure 2, the methoxy group can
interact with methanol and form dimethyl ether and water.
From the simulations, the adsorption energy for these products
is −111.6 kJ/mol, being smaller than the values reported for the
non-hydroxylated structure. The dimethyl ether can be further
transformed into formaldehyde in the presence of the basic
centers, which abstract hydrogen.

■ CONCLUSIONS
Theoretical and experimental investigations for the oxidation of
methanol on VSiBEA zeolite have been performed in the
present work. Three different systems have been investigated
using DFT, including dispersion interactions. The different
calculated thermodynamic properties are in good agreement
with the experimental and other published theoretical data.
The products obtained are formaldehyde, dimethyl ether,

and water. By the use of TPS and molecular dynamics, we were
able to follow the reaction pathway of the systems at three
different temperatures (T = 300, 415, and 523 K). All
intermediates and products are reported. At a temperature of
523 K, the formation of the products is possible for all the three
considered structures, albeit with different energy barriers. For
Structure 2 the formation of formaldehyde is possible at 415 K
due to the low activation energy.
The experimental investigations allowed the determination of

the acidic properties of VSiBEA zeolites (FT-IR with pyridine
as molecule probe) and the nature and environment of V
species. The experimental investigations of the methanol
oxidation are in line with the theoretical investigation presented
in this work.
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