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Abstract Reaction mechanisms of ethanol conversion to
ethylene over H-ZSM-5, Cu-ZSM-5, Ag-ZSM-5, and
Au-ZSM-5 catalysts were investigated using density
functional theory calculations. Energetics, thermodynamic
quantities, rate and equilibrium constants of ethanol con-
version to ethylene were obtained using the B3LYP/
LanL.2DZ method. The catalytic abilities of these catalysts
on the reaction rates of ethanol conversion to ethylene are
in order: Au-ZSM-5 > > Ag-ZSM-5 > H-ZSM-5 > >
Cu-ZSM-5.

Keywords H-ZSM-5 - Au(I), Ag(I) and Cu(l)
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1 Introduction

Production of light olefins from ethanol has many advan-
tages. Zeolites have been widely used in the petrochemical
industry as acid catalyzed processes and known as one of
the most important heterogeneous catalysts [1-4]. Zeolites
were widely studied for their acidic properties of Brgnsted
acid sites [5, 6] using several techniques [6-20]. Due to

Electronic supplementary material The online version of this
article (doi:10.1007/s10562-011-0737-5) contains supplementary
material, which is available to authorized users.

P. Dumrongsakda
Center for Petroleum, Petrochemicals and Advanced Materials,
Chulalongkorn University, Bangkok 10330, Thailand

V. Ruangpornvisuti (D<)

Department of Chemistry, Faculty of Science, Chulalongkorn
University, Bangkok 10330, Thailand

e-mail: vithaya.r@chula.ac.th

acidities of zeolites [21], the H-ZSM-5 was widely used as
acid catalyst in the conversion of light alkanes to aromatics
[22—-29] and alkanes to alkenes [30].

The catalysts of exchanged cations on H-ZSM-5 known
as bifunctional catalysts were used in many reactions
[31-33]. The Zn/H-ZSM-5 [31], Co/H-ZSM-5 [32]
Mo/H-ZSM-5 [33] were used in hydrocarbon conversion
reactions. The Zn/H-ZSM-5 was used to increase propane
conversion turnover rates, hydrogen formation rates, and
selectivity to aromatics [31]. The Co/H-ZSM-5 was used
for propane conversion to propene and to Cs—Cg aromatics
for dehydrogenation and dehydrocyclization of alkanes
[32] and methylene reactions in Mo/H-ZSM-5 were
investigated [33]. Many metal-exchanged ZSM-5 catalysts
such as Cu-ZSM-5 [34-41] and Ag-ZSM-5 [42] were
used in the elimination of nitrogen oxides (NOx) emitted
from vehicle exhausts and industrial sources.

In this work, we have theoretically investigated the
reaction mechanisms of ethanol conversion to ethyl-
ene using metal-transition-ions—exchanged ZSM-5
(M-ZSM-5-type) catalysts in comparison with H-ZSM-5
catalyst. The M-ZSM-5-type catalysts where M = Cu(]),
Ag(l) and Au(I) modeled as the 28T cluster have been
theoretically employed and their reaction energies, ther-
modynamic properties, rate and equilibrium constants have
been computed using the density functional theory
calculations.

2 Computational Methods
The H-ZSM-5, MI)-ZSM-5, where M() = Cu(l),
Ag(I) and Au(l) were modeled as 28T clusters. The

structure optimizations for these 28T—clusters and config-
urations of their interactions with ethanol reactant, ethylene
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product and their corresponding transition states were [43] using Becke three—parameter exchange functional [44]
carried out using the density functional theory (DFT). The  with the Lee—Yang—Parr correlation functional [45] and the
calculations were performed with GAUSSIAN 03 program  Los Alamos LanL2DZ split—valence basis set [46—48].

Fig. 1 The B3LYP/LanL2DZ-
optimized structures of the
cluster models for the

a H-ZSM-5, b M(I)-ZSM-5
catalysts. The bond distances
are in A

Fig. 2 The structure models

employed in partial A W
optimizations of the 28T A e o e
clusters of the a H-ZSM-5, ‘\)‘ \ N's
b M(I)-ZSM-5 where as their J i

wireframe atoms are treated as / \ y / \\ o
frozen atoms and their ball-stick Y T
atoms are allowed to move W) H'\ <\ l{‘

! ) N MQ) s
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The zero point vibrational energy (ZPVE) corrections were
derived from frequency calculations at the B3LYP/
LanL2DZ level of theory.

2.1 Cluster Models for the H-ZSM-5
and M(I)-ZSM-5

The structure of 28T cluster of H-ZSM-5 zeolite was
constructed from the idealized infinite ZSM-5 crystal lat-
tice structure [49] and it was decorated as following
treatment. The dangling bonds of 28T cluster of ZSM-5
were saturated with hydrogen atoms, its silicon atom
located at the crystallographic position T12 was substituted
by one aluminum atom and one hydrogen atom was bound
to the oxygen atom which bridges between the T12-
aluminum atom and its neighbor silicon atom as shown in
Fig. 1a. The partial optimization of the 28T—cluster model
of H-ZSM-5 which is composed of 27 silicon atoms and
one aluminum atom (Si/Al = 27) and its formula is
H;,4Si,7(HO)AIO3g was carried out with constrain of all
atoms except all hydrogen atoms and 5T-cluster atoms
(0O,Si—(OH)-AI1(0O-Si0,)3) containing the T12 site which
is defined in Fig. 2a. The B3LYP/LanL2DZ-optimized
structure of the H-ZSM-S5 is shown in Fig. la.

The initial structures of M(I)-ZSM-5-type catalysts
where M(I) = Cu(I), Ag(I), Au(I) were constructed by
exchange of the hydrogen atom bound to the oxygen atom
at the T12 site in the H-ZSM-5 with the monovalent metal
ion, M(I) as shown in Fig. 2b.

The partial optimizations of the 28T—cluster model of
MI)-ZSM-5-type catalysts which are composed of 27
silicon atoms and one aluminum atoms (Si/Al = 27) and its
formula is H33Si,7A1039 M(I) were carried out with con-
strain of all atoms except all hydrogen atoms and ST—cluster

+ EtOH

HZ INT(H)

TS(H)
—_—

atoms as (O;Si)—-(OM())-Al(O-SiO,) (0-SiO3), which
contains the T12 site as defined in Fig. 2b. The clusters for
the H-ZSM-5 and the M(I)-ZSM-5 are denoted as the 28T
(5T) cluster. The B3BLYP/LanL.2DZ—optimized structures of
MI)-ZSM-5 catalysts are shown in Fig. 1b.

2.2 Structure Optimization and Potential Energy
Surface

The transition—state structures for ethanol conversion to
ethylene on 28T (5T) cluster of the H-ZSM-5 and
M(I)-ZSM-5 obtained at the B3LYP/Lanl.2DZ level of the-
ory were located using the reaction coordinate method refer-
red to the synchronous transit—guided quasi—newton (STQN)
calculation [50]. The intrinsic reaction coordinate (IRC)
method [51] was used to track minimum energy paths from
transition structures to the corresponding minimum. All cal-
culations were performed using GAUSSIAN 03 program [43].

2.3 Thermodynamic Properties and Formation
Constants

The standard enthalpy AH5,, and Gibbs free energy change
AGyq of all studied reactions have been derived from the
zero—point vibrational energy (ZPVE) [52] computed at the
B3LYP/LanL2DZ level of theory. The rate constants k(7T)
for conversion reactions of ethanol conversion to ethylene
derived from the transition—state theory were computed

from activation energy (AiG) using Eq. (1) [52].

k(T) = %exp(fAiG"/RT) (1)

where the concentration factor of gases, ¢’ of unity is
used, kg is the Boltzmann’s constant, & is Plank’s

INT(HY HZ

Fig. 3 Reaction mechanism for ethanol conversion to ethylene on the H-ZSM-5 catalyst, computed at the B3LYP/LanL.2DZ level. The bond

distances are in A
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+ EtOH

INT(Cu)

INT(Ag)

(b)

+ ErOH

AuZ INT(Au) (¢) INT(Au) AuZ

Fig. 4 Reaction mechanisms for ethanol conversion to ethylene on the a Cu~ZSM-5, b Ag-ZSM-5, ¢ Au-ZSM-5 catalysts, computed at the
B3LYP/LanL2DZ level. The bond distances are in A

constant, T is the absolute temperature, and R is the gas 2.4 Rate Constant Ratio

constant. The equilibrium constant K at 298.15 K and

I atm is computed using a thermodynamic equation A decision—making tool to evaluate for appropriate catalyst
AG° = - RT In K. used in the certain reaction and the catalyst which results
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the high ratio of the rate constant to the lowest rate constant
is probably good or appropriate. The rate constant ratio, &
is defined as a ratio of the rate constant of the certain
reaction catalyzed by the J—catalyst (kyog(J — cat)) to the
lowest rate constant of the reaction catalyzed by the
I-catalyst (kyog(I — cat)), as shown in Eq. (2).

. koog (J — cat)

= 2
I koog (I — cat) ( )
3 Results and Discussion
The B3LYP/LanL2DZ-optimized structures for the

H-ZSM-5, Cu—ZSM-5 and Ag—ZSM-5 modeled as 28T
cluster are shown in Fig. 1. It was found that mono—valent
metal ions Cu(l), Ag(I), and Au(I) in the Cu-ZSM-5,
Ag-7ZSM-5, and Au—ZSM-S5 are coordinated to two neigh-
boring oxygen atoms which bond to the T12-aluminum
atom as shown in Fig. 1b.

The optimized structures for the configurations of inter-
actions between ethanol reactant, ethylene product and their
corresponding transition state, and their reactions steps

obtained by the partial optimizations at the B3ALYP/LanL.2DZ
level are shown in Figs. 3, 4. All the B3LYP/LanL.2DZ~
optimized structures listed as atomic coordinates are shown in
Table S1 (Supplementary material). The reaction mechanisms
for ethanol conversion to ethylene on the H-ZSM-5 and
M(I)-ZSM-5 catalysts are shown in Figs. 3, 4, respectively.
The reaction mechanisms for ethanol conversion to ethylene
whether over the H-ZSM-5 or M(I)-ZSM-5 are composed of
three reaction steps namely (1) the adsorption of ethanol
reactant on zeolite (2) the conversion of adsorption—states of
ethanol to ethylene and (3) the desorption of the ethylene. The
second reaction step for all the reaction was found to be the
rate—determining step (RDS).

The selected geometrical parameters for configurations
of interaction between reacting species and the H-ZSM-5
and M-ZSM-5 catalysts are listed in Table S2 (Supple-
mentary material). Table S2 shows that the bond distances
between cation and the nearest oxygen atom of ZSM-5 are
02-H = 0.977 A, 02-Cu = 2.033 A, 02-Ag = 2.308 A
and 02-Au = 2.204 A, for the H-ZSM-5, Cu-ZSM-5,
Ag-ZSM-5 and Au-ZSM-5 catalysts, respectively. The
coordination numbers of the metal cation coordinated to
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Fig. 5 Potential energy profiles for ethanol conversion to ethylene on the a H-ZSM-5, b Cu—ZSM-5, ¢ Ag-ZSM-5, d Au—ZSM-5 catalysts
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Table 1 Reaction energies, thermodynamic properties, rate constants and equilibrium constants for conversion reactions of ethanol to ethylene

over the H-ZSM-5 and M(I)-ZSM-5 catalysts

Catalysts/Reactions® Ai Eab Ai Gob KSos K d AE? AH, 4" AGoog® Koz
H-ZSM-5:
EtOH + HZ — INT(H) - - - —7.98 —7.61 373 1.84 x 1073
INT(H) - TS(H) — INT(HY 4269  43.86 436 x 1072 328 x 10° 2.28 3.11 193  3.82 x 1072
INT(HY — ZH + C,H, + H,0 - - - 19.09 19.46 —090 4.60 x 10°
Cu-ZSM-5:
EtOH + CuZ — INT(Cu) - - - —34.92  —3419 2497 201 x 10'8
INT(Cu) — TS(Cu) — INT(Cu) 5233 5275 133 x 1072 1.00 x 10° —473 —434 —426 134 x 10°
INT(Cu)Y — CuZ + C,H, + H,O - - - 53.04 53.49 3400 1.20 x 107
Ag-ZSM-5:
EtOH + AgZ — INT(Ag) - - - —0.72 —0.51 11.14  6.68 x 107°
INT(Ag) — TS(Ag) — INT(Ag) 4045 4051 125 x 1077 9.40 x 108 -1.73 —2.28 —0.54 250 x 10°
INT(Ag) — AgZ + C,H, + H,O - - - 15.85 17.76 —586 198 x 10*
Au-ZSM-5:
EtOH + AuZ — INT(Au) - - - —6.08 —6.27 —6.55 159 x 107°
INT(Au) > TS(Au) — INT(Au) 3457  36.29 156 x 107 117 x 10" —2971 —28.75 —30.81 3.85 x 10%
INT(Au) — AuZ + C,H, + H,O - - - 49.18 49.98 2903 527 x 1072

2 Computed at B3LYP/LanL2DZ level, in kcal mol™'

" Activation energy

¢ Ins”!

9 Defined in Eq. (2) as compared with the lowest rate constant of which the reaction is catalyzed by the Cu—ZSM-5
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Fig. 6 Plot of the LngJCu—ZSM—S against the modified ZSM-5
catalysts

the Cu—-ZSM-5, Ag-ZSM-5 and Au-ZSM-5 catalysts in
the vicinity of aluminum atoms are 2 as shown in Fig. 1.

The potential energy profiles for ethanol conversion to
ethylene over the H-ZSM-5, Cu-ZSM-5, Ag-ZSM-5 and
Au-ZSM-5 catalysts are shown in Fig. 5. The transition—
states TS(H), TS(Cu), TS(Ag) and TS(Au) for the reaction
catalyzed by the H-ZSM-5, Cu-ZSM-5, Ag—ZSM-5 and

@ Springer

Au-ZSM-5 were proved by reaction paths of their intrinsic
reaction coordinate (IRC) as shown in Figs. S1, S2, S3 and
S4 in supplementary material, respectively.

Reaction energies, thermodynamic properties, rate and
equilibrium constants for ethanol conversion to ethylene
over the H-ZSM-5 and M(I)-ZSM-5 catalysts are shown
in Table 1. Due to the RDS step, the reaction rates for
ethanol conversion to ethylene on different catalysts are
in order: Au-ZSM-5 (log k = —13.81) > Ag-ZSM-5
(log k= —-16.90) > H-ZSM-5 (log k = —19.36) > >
Cu-ZSM-5 (log k = —25.88). The magnitudes of equi-
librium constants of the ethanol conversion to ethylene are
in order: Au—ZSM-5 (log K = 22.59) > > Cu-ZSM-5
(log K = 3.13) & Ag-ZSM-5 (log K = 0.40) > H-ZSM-5
(log K = —1.42). The activation energies due to the RDS
step for ethanol conversion to ethylene over the H-ZSM-5,
Cu-ZSM-5, Ag-ZSM-5 and Au-ZSM-5 catalysts as
shown in Table 1 are 42.69, 52.33, 40.45, and 34.57 kcal/mol,
respectively. Potential energy profiles for ethanol conver-
sion to ethylene on the H-ZSM-5, Cu-ZSM-5, Ag-ZSM-5,
and Au-ZSM-5 catalysts are shown in Fig. 5. The plot of
the Log k', _zsnm_s against the modified ZSM-5 catalysts is
shown in Fig. 6. It shows that the high activities of the
noble metal-ions exchanged H-ZSM-5 catalysts on etha-
nol conversion to ethylene are found and in order:
Au-ZSM-5 > Ag-ZSM-5.



Theoretical Investigation of Ethanol Conversion to Ethylene over H-ZSM-5

149

4 Conclusions

Ethanol conversion to ethylene catalyzed by H-ZSM-5,
Cu-ZSM-5, Ag-ZSM-5, and Au-ZSM-5 catalysts mod-
eled as 28T—cluster was theoretically studied using the
B3LYP/LanL.2DZ method. The reaction rates for ethanol
conversion to ethylene on different catalysts are in order:
Au-ZSM-5 (log k= —13.81) > Ag-ZSM-5 (log k =
—16.90) > H-ZSM-5 (log k = —19.36) > > Cu-ZSM-5
(log k = —25.88). The magnitudes of equilibrium con-
stants of ethanol conversion to ethylene are in order:
Au-ZSM-5 (log K = 22.59) > > Cu—ZSM-5 (log K =
3.13) * Ag-ZSM-5 (log K = 0.40) > H-ZSM-5
(log K = —1.42). The catalytic activities of these catalysts
on to the reaction rate are in order: Au-ZSM-5 >
Ag-ZSM-5 > H-ZSM-5 > > Cu-ZSM-5.
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