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Ethanol transformation to ethene and acetaldehyde over low- and high-spin state oxygenated Au-
exchanged ZSM-5 zeolite has been investigated using a well-validated density functional method, M06-
L. The reaction initiates from the ethanol O—H bond dissociation leading to the formation the ethoxide—
hydroxide intermediate with the activation energy of 9.5 kcal mol™ . This intermediate can be then
decomposed to either ethene or acetaldehyde products. In the ethene production pathway, the
decomposition of the ethoxide—hydroxide intermediate proceeds via the B-H-C scission with the
activation energy of 40.5 kcal mol™. For the acetaldehyde production pathway, the ethoxide—hydroxide

intermediate transforms to acetaldehyde via a-H—C scission with the activation barrier of 10.6 kcal mol™*
Received 6th June 2017 hich is significantly | than the eth thway. Th tion rate f taldehyde formation i
Accepted 27th July 2017 which is significantly lower than the ethene pathway. The reaction rate for acetaldehyde formation is
also found to be higher than the ethene one. The results suggest that the acetaldehyde product is

DOI: 10.1039/c7ra06313] thermodynamically and kinetically favored over ethene for the transformation of the ethanol on
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1. Introduction

Bioethanol, derived from energy crops, has recently received
remarkable attention from the chemical industry for the
development of clean technology.'* It is ideal for converting
ethanol to more valuable chemicals, especially ethene and
acetaldehyde. They are important feedstocks for many
processes in the industry."* Ethene can be produced via ethanol
dehydration, which is preferably performed over solid acids
such as acidic zeolites.>® Acetaldehyde is obtained from the
dehydrogenation reaction catalyzed by metals and metal-
supported or basic oxides such as magnesium oxide.”**> Both
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T Electronic supplementary information (ESI) available: Fig. S1 the ethanol
adsorption energies of the AuO/ZSM-5 as a function of the cluster model sizes.
Fig. S2-S4. Energy profile for the ethoxide-hydroxide conversion on AuO/ZSM-5
for singlet state (dot line) and triplet state (solid line). Fig. S5. The 12T cluster
model of AuO/ZSM-5 zeolite. See DOI: 10.1039/c7ra06313j
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oxygenated Au-exchanged ZSM-5 zeolite.

reactions are found to be competitive on transition metals oxide
catalysts such as Fe,03, Mn,0; and CeO,."""**

Supported gold (Au) catalysts have been additionally found
to be favorable for these processes. With various supported
materials including silica, high activity and good selectivity can
be enhanced for various reactions of alcohol trans-
formation."™® Zeolites are considered to be useful silica
supports for metals. Au-exchanged zeolites, including Nay,
Na-ZSM-5 and ZSM-5, were previously reported to display high
activity for several reactions such as N,O and NO decomposi-
tion, the water gas shift (WGS) reaction and oxidation of CO,
ethanol, cyclohexane and benzyl alcohol.***® Moreover, we also
previously theoretically demonstrated the utilization of Au-
exchanged zeolites for catalyzing the reaction including
methane C-H bond activation, the direct conversion of carbon
dioxide and methane to acetic acid, nitrous oxide decomposi-
tion, and the conversion of carbon dioxide and ethane to
propanoic acid.”*** The surface oxygen on Au-exchanged ZSM-5
zeolite promoting the ethanol O-H bond dissociation and the
conversion of ethoxide to acetaldehyde is an example of how
supported zeolite facilitate the Au activity in catalyzing reac-
tions.*® To the best our knowledge, ethanol dehydration and
dehydrogenation on the catalyst have not been studied in detail.

In the article, we report the comparison of ethanol dehy-
dration and dehydrogenation on Au exchanged zeolites with the
presence of surface oxygen. The reaction mechanism of both
reactions together with their structures and energetics of reac-
tion intermediates were investigated using Density Functional

This journal is © The Royal Society of Chemistry 2017
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Theory (DFT) calculations with M06-L functional as well as the
transition states were discussed to predict the preferred one.
The possibilities of spin crossing were also additionally exam-
ined throughout the competitive reactions.

2. Model and methods

The ZSM-5 zeolite was represented by the 34T H-ZSM-5 cluster
model (T refers to Si or Al atoms) generated from their lattice
structures.*® Due to the Si/Al of 33, this model therefore are
expected to represent the modulate Si/Al ZSM-5 zeolite. It covers
the intersection between straight and zigzag channels, illus-
trated in Fig. 1a. In this model, a silicon atom at the T12 site was
substituted by an aluminium atom to generate the Brgnsted
acid site. This site is the most stable Al substitution site and has
been generally used to model the active site of H-ZSM-5
zeolite.*® The Brgnsted site was then replaced with the Au
cation to generate the Au-zeolite (Au/ZSM-5). Our previous
studies on adsorption and hydrogen exchange of unsaturated
aliphatic, aromatic and heterocyclic compounds employed the
model and reported reasonable adsorption and activation
energies, which are compared to experimental values.**

All structure optimizations were performed with the M06-L
density functional. This method was developed by Zhao and
Truhlar*”?® and included van der Waals interactions in the
parameterization. It has been successfully used for investi-
gating the adsorption and reaction mechanisms over
zeolites®***3*3%%5 and also over other materials such as metals-
organic frameworks.*** The 6-31G(d,p) basis set was used to
treat Al, Si, C, O and H atoms, while the Au atom was described

(b)

Fig. 1 Optimized structures of AuO/ZSM-5 model (a) and ethanol
adsorbed on AuO/ZSM-5 (b).
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by the Stuttgart Effective Core Potential basis (ECP).”> During
the geometry optimizations, only the 5T cluster of the active site
region [(=Si0);(AuO)Al(OH)Si=] and the adsorbate molecule
were allowed to relax, while the remaining atoms were fixed at
the crystallographic coordinates. Transition states were
confirmed by performing the frequency calculations at the same
level of theory to guarantee that the transition state structure
has only one imaginary frequency. The calculated relative
adsorption energies was defined as follows:

AE = E(complex) — E(zeolite) — E(adsorbate)

where E(complex), E(zeolite), E(adsorbate) are the total energies
of the zeolite-adsorbate complex, the AuO/ZSM-5 zeolite and the
adsorbate molecules, respectively.

The rate constants are also calculated using classical
transition-state theory (TST) consistent with the following
equation:

k= kBTTexp(—AG#/RT)
where k is the rate constants, kg is Boltzmann's constant, 4 is
Planck's constant, 7 is the absolute temperature, R is the
universal gas constant and AG” is the difference of free energy
between the initial and transition states. The rate constants were
derived for the reaction temperature of 298.15 K. The natural
atomic orbital (NAO) and natural bond orbital (NBO) calcula-
tions® were used to determine partial charges and population
analysis. All calculations were performed with Gaussian 09 code.>

3. Results and discussion

3.1 Oxygenated Au-exchanged ZSM-5 zeolite model and
ethanol adsorption

The singlet and triplet spin states of the oxygenated Au-
exchanged ZSM-5 zeolite (AuO/ZSM-5) are first considered. We
found that the triplet state is 19.0 kcal mol ' more stable than
the singlet state. We therefore investigate the structure of AuO/
ZSM-5 and its interaction with ethanol molecule in the triplet
state. The optimized structures of AuO/ZSM-5 are shown in
Fig. 1. The Au-O active site can be produced by decomposition
of oxidizing agents such as nitrous oxide (N,O) on Au/ZSM-5
leading to AuO/ZSM-5.>>** The Au-O active site is coordinated
to two oxygen bridging atoms of zeolite with the Au---O1 and
Au---02 distances of 2.23 and 2.30 A, respectively (Fig. 1a). The
calculated distance of Al --Au is 3.14 A. The Au-O bond distance
in the surface oxygen species is 1.90 A. The value is compared
well with the [AuO]" bond length calculated with the highly
accurate method of CCSD(T)*” and also approximately equiva-
lent the Au-O bond distance of 1.89 A in AuUO-ZSM-5 calculated
from B3LYP method with the 6-31G(d,p) basis set for light
atoms and LANL2DZ for Au.*® The NBO analysis shows the
overlap orbital interaction between Au s-type orbital (s = 86%,
d = 14%) and O sp-type orbital (s = 14%, p = 86%). The partial
charges of Au and O are +0.88e and —0.29¢, respectively. We also
found the spin density located on the O atom of the Au-O active
site (O = 1.38 and Au = 0.44) which shows the free radical
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character of this surface O on Au. This might be responsible for
the hydrogen abstraction in the further steps.

The optimized structure of ethanol adsorption on the Au-O
site of the Au/ZSM-5 zeolite are shown in Fig. 1b. The ethanol
interacts with the active site via the hydroxyl group (OH) of
ethanol and the Au-O active site. The same location was
previously reported in methanol and ethanol adsorption on
Fe-O/ZSM-5 and also for GaO/ZSM-5.***® The Au-O bond
distance of the Au-O active site is elongated upon the adsorp-
tion of ethanol from 1.90 to 2.01 A and the length of the alco-
holic O-H bond increases by 0.02 A. The intermolecular
distance of Oe---Au is 2.36 A. Because of the electron transfers
from Oe to the Au site, the negative partial charge of Oe
decreases from —0.64e to —0.51e. The adsorption energy is
calculated to be —17.3 kecal mol ™.

To ensure the convergence of 34T cluster model used in this
work, the single point calculations at the same level of theory for
ethanol adsorption based on the 34T cluster optimized struc-
tures were performed on different cluster sizes i.e. 5T, 12T, 46T
and the extended 120T models. The cluster models and their
ethanol adsorption energies are showed in the Fig. S1.f The
calculated adsorption energy is proportional to the cluster size
due to the increasing contribution of the zeolite frameworks.
However, the adsorption energies are almost equal from the
calculations in the original 34T to the extended 46T and 120T
models, indicating that the model size increasing from 34T
does not affect the energetics of the system. The 34T cluster
model should be therefore practical and large enough to
represent interactions between the adsorbate and the zeolite
frameworks. The 34T model is then employed to investigate the
reaction mechanisms of ethanol dehydration and dehydroge-
nation in the subsequent sections.

3.2 Reaction mechanisms of ethanol dehydration and
dehydrogenation

The proposed reaction mechanism of ethanol transformation to
ethene and acetaldehyde initiates with the ethanol O-H bond
dissociation to form the ethoxide-hydroxide intermediate on
the Au site. The intermediate can be then transformed either to
ethene or acetaldehyde products. It is well known that the spin
state crossing especially for the reactions containing transition
metals is often observed and may play a role in the catalytic
reactions. We therefore analyze the reaction pathways along
with two possible spin states of singlet and triplet. From the
results of two spin states, the intersystem spin-crossing occur-
rence is found in the first step of the ethoxide-hydroxide
intermediate formation after the ethanol O-H bond dissocia-
tion, leading to the lowering endothermicity of intermediate
formation (Fig. S2t). Moreover, the spin crossing is also found
before the transition state for the intermediate transformation
to ethene product, while the spin state remains singlet
throughout the acetaldehyde route (Fig. S3 and S4t). In the
following discussion, only the most stable spin state for each
complex is considered in reaction coordinates. The superscript
numbers 1 and 3 in the energy profiles and tables refer to the
singlet and triplet spin states. The full reaction mechanisms
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with two-dimensional chemical structure are also provided in
Fig S5.1

Optimized structures for the first step of the ethanol O-H
bond dissociation are displayed in Fig. 2 and selected geomet-
rical parameters are shown in Table 1. The reaction starts with
the ethanol interacting to the Au-O site of Au-O/ZSM-5 zeolite
with the adsorption energy of —17.3 kcal mol ' as reported
above. Then, the adsorbed ethanol is converted to the ethoxide
intermediate through the transition state (TS_1). Its alcoholic
O-H bond of the ethanol molecule is dissociated and H1
simultaneously transfers to the O of the Au-O active site of
zeolite. The Oe-H1 bond distance is elongated from 0.98 to
1.29 A, whereas the interatomic distance of O---H1 is decreased
from 2.13 to 1.16 A. The transition state is confirmed by normal
mode analysis with one imaginary frequency at —1532.5 cm ™",
which corresponds to the simultaneous Oe-H1 bond spitting
and H1-O1 bond forming. The activation energy of this step is
9.5 keal mol ™. It is considered to be lower than the ethanol

AuO/ZSM-5

——
+EtOH

-20
-25

-30

-35

-41.2

-40

45 Int1!

Fig. 2 Energy profile and optimized structures of adsorption, transi-
tion state and intermediate involved the ethoxide—hydroxide inter-
mediate formation (energies are in kcal mol™). The superscript
numbers refer to the most stable spin state of each reaction complex.

Table 1 Optimized geometrical parameters of all species involved
ethanol adsorption and the ethoxide—hydroxide intermediate forma-
tion in singlet and triplet states on the AuO/ZSM-5 zeolite

Triplet Singlet
Parameters  Ads TS1 Int1 Ads TS1 Int1
Distance (A)
Au-Al 3.08 3.13 3.13 3.09 3.04 3.03
Au-O 2.01 2.04 2.14 1.88 1.92 1.99
Au-Oe 2.37 2.45 2.27 2.91 2.38 2.03
O-H1 2.13 1.16 0.97 2.23 1.75 0.97
Oe-H1 0.98 1.29 2.41 0.97 1.00 2.19
Oe-C1 1.45 1.41 1.40 1.42 1.44 1.42
C1-C2 1.51 1.51 1.51 1.50 1.50 1.52
Angle (°)
Si1-01-Al 128.3 126.6 128.0 127.9 128.6 127.4
Si2-02-Al 136.8 138.1 137.3 135.7 136.0 139.1
Oe-Au-O 74.7 61.8 60.6 64.9 71.2 81.9
Oe-H1-0O 112.7 145.9 67.5 109.1 131.6 105.9

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Energy profile and optimized structures of the intermediate,
transition state and product involved the formation of ethene (a) and
acetaldehyde (b) (energies are in kcal mol™2). The superscript numbers
refer to the most stable spin state of each reaction complex.

O-H bond dissociation on FeO/ZSM-5 zeolite in a previous
theoretical study.*® This suggests that the [Au-O] site is more
active than that [Fe-O] site on ZSM-5 zeolite due mainly to the

View Article Online
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unpaired electrons localized on the active O of the [Au-O] site
that helps to abstract the hydrogen from the ethanol hydroxyl
group. These results agree with the theoretical study of the
methanol O-H bond dissociation on Au(111) surface and the
experimental observation which reported that the surface O on
Au was essential for the activation of the O-H bond in alcohols
on the Au surface.’**

The ethoxide-hydroxide intermediate (Int_2) is then gener-
ated in the zeolite pore which is comparable to the reaction of
alcohols O-H bond activation on the FeO/ZSM-5 and GaO/ZSM-
5 systems.*>**°! In this complex, the spin state is changed from
triplet to singlet (¢f Fig. S2t). Furthermore, the result of the
spin-crossing phenomenon leads to the lowering of the
exothermicity of the reaction to —41.2 kcal mol™". The Au---Oe
and Au---O distances are 2.03 and 1.99 A, respectively. Since the
complexation energy of this intermediate over AuO/ZSM-5
zeolite is less stable than that of the GaO site of GaO/ZSM-5
zeolite (—68 kcal mol™"),%® the intermediate is more readily
converted over AuO/ZSM-5 zeolite compared to GaO/ZSM-5
zeolite.

The reaction is followed by the decomposition of ethoxide-
hydroxide intermediate to either ethene or acetaldehyde prod-
ucts as shown in Fig. 3. For the ethene pathway, the spin
crossing is found between the singlet-state intermediate and
the second transition state (TS2_E) in triplet state (see Fig. S37).
The H2 proton of TS2_E is transferred to the oxygen (O) of the
hydroxyl group. The C2-H2 bond distance is elongated from
1.09 to 1.30 A, while the O---H2 distance decreases to 1.28 A for
the bond forming (see Table 2). This transition state of this step
is very similar to the carbenium-ion complex i.e. the hybrid-
ization of C1 changes from tetrahedral (sp’) to planar (sp®). The
transition state is confirmed by the frequency calculation with
one imaginary frequency at 1592.2i cm ™', which relates to the
breaking of the C2-H2 bond and the movement of the H2 to O.
The predicted activation energy of this step is 40.5 kcal mol™".
After the migration, the ethene is formed on the Au-ZSM-5

Table 2 Optimized geometrical parameters of all species involved the ethoxide—hydroxide intermediate decomposition to ethene and acet-
aldehyde products. The superscript numbers 1 and 3 refer to the singlet and triplet spin state of each reaction complex

Ethene pathway

Acetaldehyde pathway

Parameters TS2_E? Prod_E? TS2_E! Prod_E' TS2_A® Prod_A3 TS2_A' Prod_A'
Distances (A)

Au-Al 3.09 3.12 3.00 3.11 3.11 3.09 2.96 3.18
Au-0O1 2.36 2.17 2.25 2.32 2.34 2.25 2.31 2.20
Au-02 2.27 2.30 2.15 2.21 2.26 2.33 2.24 2.74
Au-O 2.22 2.28 2.05 3.21 2.24 2.46 2.05 2.97
Au-Oe 2.16 1.92 1.97 1.90 2.20 2.11 2.19 2.19
Oe-H1 2.97 2.65 2.00 2.14 3.02 2.31 3.55 2.54
Oe-C1 1.41 4.04 2.25 3.19 1.34 1.34 1.32 1.23
O-H2 1.28 2.26 1.22 0.97 1.32 0.97 1.44 0.96
C2-H2 1.30 3.90 1.40 2.38 2.15 4.06 2.20 4.98
C1-C2 1.50 1.33 1.38 1.33 1.52 1.50 1.51 1.47
Angles (°)

0-Au-Oe 84.2 53.8 77.0 36.8 76.6 76.5 76.2 63.1
0O-H2-C2 166.4 28.4 166.7 48.7 119.4 25.3 139.2 24.2

This journal is © The Royal Society of Chemistry 2017
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zeolite (Prod_E) with the calculated complexation energy of
—4.6 keal mol ™.

In the acetaldehyde production pathway, there is no spin
crossing for this reaction path and the reaction will follow the
singlet state (see Fig. S4t). Acetaldehyde can be generated via
the second carbenium ion transition state (TS2_A2) in which
the C1-H3 bond is broken and the a-proton (H3) is transferred
to the oxygen atom O of the intermediate OH group. In the
transition state, the C1-H3 intramolecular distance lengthens
from 1.10 to 1.22 A, whereas the O---H3 distance is decreased to
1.44 A (see Table 2). One imaginary frequency at —809.0 cm " is
revealed from this transition state. It relates the movement of
the H3 to O and also the C1-H3 bond breaking. With respect to
the intermediate complex, 10.6 kcal mol™" is the estimated
activation energy of this step, which is lower than that of the
ethene production pathway reported above. The acetaldehyde
product is then formed (Prod_A) and adsorbed on the Au active
site with the neighboring water molecule. The distances of the
Au-Oe and the Au---O are 2.19 and 2.97 A, respectively. Energy
of —91.8 kcal mol™"' is gained from the formation of this
product complex.

From the energy profile for the preferred spin state in all
reaction complexes shown in Fig. 4, it can be seen that the
ethoxide decomposition to the acetaldehyde product is more
facile than to the ethene one. The reaction barrier for the
acetaldehyde pathway is found to be 29.9 kcal mol " lower than
the rate-determining step of the ethene pathway. The reason is
that the secondary carbocation transition state obtained from
the B-H-C scission in the acetaldehyde pathway is practically
more stable than the primary carbocation transition state
occurred via the a-H-C scission for the ethene pathway (Fig. 4).
In kinetic aspect, the reverse reaction is possible. From the
outperformance of the forward reaction rate (k') over the
reverse reaction rate (k) in the acetaldehyde pathway (cf
Table 3), the forward reaction to the acetaldehyde product is
favored over the reverse one. In contrast, the ethene pathway
prefers the reverse reaction (k,~ > k."). Therefore, the formation
of acetaldehyde via ethanol transformation on the oxygenated
Au exchanged ZSM-5 zeolite should be more kinetically and

AuO/ZSM-5 TS2_E?
0 Prod_E?
0 40.5
TS2_A!
0
10.6
0 ¥
Int1!
0
0
0
0
-91.8
0
Prod_A!

Fig. 4 Energy profile for ethanol transformation to either ethene
(black line) or acetaldehyde (blue line) over AuO/ZSM-5 zeolite
(energies are in kcal mol™). The superscript numbers in reaction
profiles refer to the most stable spin state of each reaction complex.
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Table 3 Reaction rate constants for the key step of ethene and
acetaldehyde formation on AuO—-ZSM-5 catalyst

Rate constants (s™*)

Reaction path Forward (k;") Reverse (k)

2.16 x 10*°
4.65 x 107!

2.33 x 102
1.53 x 10°

Ethene ( C-H scission)
Acetaldehyde (B C-H scission)

Table 4 Relative energies for ethanol transformation to ethene and
acetaldehyde on 12T and 34T clusters of AuO-ZSM-5 zeolite calcu-
lated with M06-L/6-31G(d,p) level of theory. The superscript numbers
1 and 3 refer to the singlet and triplet spin state of each reaction
complex

Relative energy (kcal mol )

Reaction coordinate 12T 34T

Ads® —14.4 -17.3

TS1? —5.4 (Eay = 9.0) ~7.8 (Eay = 9.5)
Int* —36.0 —41.2

Ethene path
TS2_E? 2.0 (Ey = 38.0)
Prod_E® 0.5

—0.7 (Eqp = 40.5)
—4.6

Acetaldehyde path
TS2_A'
Prod_A!

—28.6 (B, = 7.4)
—84.4

—30.6 (B, = 10.6)
—91.8

thermodynamically over the ethene one. This is in agreement
with the experimental findings for ethanol dehydrogenation
and dehydration catalyzed by Au and also metals oxide surfaces
catalysts.®*%*

We also investigate the zeolite frameworks effect by calcu-
lating the studied reaction with the preferred spin state on the
small zeolite 12T cluster model (¢f Fig. S6t). The relative
energies involved in the reaction on both cluster models are
summarized in Table 4. For example, the adsorption energy of
ethanol on 12T model of AuO/ZSM-5 is —14.4 kcal mol "
(—17.3 kcal mol™' in 34T cluster model). The framework
contributes only around 17% because of the strong interaction
between ethanol and the AuO active site of Au-ZSM-5 zeolite.
The same trend is also found in all species along the reaction
coordinates in the range of 3-7 kcal mol'. The activation
energies of both ethene and acetaldehyde production pathways
remain virtually unchanged by the size of ZSM-5 zeolite
framework.

4. Conclusions

The reaction mechanism of ethanol transformation to ethene
and acetaldehyde over AuO/ZSM-5 was investigated by utilizing
the 34T cluster model and the density functional MO06-L
method. The spin crossing along the reaction coordinate was
also considered. First, the ethanol O-H bond breaks to form the
ethoxide intermediate with the activation barrier of 9.5 kecal

mol~'. Consequently, the intermediate is decomposed into

This journal is © The Royal Society of Chemistry 2017
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either ethene or acetaldehyde products. The ethene production
pathway requires 40.5 kcal mol™' for the decomposition via
a-H-C scission to produce water and ethene. For the acetalde-
hyde production pathway, the ethoxide intermediate is
decomposed via B-H-C scission into an acetaldehyde with the
activation energy of 10.6 kcal mol . It is significantly lower
than that of the ethene production one. Due to the more stable
secondary transition state, the ethoxide species conversion to
acetaldehyde is more favorable than that of the ethene product.
We also found higher reaction rate for acetaldehyde production
compared to ethene one. Overall, it implies that ethanol
transformation on the oxygenated Au-exchange zeolites prefers
to produce acetaldehyde over ethene. The effect of the zeolite
framework in all reacting species was also highlighted.
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