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ABSTRACT

Methanol-to-Olefins (MTO) conversion over acidic zeolite catalysts has become the most important non-
petrochemical route for the production of light olefins. The ‘dual-cycle’ mechanism (i.e., alkenes-based
cycle and aromatics-based cycle) over H-ZSM-5 zeolite has been generally accepted for olefins genera-
tion from methanol conversion. However, the relationship between the catalytic performance and the
confinement effect/acid strength of the catalyst is still unclear. Herein, the methylation, isomerization
and cracking processes involved in the alkenes-based cycle are discussed in-depth by density functional
theory (DFT) calculations. The calculation results predicted that the transition states can be considerably
stabilized by the van der Waals (vdW) interactions from the zeolite framework, resulting in the reduction
of the activation barriers. And acid strength can also enhance the reaction activities. However, the cat-
alytic reactivity of all elementary steps in the alkenes-based cycle can be improved at a different degree
with increasing the acid strength. In addition, the ethene formation, transformation and the precursor of
ethene formation need higher energy. And increasing acid strength can sharply decrease the activation
barriers of ethene formation of cracking reaction, indicating that ethene formation may need strong acid
strength.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

the MTO reaction have attracted considerable attentions of many
researchers since 1970s [3]. In the past decades, great efforts have

With the increase of the global demand for energy and the
petrochemical products and the growing depletion of oil resources,
developing substitute resources has been the focus of petrochem-
ical industry [1,2]. Methanol-to-Olefins (MTO) process is consid-
ered as the most important non-petrochemical route, which can
convert the abundant resources such as coal, natural gas and
biomass into light olefins [1](e.g., ethene and propene). Therefore,
in order to understand the MTO process (improving reactivity,
regulating the distribution of products), the fundamental study of
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been devoted to the catalytic mechanism of MTO reaction using
experimental and theoretical methods, especially on the zeolite H-
ZSM-5 and zeotype catalyst H-SAPO-34 as the two promising cat-
alysts [4—7].

In the previous studies, researchers paid a lot of attentions to the
direct mechanism that the formation of first C—C bond from C1
reactant derived from methanol or DME (Dimethyl Ether) in the
MTO process [2]. More than 20 mechanisms have been proposed to
explain the formation of first C—C bond with various reactive in-
termediates participation such as oxonium ylides [8a,b], carboca-
tions [8c,d], carbenes [3] and free radicals [8e,f]. However, most of
them have been energetically unfavorable due to the high barriers
(>200 KkJ/mol) [9—11]. Nowadays, the indirect mechanism, hydro-
carbon pool mechanism, firstly described by Dahl and Kolboe over
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SAPO-34 [4,5,7] has been generally accepted and applied to explain
various theoretical and experimental results. Then two distinct
reaction routes of hydrocarbon pool mechanism have been pro-
posed, named side-chain methylation route and paring route
[12—14]. A further suggestion about ‘dual-cycle’ reaction for olefin
generation from methanol conversion over H-ZSM-5 was made by
the groups of Olsbye [15,16]. The ethene and propene are formed
from the lower methylbenzenes via the aromatics-based cycle and
the C3 alkenes are formed through rapid olefin methylation and
cracking steps (the alkenes-based cycle) [16].

Aromatics-based cycle (side-chain mechanism and paring
mechanism) have been intensively studied [4,5,7,12—14,17], in
which methylbenzenes are considered as the most important hy-
drocarbon pool species, but some issues still exist unsolved due to
the difficulty in the observation of intermediates [ 18—22]. Recently,
the role of alkenes on the MTO mechanism has also received great
attention. Dessau has first proposed the olefin methylation and
cracking route based on '3C labeling experiments in a recently
study [23,24]. Van Speybroeck et al. suggested a possible route for
the production of propene and ethene in the ‘alkenes-based cycle’
over H-ZSM-5 [25]. And the research of Wang et al. indicated that
olefins themselves other than hexamethylbenzene (MBs) are likely
to be the dominating hydrocarbon pool species in H-SAPO-34
[26,27], H-SSZ-13 [28] and H-ZSM-5 [29]. Based on these studies,
the olefin methylation and cracking route (alkenes-based cycle)
plays an important role in the MTO mechanism. In this route (al-
kenes-based cycle, as shown in Scheme 1) higher olefins are formed
through continuously methylation (Me0-Me3), and the formed
carbenium ions and their isomers generated by isomerization (I1-

1-13-2) reactions can be cracked into the light olefins (Cr1-1-Cr3-
3).

The confinement effect and acidity, as two important properties
of zeolite catalysts, play a crucial role in the catalytic reactivity and
the product selectivity of heterogeneous reaction over zeolite cat-
alysts [30—35]. Many researchers have extensively explored the
relationships between reactivity and zeolite properties (the
framework confinement effect and acidity) by experimental and
theoretical results [30—36]. The zeolite pore structures could
strongly mediate the catalytic performance, hence, the confine-
ment effect on the catalytic reaction has been investigated exten-
sively [31,33]. It's illustrated by Waroquier et al. that the CHA cages
provide the more perfect surroundings than Beta and H-ZSM-5
zeolites in the hexamethylbenzene methylation reaction [33] for
heptamethylbenzeniumcation formation. Wang et al. discussed the
influences of different zeolite framework topology (CHA, AEI and
AFI) on MTO reactions [37]. Furthermore, an investigation has
demonstrated that the zeolite confinement effect can affect the
stabilities of the transition states on the alkenes dimerization re-
actions [31].

Besides the confinement effect, the acid strength can also
strongly determine the reaction activities. It's demonstrated that
the stronger Brgnsted acid sites can significantly enhance the
reactivity of the alkane activation [38], but dramatic decrease the
reaction rates of the cyclohexanoneoxime Beckmann rearrange-
ment reaction in the zeolite catalysts [39]. In order to explore the
influence of acid strength on the MTH (Methanol to Hydrocarbon)
reaction activity, H-ZSM-5 zeolites with varied acid strengths (H-
[Al]-ZSM-5, H-|Fe]-ZSM-5, and H-[Al, Fe]-ZSM-5) were prepared,

Ethene Propene Butene
H
H
H H 0 H ‘C'-H 0, HUIH H H \H
'Q—C’H W Mo H H,\C’ e WY P}.‘é:u Y] H\C/” :°=é\c): ~H
o =C , H H % _H1“H
HeeH Meo ) wooH _Mel B HH g1 Heestly W\ SR
BN N Y Lt Pt S G ) it
! *i H=¢ H rHoyH " 0. H:;, =g = /I
"’\ @ =P 2 Oy O, O 7 B O A N b -
\| NN MK _Iq\f > \\,_ 75{’ A7 s I /N N -5 7\,\ \Ii\
H\ o Cri-1
ALY Me2
H e
Cr3-3 - ¢ !
H ~C~H
A i
~ S VS G
Pentene 7\ M\ K o
H
FisgH F:C\H /()\H oo H uH N
,H H H H \ﬁ\c, H=C—CJ H H
S Had i H R A c, e 22H>‘4 \/\ é |2lt‘c’\cl Hv"“
H 132, He i }% c:c H=X" % 12-2 HT'N\Y M 121y -
H—c~ . C~c,cl L\ 13-1H (_/: K e Me3 N \g" Y 1 Al - o
H’ ‘ ,,,,,, “ \.. H ﬁ“ H—?’ HoPH e ,() 0, O H
S /" o —sl’o‘\l’(‘q O i 7‘(07“\ \I‘: AANNR
MR A ‘ H A
D #Ong
1Cr3-3 lCr3—2 lCr3-l -5 ;"\ 3T 1Cr2-2 1Cr2-l
H H H H H H
\ Sl H % H
c- C\H - ‘/H H\c/ *“ H oy >: H H H H) &—H
~ = Vi C, 2
’é/ H\é’ -H H\t\. (,: _H /C‘H ‘C< H—C// H‘é’ctﬂ H, \C/H H
¥ e o T Voo A
n\é W ety bk Wt~y H H’r” . H-(l "
N A0\ PO 0N
¢ \" AN ONK Aok AR
Me:Methylation Cr:Cracking I:Isomerization

Scheme 1. Olefin methylation and cracking route of alkenes-based cycle for MTO conversion.
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and catalytic test has suggested that the optimized H-[Al, Fe]-ZSM-
5 with a broad acid strength distribution has the best catalytic
performance and superior P/E (propylene/ethylene) ratio [30].
Zheng et al. studied the influence of Brensted acid strength on the
ethylene dimerization [31] and Beckmann rearrangement reaction
[40] by density functional theory (DFT) calculations, illustrating
theoretically that the acid strength will considerably determine the
reaction mechanism and reactivity. In addition, it is confirmed that
strong acid strength could significantly improve the selectivity of
propene through the catalytic cracking of 1-butene on the P-
modified and HNOs-dealuminated H-ZSM-5 [32]. Therefore, a
systematic investigation on the influences of the confinement ef-
fect and acid strength of zeolite are of great significance for regu-
lating reaction process and clarifying the mechanism.

In this work, the influences of the confinement effect and the
acid strength of zeolite catalysts in the alkenes-based cycle of MTO
reaction have been investigated by the density functional theory
(DFT) calculations. In DFT calculations, an 8T model representing
the local structure of Brgnsted acid site and an extended 72T model
representing the complete framework structure of zeolite H-ZSM-5
were used to investigate the confinement effect of the zeolite
frameworks. In order to demonstrate acid strength of the zeolite
frameworks on the MTO reaction reactivity, AI-ZSM-5 and B-ZSM-5
of 72T models were used to illustrate the role of the acid strength.
Our theoretical calculations were performed to correlate the cata-
lytic performance to the confinement effect/acid strength of the
zeolite catalyst in MTO reaction, which will be helpful in optimizing
the reaction of methanol to olefins.

2. Calculation methods

It's demonstrated that the confinement effect from the zeolite
pores structures have strong influence on the reaction process and
catalytic performance [31,33]. Therefore, it is necessary to inves-
tigate the confinement effect on the reaction process from the
zeolite framework theoretically. In this work, we used the
extended 72T model to represent the H-ZSM-5 complete pore
structure to estimate the confinement effect of the zeolite
frameworks (see Fig. 1). And 8T model only contains the local
properties of activation center, neglecting the space constraints
and electrostatic effects derived from zeolite framework. In the
calculations, 8T model of H-ZSM-5 was modeled as a cluster of
stoichiometry [(H3SiO);—Si—OH—AI-(OSiH3)3], which was extrac-
ted from the crystalline structure of the H-ZSM-5 zeolite [41].
During the structure optimization of the 8T cluster model, the
terminal hydrogen was fixed while the rest of atoms were relaxed.
Therefore, these two models (see Fig. 1) were used to investigate
the confinement effect of the zeolite frameworks on the reactions
of alkenes-based cycle.

It’s well known that the strengths of the Bregnsted acid sites of
isomorphously framework substituted H-ZSM-5 in accordance of
the sequence of [B]-ZSM-5 < [Al]-ZSM-5 [29,35,42,43]. In this work,
we used a H-ZSM-5 of 72T cluster model with different heteroatom
B or Al to represent the environment with weak acidity or strong
acidity (Fig. 1). The Al12—024(H)—Si12 intersection site was used to
represent the Bransted acid site. Because this site is located in the
intersection of the straight channel and the sinusoidal channel of
zeolite H-ZSM-5 and it is easy access by adsorbents and has
maximum reaction space [44,45]. All primary Si—H was fixed at a
bond length of 1.47 A, oriented along the direction of the corre-
sponding Si—O bond. Therefore, Al-ZSM-5 and B-ZSM-5 of 72T
model were used to investigate the influence of acid strength on
the reactions of alkenes-based cycle in next section.

The combined theoretical model, namely, ONIOM (wB97XD/6-
31G(d,p):MNDO) was applied to predict the geometries of various

adsorption structures and transition states, which was used on the
calculation of zeolite catalyzing reactions widely [31,33,46]. The
geometries were optimized using wB97XD hybrid density function
with 6-31G(d, p) basis sets, where the wB97XD method is the
hybrid meta DFT developed by Chai and Head-Gordon [47]. This
method implicitly accounts for empirical dispersion and can
describe long-range dispersion interactions well with respect to the
traditional DFT methods. In the search of transition state structure,
QST3 method was used to determine the transition state structure
[48]. To preserve the integrity of the zeolite structure during the
structure optimizations, only the (SiO);—Si—OH—AI-(SiO); active
center and the adsorbed species in the high-level layer were
relaxed while the rest of atoms were fixed in the low-level at their
crystallographic locations [29,40,49]. Then, the single-point en-
ergies were calculated at the level of wB97XD/6-31G(d,p) [41]. The
activation barrier is defined as the energy difference of the reactant
and transition state in each reaction step. For the reactions cata-
lyzed on the 8T model of H-ZSM-5, the frequency calculations were
performed at the same level as geometry optimizations to check
whether the saddle points exhibit the proper number of imaginary
frequencies. Only a single imaginary frequency was observed for
the transition state. The TS structure of 72T model can be confirmed
from the trends of the mode for the cleavage and formation of the
chemical bonds on the basis of the similarity of transition state
structure of 8T model. The energies reported here have not been
corrected for zero point vibration energies. The convergence
criteria of max force, rms force, max displacement and rms
displacement are 4.5 x 1074,3.0 x 1074, 1.8 x 103 and 1.2 x 1073
All the geometry optimizations and frequency calculations were
performed using the Gaussian 09 package.

To visualize the noncovalent interactions between the adsorbed
organic species and the zeolite framework, the noncovalent inter-
action index approach, developed by Yang et al. [50], was adopted.
In this approach, the reduced density gradient (RDG), defined as
RDG(r) = 1/2(372 )3y |vp(r)|/(p(r)*?), together with the
electron density p, was used to distinguish the covalent and non-
covalent interactions. The noncovalent interactions are located at
the regions with low density and low RDG. The sign of the second
largest eigenvalue (A2) of the electron density Hessian is helpful to
distinguish bonded (A2 < 0) from nonbonded (A2 > 0) interactions.
In addition, the sigh of A2 can identify different types of non-
covalent interactions: (sign(A2)p < 0, H-bonding interaction;
sign(A2)p = 0, weak van der Waals (vdW) interaction and sign(A2)
p > 0, strong repulsive interaction). To reveal clearly the intermo-
lecular noncovalent interaction between the adsorbed organic
species and the zeolite framework, the intramolecular interactions
are eliminated for the calculated RDG function. The functions RDG
and sign(A2)p were calculated with the Multiwfn software [51].

3. Results and discussion

3.1. Effects of confinement effect on the methanol conversation
following alkenes-based cycle

The previous works had demonstrated the alkenes-based cycle
was a well-known alternative pathway for the MTO reaction
[23,25—28,52]. As well known, the zeolite confinement effect and
acidity play an important role on acid-catalyzed reactions
[31,40,52]. In the following, the relationships between the
confinement effect/acid strength and the alkenes-based MTO
mechanisms (including methylation, isomerization and cracking
reaction from C, to C;7) were discussed in detail. For exploring the
influences of alkenes dimension on the MTO reactivity, six alkenes
(ethene, propene, butene, pentene, hexene and heptene) were
considered in the work.
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Fig. 1. Representations of H-ZSM-5 framework structures by 72T cluster models and the 8T H-ZSM-5 cluster model. The 8T cluster model in the extended cluster model represented

as ball and stick view was treated as the high-layer atoms during the ONIOM calculations.

3.1.1. Olefin methylation

The effect of confinement effect of the catalyst on olefin
methylation (as shown in Table 1) was determined by comparing
the activation barriers of methylation for olefins on the acid site in
the 8T model and 72T model with complete pore structure of
zeolite. In order to further illustrate the methylation difference of
different olefin size, the calculations of ethene, propene, butene,
pentene, hexene and heptene methylation were involved (Me0-
Me5, Table 1). Figs. 2 and 3 show the geometry of the transition
states for the olefin methylation reaction on the H-ZSM-5 of 8T
cluster model and 72T cluster model with complete pore structure
of zeolite, and Table 1 provides the main geometrical parameters
and activation barriers. The transition structure shows that the new
C—C bond formation, accompanied by the methanol dehydration,
forms the higher carbenium ion. Taking propene methylation on
catalyzed on 8T Al-ZSM-5 for instance, the distance of C1-03
(2.110 A) illustrates that C1 atom on the methyl group moves away
from O3 with the formation of new C1—C2 bond (2.167 A) in the
transition state (TS, Fig. 2b). In addition, the double bond of C2=C3
on propene is elongated from 1.332 A in the adsorbed state to

Table 1

Activation barriers (kcal/mol) and the main geometrical parameters (A) of the
transition-state for the olefin methylation on 8T Al-ZSM-5 cluster model and 72T Al-
ZSM-5 cluster model: ethene (Me0), propene (Me1), butene (Me2), pentene (Me3),
hexene (Me4) and heptene (Me5).

Reaction Activation Geometry parameters Geometry parameters

barrier (8T Al-ZSM-5) (72T Al-ZSM-5)

Esr Ezor Ici-03 T2 Tc2-c3 Ici-03  Ici—c2 Tce-c3
MeO 3694 31.53 2.138 2201 1349 2060 2250 1.349
Me1l 36.47 2927 2110 2.167 1354 2.020 2233 1.352
Me2 3426 2527 2.095 2174 1354 2.027 2223 1353
Me3 3472 26.61 2090 2183 1355 2.029 2229 1353
Me4 3426 2629 2090 2.180 1355 2.026 2226 1.352
Me5 3442 2604 2095 2173 1355 2019 2239 1.352

1.354 A in the transition state (TS, Fig. 2b), indicating that the C2=
C3 double bond is converted into a single bond. Hence, the CH3
group transfers to the olefin with methanol dehydration, and then
butyl carbenium ion are produced. Similar to the olefin methylation
on the 8T model described earlier, the structure of transition state
on the 72T model is identified in which the adsorbed methanol
dehydration leads to the formation of higher carbenium ion. When
the propene methylation (Me1) occurs (Fig. 3b), the transition state
structures indicated that the C1—03 bond (2.020 A) is broken
together with migration of the CHs group from 03 to C2 (rci-
c2 = 2.233 A) and lengthening the C2=C3 bond length to 1.352 A
(Fig. 3b).

It can be noted that the size of olefins slightly affects the
structures of the transition states whether on the 8T model or on
the 72T model (Figs. 2 and 3). For example, in the transition state
structure of the ethene methylation (Me0O, Fig. 2a) on 72T model
with complete pore structure of zeolite, the longest distance of
C1—C2 bond (2.250 A) suggests that the C1 atom (methyl group) is
difficult to transfer from O3 to C2. In contrast, for the transition
states structures of the butene and other higher olefins in Me2 to
Me5, the bond distances of C1—C2 (2.223-2.239 A) and C2=C3
(1.352—1.353 A) are nearly identical in all cases. Consequently, and
the activation barriers of ethene methylation (31.53 kcal/mol) is
higher than other higher olefins methylation (Me2-Me5, ca.
25—27 kcal/mol). This result is consistent with the experimental
study of Svelle that an intrinsic activation energy of ethene
methylation(135 kj/mol = 32.30 kcal/mol) [53] on H-ZSM-5 is
higher than the propene (110 kJ/mol = 26.32 kcal) and n-
butene(90 kJ/mol = 24.53 kcal/mol) [54] and their theoretical re-
sults [55]. In addition, the difference of olefin size were explored on
H-SAPO-34 [26] and all the calculation energy of olefin methylation
(1.54—1.83 ev/35.51—41.51 kcal/mol) were higher than our calcu-
lation (26—32 kcal/mol) for the weaker acidity of H-SAPO-34
zeolite. However, the same tendency were also determined on the
H-SAPO-34 that the activation energy of ethene is as high as 1.83 ev
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Fig. 2. Optimized geometries of the transition state (TS) for the olefin methylation on Al-ZSM-5 of 8T model: (a) ethene (Me0) (b) propene (Me1) (c) butene (Me2) (d) pentene

(Me3) (e) hexene (Me4) (f) heptene (Me5). Selected bond distances (in A) are indicated.

(41.51 kcal/mol) than other higher olefins (1.54—1.59 ev/
35.51-36.67 kcal/mol) [26]. And the same result were obtained on
other zeolite of FER, MOR, and BEA that lower activation barriers
and higher rate constants for propene methylation were observed

in comparison with ethene [56,57]. It is therefore confirmed that
ethene methylation need to overcome higher activation barrier,
which should be mainly ascribed to the formation of the unstable
primary carbenium ion. With the increase of the olefin size, the

295099
HC O AlSi

Fig. 3. Optimized structures of the olefin methylations on the Al-ZSM-5 of 72T model: (a) ethene (Me0) (b) propene (Me1) (c) butene (Me2) (d) pentene (Me3) (e) hexene (Me4) (f)

heptene (Me5). Selected bond distances (in A) are indicated.
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more stable intermediates and transition states are formed caused
by the additional methyl group [57].

It is apparently obtained the result from Table 1 that considering
the entire zeolite framework can sharply decrease the activation
barriers of methylation comparing to the reaction on the 8T model.
The activation barriers are ca. 25.27—31.53 kcal/mol when the
complete pore structure is involved, being decreased by
5.4—9.0 kcal/mol compared to 8T model (34.26—36.94 kcal/mol).
It's theoretically demonstrated that the transition states can be
considerably stabilized by the weak van der Waals interactions
from zeolite framework of 72T model than 8T model without
zeolite pore structure, thus, the reactivity of methylation on the Al-
ZSM-5 of 72T model is more preferred as compared to the Al-ZSM-5
of 8T bare model. The improvement of the methylation reactivity
while considering the entire zeolite pore framework was due to the
stability of the formed carbenium ions derived from the confine-
ment effect of zeolite framework.

3.1.2. Isomerization reaction

After methylation step, carbenium ions are formed that can be
easily converted by isomerization reaction. Carbenium ions are
considered as important intermediates in zeolite-catalyzed meth-
anol conversion reactions [58,59], and in the isomerization reac-
tion, the type of carbenium ions directly affects the cracking
reaction [60—63]. The isomerization reactions such as methyl
group shifts, H shifts and skeletal isomerization were studied on H-
SAPO-34 [26], H-ZSM-5 [25] and H-ZSM-22 [52] in previous
studies. In our work, H shift as the main type of isomeration re-
action was calculated from C{ to C¢ (corresponding to the
alkoxide). Figs. 4 and 5 depict the structures of the transition state
(TS) for the isomerization reaction on the Al-ZSM-5 of 8T and 72T
models, the activation barriers and the main geometrical parame-
ters are provided in Table 2. The isomerization reaction occurs via
H1 transfer from C1 to C2 (TS, Figs. 4 and 5). As shown in the
transition state structure(Fig. 4), the isomerization reaction of C2
on Al-ZSM-5 of 8T model (Fig. 4b) proceeds via the increase of
C1-H1(1.356 A) bond and C2—H1(1.300 A) bond. Corresponding to
the transition state structure of isomerization reactions on 72T
model (Fig. 5b), the isomerization reaction of C& occurs accompa-
nied with lengthening C1—-H1(1.419 A) bond and C2—H1(1.252 A)
bond.

As shown in Fig. 5, the 72T model with entire zeolite frame-
work was used to describe the influence of confinement effect
from zeolite framework. The activation barriers of H shifts were
17—24 kcal/mol, which is much close to that on the H-ZSM-22 [52]
(16—33 kcal/mol) and H-SAPO-34 [26] (ca. 1.45 ev = 33.44 kcal/
mol). The isomerization reaction of H shifts need lower barriers on
H-ZSM-5 that is accordance with the previous conclusion [25]. In
all of the isomeration reactions, the formations of primary car-
benium ion from I1-1, I12-2, and I3-2 need higher activation bar-
riers (20.46, 20.83, 23.73 kcal/mol) which ascribed to the unstable
primary carbenium ion. The formations of second carbenium ion
(I12-1, I3-1) only need activation barriers of 17.35 and 20.23 kcal/
mol. It is noteworthy that the type of carbenium ions directly af-
fects the products of the cracking reaction [60—63]. The forma-
tions of primary carbenium ion from C§ to C¢ (I1-1, 12-2, I13-2)
relate to the cracking reaction (Cr1-1, Cr2-2, Cr3-3) that generates
ethene.

The similar confinement effect on the stabilities of transition
states has been observed as well. For the isomerization reactions of
the primary carbenium ions formation (C4, C£, C¢), the activation
barriers were increased from 20.46, 20.83 and 23.73 kcal/mol on Al-
ZSM-5 of 72T model to 43.29, 42.81 and 39.03 kcal/mol on Al-ZSM-
5 of 8T model without zeolite framework. The other carbenium ions
formations follow the same tendency when they are confined

inside the zeolite framework. All the calculated activation barriers
of various isomerization reactions on Al-ZSM-5 of 72T model with
complete zeolite framework are lower than that on 8T model. It's
suggested that the interactions between zeolite framework and
adsorbed species play a key role in determining the catalytic
reactivity.

3.1.3. Cracking reaction

As mentioned above, the confinement effect of zeolite frame-
work can affect the activities of methylation and isomerization in
the alkenes-based cycle. The influence of confinement effect of
zeolite framework on the cracking reaction was also examined. In
the reaction of cracking, B-scission is the predominant mechanism
over solid acid catalysts [60—63], which occurs through proton-
ated cyclopropyl (PCP) transition state [25,26]. The cracking re-
action generates alkenes and carbenium ions. Figs. 6 and 7
provided the structures of transition state for the cracking reac-
tion on the 8T cluster model and 72T cluster model of Al-ZSM-5.
The structure of transition state indicated that the C1—C2 bond
is broken with the formations of the lower carbon chain carbe-
nium ion and light alkenes. In the case of CZ cracking to propene
(Cr2-1, Fig. 6b) catalyzed on Al-ZSM-5 of 8T model, C3 and pro-
pene are generated. The bond of C1—C2 was increased from
1.529 A of absorbed state to 2.445 A of transition state. And the
bonds of C1—C2 (2.445 A) and C1-C3 (2.509 A) formed the
structure of protonated cyclopropyl (PCP) transition state [25,26].
Firstly, the activation barriers of producing olefins from the same
carbenium ion (e.g, Cd) decrease gradually from ethene
(Eact = 54.77 kcal/mol) to butene (E,. = 46.44 kcal/mol) catalyzed
on Al-ZSM-5 of 8T model. It is evident that the formation of
ethene needs higher activation barriers as compared to others,
which is further confirmed that reaction involved ethene may
need higher activation barriers inside the MTO alkenes-based
cycle mechanism. In addition, the reactivity of the ethene forma-
tions from various primary carbenium ions such as C4, C& and Cg
through the pathways Cr1-1, Cr2-2 and Cr3-3 (as shown in
Scheme 1) have been compared. The activation barrier of ethene
formation from C{ (Cr1-1, E; = 57.63 kcal/mol) to C¢ (Cr3-3,
Eact = 54.77 kcal/mol) on the AI-ZSM-5 of 8T model is found to
decrease gradually, which follows a monotonically decrease trend
with the increase of carbenium ion size. It further illustrates that
the transition state can be stabilized by the additional methyl
group [57]. And the gradual decrease of activation barriers from
the ethene formation (54.77 kcal/mol), propene formation
(48.73 kcal/mol) to butene formation (46.44 kcal/mol) from Cg
cracking (Table 3) catalyzed by 8T Al-ZSM-5, indicated that the
ethene formation needs to overcome higher barrier comparing
with the propene and butene. And the calculated result is
consistent with the experiment result that ethene formation from
Cé¢ cracking exhibits low reaction rate and high activation barrier
[62,63] than propene and butene.

The optimized structures of the transition state for cracking
reaction catalyzed on the 72T model with entire zeolite framework
were shown in Fig. 7, and the corresponding activation barriers
were summarized in Table 3. The activation barriers of all the
cracking reactions on H-ZSM-5 are 29.53—38.89 kcal/mol, which
were found to be lowered than the same reactions on H-SAPO-34
(1.8—2.16 ev/42—46.3 kcal/mol) [26]. Considering the comparison
of methylation and isomeration reaction on H-ZSM-5 and H-SAPO-
34, the alkenes-based cycle may be easier to occur on H-ZSM-5
than H-SAPO-34. And the activation barriers of cracking reaction
catalyzed on the 72T model decreased by 17.63—21.64 kcal/mol
inside H-ZSM-5 channel comparing with the 8T bare model. For
instance, the activation barrier for ethene generating is 38.89 (Cr1-
1), 37.50(Cr2-2) and 37.14 kcal/mol (Cr3-3) from C4, C& and C¢
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(d) (e)

Fig. 4. Optimized geometries of the transition state (TS) for the isomerization reaction on Al-ZSM-5 of 8T model: secondary to primary carbenium ion of C4 (I1-1, a); secondary to
secondary carbenium ion of Cz (I12-1, b) secondary to primary carbenium ion of CZ (I12-2, ¢); secondary to secondary carbenium ion of C¢ (I3-1, d); secondary to primary carbenium
ion of C¢(I3-2, e). Selected bond distances (in A) are indicated.

cracking on 72T Al-ZSM-5 model that is lower than the ethene framework. It is suggested that the zeolite framework offers addi-
generating from C4(57.63 kcal/mol), C£(56.38 kcal/mol) and tional stabilization to the transition states resulting in improving
Cé(54.77 kcal/mol) cracking on 8T Al-ZSM-5 model without zeolite the reactivity for cracking reaction.

"950%9
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Fig. 5. Optimized structures of the isomerization reaction of carbenium ions on Al-ZSM-5 of 72T model: secondary to primary carbenium ion of C4 (I1-1, a); secondary to secondary
carbenium ion of C4(I2-1, b) secondary to primary carbenium ion of C4 (I12-2, ¢); secondary to secondary carbenium ion of C¢ (I3-1, d); secondary to primary carbenium ion of
C¢(13-2, e). Selected bond distances (in A) are indicated.
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Table 2

Activation barriers (kcal/mol) and the main geometrical parameters (A) of transition
state of the isomerization reaction of carbenium ions on the 8T Al-ZSM-5 and 72T Al-
ZSM-5 cluster model: C4 (I1-1). CZ (12-1, 12-2). C¢(13-1, 13-2).

Reaction Activation Geometry Geometry
barrier parameters (8T parameters (72T
Al-ZSM-5) Al-ZSM-5)
Egr E7ar Ic1-H1 fc2-H1 Ic1-H1 fca-H1
11-1 43.29 20.46 1.249 1.410 1.420 1.244
12-1 28.53 17.35 1.356 1.300 1.419 1.252
12-2 42.81 20.83 1.271 1.382 1.288 1.363
13-1 26.47 20.23 1.361 1.296 1.456 1.234
13-2 39.03 23.73 1.257 1.401 1.298 1.354

In order to visualize the effect of the van der Waals (vdW)
interaction on the transition state stabilities, the influence of the
vdW interactions deriving from zeolite confinement on different
reactions have analyzed by visualizing the isosurfaces of reduced
density gradient in real space [50,51,64] as shown in Fig. 8. And
Fig. 9 depicts the energy profile for the reactions (Me2, 12-1, 12-2,
Cr2-2) from butene methylation to the cracking of CsH{; catalyzed
on the 72T Al-ZSM-5 and 8T Al-ZSM-5. Taking the examples of
three reactions (CZ formation from butene methylation (Me2), C&
isomerization reaction (I2-2) and C# cracking reaction (Cr2-2),
Fig. 8), itis obviously seen that transition states on 72T model suffer
the vdW interactions (green region as shown in Fig. 8) from the
zeolite framework comparing with that of 8T model on Al-ZSM-5,
which can effectively stabilize the transition states and relatively
reduce the activation barriers (see Table 4). It is interesting to note
that the transition states of 12-2 and Cr2-2 have much stronger
vdW interactions than Me2 as shown in Fig. 8. Comparing with the
reaction on Al-ZSM-5 of 8T model, the activation barriers of 12-2

and Cr2-2 on Al-ZSM-5 of 72T model have been dramatically
decreased by 21.98 and 21.64 kcal/mol than that of Me2 (8.99 kcal/
mol). This demonstrates that the zeolite confinement effect can
effectively stabilize the transition states, and the relativities of
isomerization and cracking reactions are more sensitive to the
zeolite framework. In addition, the vdW interactions of confine-
ment effect from entire zeolite framework can also stabilize the
formed carbenium ions in the alkenes-based cycle.

3.2. Effects of acid strength on the methanol conversation following
alkenes-based cycle

As discussed in the section above, the zeolite confinement effect
could stabilize the transition state structures of alkenes—based
cycle via vdW interactions from the zeolite framework, resulting in
the high catalyzed reactivity confined in the zeolite pores. Besides
the confinement effect, the acid strength of zeolite also leads great
influence on reactivity and mechanism. Therefore, the influence of
zeolite activity on the MTO reactivity is also explored. The models
with different acid strength (Al-ZSM-5, B-ZSM-5) of the 72T models
consist of the entire zeolite framework.

3.2.1. Olefin methylation

In order to explore the acid strength on the reactivity of
methylation reaction, weaker acidity B-ZSM-5 was investigated
theoretically, and the transition state structures are shown in
Fig. 10. The geometries of the transition state for methylation step is
much similar to that already described on Al-ZSM-5 (Fig. 3). The
transition state structure of propene methylation on B-ZSM-5 in-
volves the increase of the C1—03 bond length from 1.428 A
(adsorbed state) to 2.023 A (transition state) and the C2=C3 bond
distance from 1.330 to 1.352 A (Fig. 10b). And the activation barrier

Fig. 6. Optimized geometries of the transition state (TS) for the cracking reaction on Al-ZSM-5 of 8T model: (a) C4 cracking into ethene (Cr1-1) (b) C¢ cracking into propene (Cr2-1)
(c) C¢ cracking into ethene (Cr2-2) (d) C¢ cracking into butene(Cr3-1) (e) C¢ cracking into propene (Cr3-2) (f) C¢ cracking into ethene (Cr3-3). Selected bond distances in (A) are

indicated.
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Fig. 7. Optimized structures for the cracking reaction of carbenium ions on the Al-ZSM-5 of 72T model: (a) C4 cracking into ethene (Cr1-1) (b) C¢ cracking into propene (Cr2-1) (c)
C# cracking into ethene (Cr2-2) (d) C¢ cracking into butene(Cr3-1) (e) C¢ cracking into propene (Cr3-2) (f) C¢ cracking into ethene (Cr3-3). Selected bond distances in (A) are

indicated.

Table 3

Activation barriers (kcal/mol) and the main geometrical parameters (A) of the transition state of in the cracking reaction on 8T Al-ZSM-5 cluster model and 72T Al-ZSM-5
cluster model: Cr1-1: C4 cracking into ethene. Cr2-1: C4 cracking into propene. Cr2-2: C4 cracking into ethene. Cr3-1: C¢ cracking into butene. Cr3-2: C¢ cracking into
propene. Cr3-3: C¢ cracking into ethene.

Reaction Activation barrier Geometry parameters (8T Al-ZSM-5) Geometry parameters (72T Al-ZSM-5)
Esr E7ar I'c1-o1 Ici—c2 Tci—c3 Tco=c3 I'c1-o01 I'ci-c2 I'c1—c3 I'co=c3

Cr1-1 57.63 38.89 2.343 2425 2401 1.343 2.203 2.580 2.527 1.339
Cr2-1 50.34 32.03 2.249 2.445 2.509 1.347 2.138 2.589 2.616 1.342
Cr2-2 56.38 37.50 2.303 2470 2.519 1.341 2222 2.636 2.566 1.338
Cr3-1 46.44 29.53 2.218 2.445 2.594 1.347 2.116 2.552 2.642 1.342
Cr3-2 48.73 32.27 2317 2477 2.523 1.347 2177 2.625 2.651 1.342
Cr3-3 54.77 37.14 2.320 2477 2.523 1.341 2.226 2.608 2.562 1.339

of this process on B-ZSM-5 is computed at 29.54 kcal/mol, which is
slightly higher than that catalyzed on the strong acid strength
(29.27 kcal/mol). As summarized in Table 4, the activation barriers
of all olefins methylation over B-ZSM-5 with weak acid strength are
slightly higher only by 0.27—3 kcal/mol than that over Al-ZSM-5
with strong acid strength. This obviously reveals the acid strength
can slightly promote the reaction activity of olefin methylation and
have a good stability role for the formed carbenium ions. Such a
result is accordance with the studies of alkenes-based cycle on the
Al-ZSM-5 and B-ZSM-5 of 33T cluster model by Wang and co-
workers [29]. The activation energies of butene and pentene
methylation of the alkenes-based over Al-ZSM-5 were lower ca.
10 kJ/mol (2.4 kcal/mol) than over weak acidic B-ZSM-5 zeolite
[29].

It’s noteworthy that the activation barriers of olefin methylation
from butene to heptene are ca. 29 kcal/mol catalyzed on B-ZSM-5 of
72T model, dramatically lower than that of ethene (33 kcal/mol). It
is evident that the ethene need to overcome higher activation
barrier in the alkenes-based cycle of the MTO reaction catalyzed by
H-ZSM-5 zeolite, and this trend is in good agreement with afore-
mentioned theoretical results on the 72T Al-ZSM-5 model and
previous catalytic experiments as well [53,54,56,65].

3.2.2. Isomerization reaction
As shown in Fig. 11, the transition states structures of isomeri-
zation reaction consist of H1 transfer from C1 atom to C2 atom on

B-ZSM-5 of 72T model. It can be obviously observed that the acid
strength dramatically affects the stability of the transition state. For
the isomerization reactions of the primary carbenium ions forma-
tion (C4, CZ, C¢), the activation barriers were increased from 20.46,
20.83 and 23.73 kcal/mol on Al-ZSM-5 of 72T model to 26.66, 26.30
and 28.19 kcal/mol on B-ZSM-5 of 72T model. The other carbenium
ions formations follow the same tendency when the acid strength
decreases. All the calculated activation barriers of various isomer-
ization reactions are higher by 3.61—6.20 kcal/mol on B-ZSM-5 of
72T model than those on Al-ZSM-5 of 72T model, indicating that
increasing acidity can considerably improve the reactivity of
isomerization reaction.

3.2.3. Cracking reaction

Fig. 12 shows the optimized geometries of the transition state of
ethene, propene and butene formation from the cracking of C4, C¢,
C¢ on the B-ZSM-5 of 72T cluster model, and the corresponding
activation barriers are shown in Table 4. The activation barriers are
ca. 34—48 kcal/mol on the B-ZSM-5 of 72T cluster model. The
activation barriers of ethene on the B-ZSM-5 of 72T cluster model
need higher activation barriers (44—48 kcal/mol) and the propene
formation only need activation barriers of 34—38 kcal/mol.

It is noteworthy that, regardless of the catalysts with strong
acidity or weak acidity, the activation barriers of the ethene for-
mation from higher olefins cracking are much higher than other
olefins formation (see Table 4), which illustrate that the ethene
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Fig. 8. Isosurface plots of reduced density gradient for the transition states species (confined in H-ZSM-5 zeolite) of C4 formation from butene methylation (Me2), C isomerization
reaction (I2-2) and C# cracking to ethene (Cr2-2). The isosurfaces of reduced density gradient are colored according to the values of the quantity sign(A2)p, and the RGB scale is

indicated. vdW represents the van der Waals interaction.

formation from olefin cracking is difficult based on the alkenes-
based cycle. This calculation confirmed the experiment result that
the formation of ethene is different from cracking reaction of higher
alkenes [15]. Moreover, combining the precursor (unstable primary
carbenium ions via isomerization process described previously) of
producing ethene, illustrating that the cracking reaction to ethene
need higher activation barrier.

Similar to the olefin isomerization reaction, the reactivity can
also be obviously improved with the acid strength increase. The
influence of acid strength on the cracking reaction was also
examined. For the formation of propene from CZ (Cr2-1), the
activation barrier is decreased by 3.33 kcal/mol on Al-ZSM-
5(Eact = 32.03 kcal/mol) as compared to that on B-ZSM-
5(Eact = 35.36 kcal/mol) with relatively weak acid strength. And

Table 4
Activation barriers (kcal/mol) of all the reaction route in alkenes-based cycle on
different cluster models with different acid strengths and zeolite frameworks.

60 —
—— AI-ZSM-5-8T Cr2-2
1 ——A1-zsM-5-72T
50
40 -
A
E’ i
30
% O-CH, (ads,
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ZeOH ,0(gas)  ZeO-C.H,, (ads)
-10

Fig. 9. Energy profiles for the reactions from butene methylation to the cracking of

Reaction coordination

CsH{; catalyzed on the 72T Al-ZSM-5 and 8T Al-ZSM-5.

Reaction type®

Eact(kcal/mol)

72T-[Al]-ZSM-5 8T- [Al]-ZSM-5 72T-[B]-ZSM-5
Me0 31.53 36.94 3298
Mel 2927 36.47 29.54
Me2 2527 3426 29.26
Me3 26.61 34.72 2921
-1 20.46 4329 26.66
12-1 17.35 2853 20.96
12-2 20.83 4281 2630
13-1 2023 26.47 23.90
13-2 23.73 39.03 28.19
crl-1 38.89 57.63 47.72
cr2-1 32.03 50.34 35.36
cr2-2 37.5 56.38 4427
Cr3-1 2953 46.44 34.67
Cr3-2 3227 48.73 37.65
cr3-3 37.14 54,77 47.81

¢ The reaction type was shown in Scheme 1.
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Fig. 10. Optimized geometries of the transition state (TS) for the olefin methylation on B-ZSM-5 of 72T model: (a) ethene (Me0) (b) propene (Me1) (c) butene (Me2) (d) pentene

(Me3) (e) hexene (Me4) (f) heptene (Me5). Selected bond distances (in A) are indicated.

the formation of butene from C¢ (Cr3-1), the activation barrier is
lower by 5 kcal/mol on Al-ZSM-5 (29.53 kcal/mol) than that on B-
ZSM-5 (34.67 kcal/mol). However, the activation barriers of the
cracking reaction of ethene formation decrease by 7—10 kcal/mol,
indicating increasing acid strength can strongly decrease the
activation barriers of ethene formation. It is speculated that the
cracking reaction of ethene formation may dominate over strong
acid strength.

3.3. Effects of confinement effect and acid strength on the branched
carbenium ions reactions following alkenes-based cycle

For the conversations of linear olefins and linear carbenium ions
on the alkenes-based cycle reactions, the pore confinement effect
and acid strength have represented great influences on the reaction
activities of alkenes-based cycle. Despite of the linear olefins and
carbenium ions, the isomerization of carbenium ions by H-shift,

>"950%9
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Fig. 11. Optimized structures of the transition state (TS) for the isomerization reaction of carbenium ions on B-ZSM-5 of 72T model: secondary to primary carbenium ion of C§ (I1-1,
a); secondary to secondary carbenium ion of C4 (I12-1, b) secondary to primary carbenium ion of C¢ (12-2, ¢); secondary to secondary carbenium ion of C¢ (I3-1, d); secondary to

primary carbenium ion of C§ (I3-2, e). Selected bond distances (in A) are indicated.
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Fig. 12. Optimized geometries of the transition state (TS) for the cracking reaction of carbenium ions on B-ZSM-5 of 72T model: (a) C§ cracking into ethene (Cr1-1) (b) C2 cracking
into propene (Cr2-1) (c) C4 cracking into ethene (Cr2-2) (d) C¢ cracking into butene (Cr3-1) (e) C¢ cracking into propene (Cr3-2) (f) C¢ cracking into ethene (Cr3-3). Selected bond

distances (in A) are indicated.

CHj3-shift and skeletal isomerization [26] would result in the for-
mation of other kind of olefins such as branched structures for
chain propagation, therefore, the evolution of C3” species are also as
an example to study the influences of the pore confinement effect
and acid strength on alkenes-based cycle (as shown in Scheme 2).

Table 5 shows the activation barriers of CZ species in the
alkenes-based cycle for MTO conversion on different cluster models
with different acid strengths and zeolite frameworks. Similar to the
reactions of the linear olefins and liner carbenium ions, it is clear to
show that considering the entire zeolite framework can decrease
the activation barriers of reactions comparing to the reaction on the
8T model. The activation barriers are ca. 9.97—43.95 kcal/mol
(Table 5) when the complete pore structure is involved, being
decreased by 6.4—27.05 kcal/mol compared to 8T model
(14.24—56.74 kcal/mol). In addition, the branched species react
more easily than the linear species. For example, the activation

barriers of methylation for branched olefins such as Me3-3, Me3-4
and Me3-5 were lower by 2 kcal/mol than the linear olefin
methylation (Me3, Me3-1, Me3-2), which is consistent with the
result of previous work [25,26]. Comparing to the B-ZSM-5 (72T
model), the relatively stronger acidity of Al-ZSM-5 will result in a
decrease of activation barriers at 1.49—9.19 kcal/mol. It is confirmed
that increasing acid strength and considering pore confinement
effect could decrease the activation barriers and improve reaction
activity for all of the reactions in alkenes-based cycle.

4. Conclusions

The key roles of pore confinement effect and acid strength on
the alkenes-based cycle have been established by density func-
tional theory calculations. It's demonstrated the catalytic reactivity
can be effectively enhanced by stabilizing of the transition states
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Scheme 2. Evolution of C3 species in the alkenes-based cycle for MTO conversion.
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Table 5

Activation barriers (kcal/mol) of C& species in the alkenes-based cycle for MTO
conversion on different cluster models with different acid strengths and zeolite
frameworks.

Reaction type*® Eact (kcal/mol)
72T-[Al]-ZSM-5 8T- [Al]-ZSM-5 72T-[B]-ZSM-5

Me3 26.61 34.72 29.21
Me3-1 25.27 33.22 27.70
Me3-2 25.17 33.22 27.71
Me3-3 24.30 32.92 27.34
Me3-4 24.14 31.44 27.19
Me3-5 27.22 34.25 28.71
Lskeletal 19.47 25.82 2243
Icus 22.70 35.36 27.48
12-1 9.97 32.96 14.24
Cr2-1 32.03 50.34 35.36
Cr2-3 43.95 56.74 47.49
Cr2-4 33.02 51.89 38.28
Cr2-5 35.71 4211 35.68
Cr2-6 21.44 48.49 30.63

2 The reaction type was shown in Scheme 2.

with the zeolite framework. From the visualized isosurface plots of
reduced density gradient, it was clearly illustrated that the transi-
tion states can be considerably stabilized by the weak van der
Waals interactions from zeolite framework. On the other hand, the
theoretical results have also confirmed that acid strength increase
can significantly improve the catalytic reactivity of all steps (i.e.,
olefin methylation, isomerization and cracking), as proved by the
decrease of activation barriers.

Furthermore, the catalytic processes involving ethene present
relatively higher activation barriers than the other olefins regard-
less the catalyst used, implying less reactivity. In addition,
increasing acid strength can largely decrease the activation barrier
of ethene formation of cracking reaction, illustrating that the
ethene formation of cracking reaction may dominate over strong
acid strength. Our work will provide assistance for understanding
the mechanism of MTO reaction and optimizing zeolite catalysts
and reaction condition of methanol to olefins.
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