
Contents lists available at ScienceDirect

Fuel Processing Technology

journal homepage: www.elsevier.com/locate/fuproc

Activity and selectivity of methanol-to-olefin conversion over Zr-modified
H-SAPO-34/H-ZSM-5 zeolites - A theoretical study

Duichun Lia, Bin Xinga, Baojun Wangb,⁎, Ruifeng Lia,⁎

a College of Chemistry and Chemical Engineering, Taiyuan University of Technology, Taiyuan, Shanxi 030024, China
b Key Laboratory of Coal Science and Technology of Ministry of Education and Shanxi Province, Taiyuan University of Technology, Taiyuan, Shanxi 030024, China

A R T I C L E I N F O

Keywords:
Density functional theory
Methanol-to-olefins conversion
Frameworks structure
Acid strength
Activity and selectivity

A B S T R A C T

The effect of Zr on the framework structure and acid strength of doped H-SAPO-34 and H-ZSM-5 was studied
using the density functional theory considering dispersive interactions (DFT-D2). The activity and selectivity in
methanol-to-olefins (MTO; in this work, olefins refer to ethylene and propylene) conversion over Zr doped H-
SAPO-34 and H-ZSM-5 were systematically evaluated as a function of frameworks' structure and acid strength.
The results were compared with those of their non-doped counterparts. The results indicated that doping of Zr
into H-SAPO-34 exhibited larger pore volume, whereas the doping of Zr into H-ZSM-5 had little effect on pore
volume. The acid strengths of both the Zr doped were reduced. It was found that doping of Zr into H-SAPO-34 led
to enhanced activity, whereas doping of Zr into H-ZSM-5 had either little or no effect on activity. It can be
concluded that the steric constraints, exerted by the larger cavity, are favorable for the MTO conversion. Both Zr
doped H-SAPO-34 and H-ZSM-5 exhibited relatively higher ethylene selectivity. The acid strength of is closely
related to the product selectivity during MTO conversion. The catalysts with weaker acid strengths displayed a
higher selectivity towards ethylene.

1. Introduction

The conversion of methanol to olefins (MTO) over acidic zeolite
catalysts is a nonpetroleum route to obtain light olefins (such as,
ethylene and propylene) and has attracted considerable attention in
recent years. It is well known that methanol can be easily produced
using syngas from coal, natural gas, and biomass [1,2]. During the past
decades, a great deal of effort has been devoted to elucidating the re-
action mechanism of MTO using both the experimental and theoretical
investigations [3–10]. It is widely accepted that MTO conversion pro-
ceeds through the hydrocarbon pool (HCP) mechanism proposed by
Dahl and Kolboe, which describes that certain organic molecules,
known as the HCP species, are trapped in the pores of zeolites and in-
terplay with the Brönsted acid sites of the inorganic framework. These
organic molecules serve as a cocatalyst. The alkyl chain is formed
through continuous methylations and the olefins products are elimi-
nated from the HCP in a closed catalytic cycle [8,9]. According to the
type of HCP species, the HCP mechanism can be further divided into
aromatic-based and alkene-based cycles [2,11]. Wang et al. utilized the
kinetic Monte Carlo simulation and reported that the alkene-based cy-
cles, especially the branched olefins, are more favorable than the aro-
matic-based cycles [12]. Therefore, the alkene-based cycles, in which

higher olefins, such as 2, 3-dimethyl-2-butene (iso-C6) serve as the
active HCP species [13], are based on the repeated methylation and
cracking of alkenes, and therefore, are adopted as the mechanism of
MTO conversion in this work.

A variety of acidic zeolites have been employed as the catalysts for
MTO conversion [2,3,10,13–16]. Among all zeolites different topolo-
gies, H-SAPO-34 and H-ZSM-5 have proven to be the most promising for
the MTO conversion, and are characterized by their relatively high
activity and distinct selectivity towards light olefins [15]. H-SAPO-34
presented high selectivity for light olefins, such as ethylene and pro-
pylene [17]. The selectivity for ethylene and propylene over H-ZSM-5 is
slightly inferior due to strong acidity, and a large number of aromatics
were detected. [17–19]. Nevertheless, improving the selectivity of a
single pathway towards a single species, especially ethylene, remains a
challenge for researchers. In the MTO process, different topological
structures and a variation in acidity are the two key factors controlling
the catalytic activity and product selectivity of these materials
[18,20–22]. With respect to the topological structure, the H-SAPO-34
has the chabazite (CHA) structure that features large cages connected
through 8-member ring openings, whereas the H-ZSM-5 has the MFI
structure, featuring crossed 10-member ring channels, and a particular
interconnected channel system [23] compared to the 8-member ring in
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H-SAPO-34. In addition, the difference in acid strength and acid dis-
tribution could be attributed to the topological differences in both the
H-SAPO-34 and H-ZSM-5 [24]. Therefore, modification with heteroa-
toms has been employed to increase the catalytic activity and product
selectivity towards light olefins, especially towards ethylene, of these
zeolites by optimizing the acidity, altering the pore structure and cat-
alytic action [22,25].

The incorporation of transition metal ions into framework sites of
the zeolite is of particular interest for designing novel catalysts ex-
hibiting special catalytic activities [19]. Metal heteroatoms have been
used to increase the catalytic activity and product selectivity towards
light olefins over aluminophosphates or silicoaluminophosphates
[25–35] and H-ZSM-5 [22,36–39] for MTO catalytic conversion. Xu
et al. [25] studied the effect of different metals on the catalytic per-
formance of MeAPO-34 for MTO and the results showed that the in-
corporation of metals had a significant effect on the structure and
acidity of zeolite, and improved the lifetime of catalysts or/and their
selectivity towards light olefins. Tian et al. [40] synthesized modified
Ce-SAPO-34 catalysts, which represented the optimum modification
effect and improved the ethylene selectivity by 10 mol%. Hadi et al.
[41] reported that Ce is a promising promoter for Mn/H-ZMS-5 in
methanol conversion to propylene. The selectivity towards propylene
was dramatically enhanced, whereas the propylene/ethylene ratio in-
creased due to Ce doping. Zhao et al. [42] and Song et al. [43] reported
that H-ZSM-5 modified by Ce, Ti and Zr possessed the adjusted pore
structure and acidic properties, exhibited a high catalytic activity and
enhanced the selectivity of light olefins, such as ethylene and propylene
(about 64%). The catalytic properties of these materials, combined with
the acidity of zeolite, give rise to bifunctional catalysts [44]. The per-
formances of MTO conversion over these catalysts were different ac-
cording to the properties of metals. Therefore, it is suggested that beside
selecting a molecular sieve with a different topology, the most
straightforward way to change the acid strength of acid sites is to use
isomorphous substitution of elements having different properties in the
framework of molecular sieves.

The ZrO2 has showed high relevant activity and olefin selectivity in
non-oxidative dehydrogenation of C3 and C4 alkanes [45,46]. The next
step is to study the catalytic performance of MTO conversion over Zr-
modified molecular sieves. To the best of our knowledge, only a handful
of studies have been reported on the modification of H-SAPO-34 [31]
and H-ZSM-5 [42,43] using zirconium. Furthermore, studies related to
the isomorphous substitution of Zr atom in H-SAPO-34 and H-ZSM-5
used for the catalytic performance of MTO process are scarce. In the
present work, the effect of the incorporation of Zr into AlPO-34 and H-
ZSM-5, especially, on its pore structure, acidity and catalytic perfor-
mance in the MTO reaction has been investigated. The acid strength of
acid sites is determined using NH3 adsorption energy. The present work
deals with MTO conversion over Zr-modified AlPO-34 and H-ZSM-5 and
compares the catalytic performances of these materials with each other
and with that of unmodified H-SAPO-34 and H-ZSM-5. In other words,
the influence of the framework structure of H-SAPO-34 has been in-
vestigated compared to H-ZSM-5 on the activity and selectivity of MTO
conversion based on the alkene-based cycle. Furthermore, in order to
demonstrate the acid strength of molecular sieve frameworks on the
activity and selectivity of MTO reaction, Zr-doped AlPO-34 and H-ZSM-
5 models were used to illustrate the role of acid strength. The aim of
this investigation is to improve the understanding of the relationship
between the catalytic performance (activity and selectivity to ethylene)
and the pore structure/acid strength of H-SAPO-34, H-ZSM-5, H-ZrAPO-
34 and H-Zr-ZSM-5 catalysts used for the MTO conversion. The results
are expected to help in optimizing the reaction of methanol to olefins.

2. Methodology

2.1. Computational model

The H-SAPO-34 and AlPO-34 frameworks are represented by peri-
odic 36 T hexagonal cells. The unit cell of H-SAPO-34 catalyst is derived
from the CHA structure (all Si atoms are equivalent in symmetry), in
which all the Si atoms are first substituted by P and Al atoms alter-
nately, and one P atom is replaced by a Si atom to generate one
Brönsted acid site at the O2 position per cage. It is worth mentioning
that H-SAPO-34 is a small-pore material, in which spacious cavities
(10.0 Å × 6.7 Å) are connected through small (3.8 Å × 3.8 Å) 8-ring
windows [23]. For H-ZrAPO-34 catalyst, isomorphous substitution of P
atom with Zr atom into AlPO-34 confers a negative charge on the fra-
mework, which uses the proton to charge-balancing at the O2 position
that acts as a Brönsted acid site. The optimized lattice constants for H-
SAPO-34 are: a = b = 13.85 Å and c = 15.08 Å, which are in good
agreement with the results reported by Wang et al. (a = b = 13.80 Å
and c = 15.04 Å) [47] and are similar to the experimental results
(a = b = 13.73 Å, c = 15.05 Å) [48]. Additionally, for AlPO-34, the
optimized lattice constants are: a = b = 13.53 Å, and c = 14.75 Å,
which are also in good agreement with the results reported by Wang
et al. (a = b = 13.90 Å and c = 15.11 Å) [49]. H-ZSM-5 has the MFI
topology, exhibiting a 3D network consisting of sinusoidal
(5.1 Å × 5.5 Å) and straight (5.3 Å × 5.6 Å) channels defined by 10-
rings that result in medium-sized pores [23]. There exist 12 crystal-
lographically nonequivalent T atom positions in a unit cell (Si96O192)
[50]. The optimized lattice parameters (a = 20.37 Å, b = 20.08 Å and
c = 13.51 Å) in a previous work [51] are in very good agreement with
those reported in the IZA database (a = 20.09 Å, b = 19.74 Å and
c = 13.14 Å) and some other studies [23]. Then, the periodic boundary
conditions are employed. The periodic approach is the most reasonable
model which can consider the limitation of TO4 unit caused by long-
range electrostatic interaction and isomorphic substitution of zeolite
framework and provide a more realistic description to study the prop-
erties of a crystal [52,53]. In an earlier analysis [51], it was found that
T7 is the most favorable site for the substitution of Al atom according to
the stability analysis, as a result of which, a charge-balancing proton is
produced at O1 positions. Therefore, in the rest of the calculation
process, single substituted Al is used at T7 position. This way, the most
stable structure of Zr doped H-ZSM-5 is confirmed by considering the T
atom, which is adjacent to T7, and is substituted by the Zr atom. The
optimized configurations of H-SAPO-34, H-ZSM-5, H-ZrAPO-34 and H-
Zr-ZSM-5 are shown in Fig. 1. Full structural optimization and the cell
parameters are all relaxed in order to investigate the structural de-
formation of Zr-doped molecular sieves. Additionally, the optimized
method uses the conjugate gradient algorithm.

2.2. Methods

All the density functional theory (DFT) calculations are performed
using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [54] as implemented in the Vienna Ab Initio Simulation Package
(VASP) [55–58]. The projected augmented wave (PAW) method is used
to describe the electron-ion interactions [59,60]. The cutoff energy of
the planar waves is equal to 400 eV. Only a Γ point is used for the
sampling of Brillouin zone [61]. Van der Waals interactions are de-
scribed using the dispersion-corrected DFT-D2 method [62]. The
climbing image nudged elastic band (CI-NEB) method is used to de-
termine the minimum energy path and to locate all the transition-state
structures [63]. The nature of transition states is confirmed by de-
termining the vibrational frequencies using the finite difference
method. Small displacements of 0.02 Å are used to determine the nu-
merical Hessian matrix. All the calculated energies are corrected for
zero-point energies (ZPE) due to the restricted optimizations [64,65].
Convergence is assumed have been achieved when the forces on each
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atom are less than 0.05 eV Å−1.

3. Results

3.1. Influence of heteroatom doping on the structure of AlPO-34 and H-
ZSM-5

In order to simulate different acid sites corresponding to different
acid strengths, P atom in the AlPO-34 framework with the Al/P ratio of
1:1 is substituted by Si and Zr atoms. Furthermore, Si atom which is
around Al atom site in H-ZSM-5 framework is substituted by the Zr
atom. The calculated geometrical parameters show that the bond length
of ZreO (about 2.0 Å) is longer than that of SieO and PeO bond lengths
(about 1.64 Å and 1.54 Å, respectively). Therefore, the largest de-
formation occurs around the substituted T atom. The substitution of P
atom in AlPO-34 and that of Si atom in H-ZSM-5 structures lead to the
expansion of corresponding tetrahedron, which is also accompanied by
a deformation of its shape due to the reason that the compensating
proton may still be located on any of the four neighboring framework
oxygens. The local coordination environment around T atom in the
framework can be significantly different for different location sites of
heteroatom and the species of substituted heteroatom in the frame-
work. By calculating two parameters of Θ and Ω, the degree of distor-
tion of [TO4] tetrahedron after the substitution of heteroatom can be
understood [66–68]. The parameter Θ is the root mean square devia-
tion, and is defined using Eq. (1) [66,67]:

∑= −
=

α αΘ 1
6

( )
i

i
1

6
2

(1)

where αi represents the ith θ(O − T − O) angle and α is the average of
the six θ(O − T − O) angles. The Θ is not a direct measure of the
distortion caused by the incorporation of heteroatoms into the frame-
work positions of zeolites [68]. The changes in local [TO4] geometries
caused by the heteroatom substitution can be quantified using the
parameter Ω [68] as given by Eqs. (2)–(4).

= −Ω (Θ Θ )/ΘSi Si P P (2)

= −Ω (Θ Θ )/ΘZr Zr P P (3)

= −−Ω (Θ Θ )/ΘZr ZSM Zr Si Si5 (4)

where ΘSi and ΘZr are the average root mean square deviations from
regular tetrahedron for Si and Zr atoms' substitutions, respectively. It
should be noticed that ΘP of [PO4] tetrahedron in AlPO-34 configura-
tion is calculated. The root mean square deviation parameter (Θ) and
the parameter Ω for each substitution of AlPO-34 and H-ZSM-5 fra-
mework are presented in Table 1.

It can be seen from the results presented in Table 1 that the values of
the parameter Θ for Si and Zr atoms' substitutions are 7.11 and 16.27 in
AlPO-34 structure, respectively. The corresponding values for the
parameter Ω are 4.08 and 10.62, respectively. The results indicate that
the deformation of [TO4] tetrahedron is caused by the heteroatom
substitution, which results in the cavity changes of H-SAPO-34 and H-
ZrAPO-34, especially the substitution of Zr atom. The calculated cavity
volumes of H-SAPO-34 and H-ZrAPO-34 are 2023.25 Å3 and
2238.95 Å3, respectively. In other words, the cavity volumes of H-
ZrAPO-34 are larger than that of H-SAPO-34. It can be concluded that
there is a large space of cavities in H-ZrAPO-34. Additionally, the
parameters Θ and Ω for the substation of Zr atom are 4.34 and 0.02 in
H-ZSM-5, respectively. The calculated results show that the substitution
of Zr atom has negligible effect on the structural deformation of [TO4]
in the H-ZSM-5 framework. This may be due to the large cavity of H-
ZSM-5. The calculated cavity volumes for H-ZSM-5 and H-ZSM-5-Zr are
5480.67 Å3 and 5494.76 Å3, respectively. The incorporation of Zr atom
into the H-ZSM-5 framework slightly increases the cavity space.

3.2. Influence of heteroatom doping on the acid strength of AlPO-34 and H-
ZSM-5

In this work, the acid strengths of AlPO-34 and H-ZSM-5 are
modulated by isomorphic substitution of one P atom by Si and Zr atoms
in the AlPO-34 and one Si atom by Zr atom in the H-ZSM-5. The
acidities of molecular sieves are investigated by determining the ad-
sorption energy of NH3. The adsorption energy of NH3 (ΔEads) is given
by Eq. (5) [69]:

= − −+E E E Eads HZ NH NH HZ3 3 (5)

where EHZ+NH3
is the calculated energy of the given geometry con-

taining the catalyst and the adsorbed molecule, EHZ is the energy of the
framework itself and ENH3

is that of free NH3. It is obvious that the acid
site with stronger acidity would have larger adsorption energy, which
means that larger the adsorption energy, stronger is the acidity of the
Brönsted acid site. The configurations of NH3 adsorption on catalysts
are shown in Fig. 2 and the corresponding calculated results are listed
in Table 2.

Fig. 1. The optimized configurations of a) H-SAPO-34, b) H-ZrAPO-34, c) H-ZSM-5 and d) H-Zr-ZSM-5.

Table 1
The calculated Θ and Ω for [TO4] (T = Si, Zr) tetrahedron of AlPO-34 and H-
ZSM-5 frameworks.

Structures Θ/° Ω

H-SAPO-34 7.11 4.08
H-ZrAPO-34 16.27 10.62
H-Zr-ZSM-5 4.34 0.02
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As shown by the results given in Table 2, the results of NH3 ad-
sorption energy illustrate that H-SAPO-34 and H-ZSM-5 have almost the
same strengths of acid sites. However, Zr-incorporated AlPO-34 and H-
ZSM-5 exhibit smaller adsorption energies of NH3. The calculated re-
sults indicate that Zr-containing AlPO-34 and H-ZSM-5 structures ex-
hibit weaker strengths of acid sites. Furthermore, the strength of acid
site for the H-ZrAPO-34 catalyst is weaker than that of H-SAPO-34
catalyst. However, the acid strength increased with the increase in in-
corporated content of Zr in H-SAPO-34. The experimental results re-
ported by Aghaei et al. [70] indicated that the acid strength increased
with the increase of Zr content.

3.3. Catalytic performance of H-SAPO-34, H-ZrAPO-34 and H-ZSM-5 with
and without Zr

3.3.1. Alkene-based cycles route
The full catalytic cycle for methanol to light olefin (ethylene and

propylene) conversion starting from 2, 3-dimethyl-2-butene (iso-C6) is
summarized in Scheme 1. As shown in Scheme 1, the iso-C6-based cycle

includes a series of elementary steps, such as methylation (M1, M2,
M3), deprotonation (D1, D2), shift of methyl groups (C1, C2) and
cracking of alkyl chain (E1, E2) to produce light olefins [13]. In the
calculations, the activation energy barrier (Ea) is calculated as the en-
ergy difference between the transition state (ETS) and initial state (EIS)
for different reaction steps according to the correlation: Ea = ETS − EIS.
The reaction enthalpy (ΔH) is calculated as the energy difference be-
tween the final state (EFS) and the initial state (EIS) as given by the
correlation: ΔH = EFS − EIS [39].

All the reaction steps are divided into three groups to simplify the
following statement.

3.3.1.1. Step 1. The olefin methylation consists of Reaction Eqs.
(M1)–(M3)

= + + →

= + +

+

−

CH C C CH CH OH HZ CH C

C CH H O Z

( ) ( ) ( )

( )
3 2 3 2 3 3 3

3 2 2 (M1)

− + +

→ − + ++ −

CH C C CH CH CH OH HZ

CH C C CH CH CH H O Z

( ) ( )( )

( ) ( )( )
3 3 3 2 3

3 3 3 2 3 2 (M2)

− + +

→ − + ++ −

CH C C CH CHCH CH OH HZ

CH C C CH CH CHCH H O Z

( ) ( )( )

( ) ( )( )
3 3 3 3 3

3 3 3 3 3 2 (M3)

The activation of CH3OH is an important reaction step for the
growth of carbon chain for different hydrocarbon pool species
[5,71–73]. The methylation of iso-C6 molecule with methanol (M1) is
the first step of this cycle. The first CeC bond is formed when the
CH3OH molecule attacks the iso-C6 molecule, as a result of which, the
CeO bond is broken and the OH group of CH3OH molecule interacts

Fig. 2. The adsorption configurations of NH3 molecule over H-SAPO-34, H-ZrAPO-34, H-ZSM-5 and H-Zr-ZSM-5.

Table 2
The adsorption energies of NH3 (Eads) over H-SAPO-34, H-ZrAPO-34, H-ZSM-5
and H-Zr-ZSM-5.

Structures Acid site Eads/eV

H-SAPO-34 Si-O(H)-Al −1.10
H-ZSM-5 Si-O(H)-Al −1.10
H-ZrAPO-34 Zr-O(H)-Al −1.00
H-Zr-ZSM-5 Si-O(H)-Al −0.70
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with the proton H of acid site, thus forming an H2O molecule, which is
the result of a synergistic effect. In other words, the CH3OH molecule
attacks the iso-C6 molecule to form 2, 2, 3-trimethyl-3-butyl carbenium
ion (S2) for the growth of carbon chain. In the second and third me-
thylation steps (M2 and M3), the CH3OH molecule attacks the double
bond of 2, 2, 3-trimethyl-3-butenyl (S4) and 2, 2, 3-trimethyl-3-pen-
tenyl (S9) species, which are generated due to the deprotonation of
species S2 and 2, 2, 3-trimethyl-4-pentyl carbenium ion (S5), respec-
tively. In M2 and M3, S4 and S9 species interact with CH3OH molecule,
respectively.

3.3.1.2. Step 2. Deprotonation of carbenium ions and the shift of
methyl groups, which consist of Reaction Eqs. (D1), (D2), (C1) and
(C2).

− + + → − +

+

+ −CH C C CH H O Z CH C C CH CH H

O HZ

( ) ( ) ( ) ( )( )3 3 3 2 2 3 3 3 2 2

(D1)

− + +

→ − + +

+ −CH C C CH CH CH H O Z

CH C C CH CHCH H O HZ

( ) ( )( )

( ) ( )( )
3 3 3 2 3 2

3 3 3 3 2 (D2)

= + + →

= + +

+ −

+ −

CH C C CH C H H O Z CH C

C CH C H H O Z

( ) ( )( ) ( )

( ) ( )
3 3 3 2 5 2

CH transfer
3 2

3 2 2 5 2

3

(C1)

= + + →

= + +

+ −

+ −

CH C C CH C H H O Z CH C

C CH C H H O Z

( ) ( )( ) ( )

( ) ( )
3 3 3 3 7 2

CH transfer
3 2

3 2 3 7 2

3

(C2)

Both the D1 and D2 are the deprotonation steps. The reaction spe-
cies S2, S5 and H2O molecule, which are generated from the methyla-
tion of M1 and M2, are considered to be adsorbed in the molecular sieve
and serve as the co-reactants for each deprotonation step (D1 and D2).
The H2O molecule plays the role of “bridge” that can facilitate the
proton transfer. In other words, it interacts with the proton of terminal

CH3 or CH2CH3 group in S2 or S5 to form S3 or S8 containing a double
bond. Meanwhile, one proton (H) of H2O molecule shifts to the acid site
and regenerates the acid site of molecular sieve framework. Both the C1
and C2 are the intramolecular shift steps of methyl group, in which the
CH3 group of the first/third methylation species shifts to the next
neighboring C atom. The species of 2, 2, 3-trimethyl-4-pentyl carbe-
nium ion (S6) and 2, 3-dimethyl-2-isopropyl carbenium ion (S11) can
initiate the following olefin elimination steps (ethylene elimination
(E1) and propylene elimination (E2)).

3.3.1.3. Step 3. Elimination of olefins, which consists of Reaction Eqs.
(E1) and (E2).

= + + → + + ++ −CH C C CH C H H O Z C H C H H O HZ( ) ( ) ( )3 2 3 2 2 5 2 6 12 2 4 2

(E1)

= + + → + + ++ −CH C C CH C H H O Z C H C H H O HZ( ) ( ) ( )3 2 3 2 3 7 2 6 12 3 6 2

(E2)

Both the E1 and E2 are the elimination steps of ethylene and pro-
pylene. Two different reaction pathways for this reaction steps are
considered. Considering the elimination of ethylene, the first reaction
pathway can be described as follows.

= + + → + + +

→ + + +

+ − + −CH C C CH C H H O Z C H C H H O Z

C H C H H O HZ

( ) ( ) ( )3 2 3 2 2 5 2 6 12 2 5 2

6 12 2 4 2

This reaction pathway starts with the breaking of CeC bond in S6
species. Then, the proton of C2H5

+ species shifts to the original acid site
to regenerate the Brönsted acid site. However, the configuration of iso-
C6 and C2H5

+ species cannot co-exist during the calculations. Even the
C2H5

+ species is assigned far away from the iso-C6 molecule. It is still
re-bonded with the iso-C6 molecule that forms the S6 species after
optimization. Therefore, this reaction pathway is excluded.

Another reaction pathway starts with the regeneration of Brönsted

Scheme 1. The reaction pathway of alkene-based cycle for the MTO conversion.
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acid site, which can be described as follows.

= + + →

= + +

→
+ + +

+ −CH C C CH C H H O Z CH C

C CH C H H O HZ

C H C H H O HZ

( ) ( ) ( ) ( )

( ) ( )
3 2 3 2 2 5 2 3 2

3 2 2 4 2

6 12 2 4 2

In other words, the proton of S6 species shifts to H2O molecule,
whereas one H atom of H2O molecule shifts to the molecular sieve
framework to regenerate the acid site. Then, the C2H4 molecule is
generated from the breaking of CeC bond between the carbon of iso-C6
and the carbon of alkyl chain. However, the results show that the C2H4

molecule is automatically eliminated if, at the same time, the proton is
separated from the S6 species. The elimination of C2H4 molecule,
proton transfer and the regeneration of Brönsted acid site occurred si-
multaneously. For the elimination step of olefin, the water molecule
participates in the synergy and facilitates the proton transfer between
the intermediates and molecular sieve framework. The same trend, as
shown in Scheme 1, is reported by Wang et al. et al. [13]. From the
intermediate species S5, where the ethylene and propylene producing
cycles bifurcate, is indicated with a red box in Scheme 1. The E1 occurs
through a concerted mechanism, in which the CeC bond breaks and the
terminal methyl group of the ethyl group is deprotonated. During this
concerted step, ethylene is split and the initial iso-C6 molecule is re-
stored, thus closing the catalytic cycle. The propylene formation route
is mechanistically similar to the ethylene formation route. However, the
ethyl group of S5 species undergoes sequential deprotonation and me-
thylation.

3.3.2. Full catalytic cycle on the H-SAPO-34 and H-ZSM-5
A catalytic reaction is considered across different frameworks and

acid strengths. The corresponding configurations and the main geo-
metrical parameters of the initial state (IS), transition state (TS) and
final state (FS) or intermediate species (S1~S12) over H-SAPO-34 and
H-ZSM-5 are shown in the Supporting Information (SI).

Furthermore, the corresponding activation energy barriers and the
reaction enthalpies for each step are listed in Table 3. Based on the
isoC6-based cycle over H-SAPO-34 and H-ZSM-5, the energy diagrams
of MTO conversion are shown in Fig. 3.

3.3.2.1. Step 1: methylation reaction. Methanol adsorption at the acid
site is the first step of MTO conversion. The adsorption energy of
methanol in H-SAPO-34 is calculated to be −0.95 eV. This result is in-
line with the result (about −0.90 eV) obtained by David et al. [74] and
Wang et al. [47]. The transition state structures of the methylation steps
show that the new CeC bond formation, accompanied by the methanol
dehydration, forms the higher carbenium ion. Considering the M1 over
H-SAPO-34, the distance of C2-O1 is 2.10 Å, whereas that of C1-C2 is
2.48 Å in the TS, as shown in Fig. S1 in the Supporting Information.

Similar to the H-SAPO-34, the structure of TS over H-ZSM-5 is also
identified and the C2-O1 bond (1.46 Å) breaks along with the migration
of CH3 group from O1 to C1 (rC1-C2 = 2.34 Å). Similarly, for the
transition state structures of M2 and M3, the bond distances of C1-C2

are about 2.17–2.31 Å in H-SAPO-34 and about 2.51–2.54 Å in H-ZSM-
5, which are nearly identical in all cases. Consequently, the activation
energy barriers of M1, M2, M3 are determined to be 0.94, 1.08 and
0.97 eV over H-SAPO-34, respectively. This is in-line with the
theoretical results reported by Wang et al. (about 0.85 eV) [13]. In
addition, the same tendency is obtained over H-ZSM-5, which shows
that the activation energy barriers of M1, M2 and M3 are 0.79, 1.13 and
0.96 eV, respectively. Therefore, it is confirmed that the structural
features of transition state over H-SAPO-34 are similar to those over H-
ZSM-5 except that the activation energy barrier of the methylation
reaction and the breaking/forming bond distances vary slightly.

3.3.2.2. Step 2: deprotonation of carbenium ions and the shift of methyl
groups. After the methylation step, carbenium ions are formed, which
can be easily converted by deprotonation and methyl group shifts. As
shown in Fig. S1 in the Supporting Information, the bond distances of
C1-H1 are 1.32 Å and 1.70 Å in the TS structures of D1 and D2 over H-
SAPO-34, respectively. Corresponding to the TS structures of D1 and D2
over H-ZSM-5, which are shown in Fig. S3 in the Supporting
Information, the bond distances of C1-H1 are 1.27 Å and 1.59 Å,
respectively. The activation energy barriers of D1 and D2 are 0.13 eV
and 1.00 eV, respectively, which are higher than those over H-ZSM-5
(0.04 eV and 0.03 eV for D1 and D2, respectively). The bond distances
of C1-C2 are 1.82 Å and 1.88 Å, whereas those of C1-C3 are 1.85 Å and
1.81 Å in the TS structures of C1 and C2 over H-SAPO-34, respectively.
Corresponding to the TS structures of C1 and C2 over H-ZSM-5, the
bond distances of C1-C2 are 1.84 Å and 1.93 Å, whereas those of C1-C3

are 1.84 Å and 1.76 Å, respectively. The activation energy barriers of
C1 and C2 are 0.13 eV and 0.32 eV, respectively, which are higher than
those over H-ZSM-5 (0.05 and 0.13 eV for C1 and C2, respectively). The
deprotonation of carbenium ions and the shift of methyl groups need
lower activation energy barriers over H-ZSM-5, which is accordance
with the results obtained by David et al. [74]. It is suggested that the
interactions between zeolite framework and adsorbed species play a key
role in determining the catalytic reactivity. It should be mentioned that
the deprotonation of carbenium ions and the shift of methyl groups, as
achieved in this step, are not the most difficult kinetic steps and
therefore, should not be the rate determining step for the formation of
olefins.

3.3.2.3. Step 3: elimination of olefins. As mentioned earlier, the
framework structure of molecular sieve can affect the deprotonation
of carbenium ions and shifting of methyl group in the alkene-based
cycle. The influence of framework structure of molecular sieve on the
elimination of light olefins is also investigated in this work. The
structure of transition state indicated that the C1-C2 bond breaks
along with the formation of light olefins. In the case of E1 over H-
SAPO-34, the bond of C1-C2 increases from 1.57 Å of absorbed state to
2.79 Å of TS. Furthermore, the activation energy barrier of the cracking
step is 1.33 eV. In contrast, the bond of C1-C2 increases from 1.56 Å to
2.88 Å for E2 in TS over H-SAPO-34. This is in good agreement with the
previously reported theoretical results [13]. However, the elimination
of propylene requires the activation energy barrier of more than
0.10 eV. It is evident that the formation of ethylene needs higher
activation energy barriers than propylene. The bond distances of C1-C2

are 2.56 Å and 2.88 Å in the TS structures of E1 and E2 over H-ZSM-5,
respectively. The activation energy barriers of the E1 and E2 over H-
ZSM-5 are 1.14 eV and 0.81 eV, respectively. The results show that,
considering the elimination of olefins over H-SAPO-34 and H-ZSM-5, E2
is easier to occur over H-SAPO-34 than over H-ZSM-5, whereas E1 may
be easier to occur over H-ZSM-5 than over H-SAPO-34. It is suggested
that the framework structure of molecular sieve offers additional

Table 3
The activation energy barriers (Ea, eV) and the reaction enthalpies (ΔH, eV) of
each step for MTO conversion over H-SAPO-34, H-ZrAPO-34, H-ZSM-5 and H-
Zr-ZSM-5.

Reaction steps H-SAPO-34 H-ZrAPO-34 H-ZSM-5 H-Zr-ZSM-5

Ea ΔH Ea ΔH Ea ΔH Ea ΔH

M1 0.94 −0.12 0.81 −0.22 0.79 −0.06 0.69 0.11
D1 0.13 −0.39 0.19 −0.60 0.04 −0.34 0.10 −0.50
M2 1.08 0.37 1.10 0.30 1.12 −0.21 1.14 −0.77
C1 0.13 −0.38 0.15 −0.36 0.05 −0.45 0.61 0.24
E1 1.33 −0.04 0.64 0.17 1.14 0.56 0.99 0.34
D2 1.00 −0.25 0.31 −0.50 0.03 −0.75 0.05 −0.38
M3 0.97 0.33 1.05 0.28 0.96 −0.12 1.13 −0.31
C2 0.32 0.11 0.36 0.32 0.13 −0.30 0.21 −0.15
E2 0.10 −0.40 0.09 −0.90 0.82 0.10 0.73 −0.11
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stabilization to transition states, and the relativities of the
deprotonation of carbenium ions, shifts in methyl group and the
cracking reactions are more sensitive to molecular sieve framework.
According to the calculated results of NH3 adsorption energy, H-SAPO-
34 and H-ZSM-5 have the same acid strengths. Therefore, it is probably
due to the difference in framework structures of H-SAPO-34 and H-
ZSM-5, which leads to the difference in activities of MTO conversion.

3.3.3. Full catalytic cycle over H-ZrAPO-34 and H-Zr-ZSM-5
Besides the framework structure, the acid strength of molecular

sieves also affects the reactivity. Therefore, the influence of acid
strength on the activity and selectivity of MTO conversion is explored in
this work. The models with different acid strengths of H-ZrAPO-34 and
H-Zr-ZSM-5 are used. The calculated energy profiles of isoC6-based
cycle over H-ZrAPO-34 and H-Zr-ZSM-5 are shown in Fig. 4. Ad-
ditionally, the activation energy barriers and the reaction enthalpies for
each step are listed in Table 3.

3.3.3.1. Step 1: methylation reaction. Similar to the elucidation in H-
SAPO-34 and H-ZSM-5, over H-ZrAPO-34 and H-Zr-ZSM-5, the
geometries of the transition state for methylation steps are much
similar to those described over H-SAPO-34 and H-ZSM-5, and involve
the increase of C2-O1 bond distance (2.01 Å–2.36 Å) and C1-C2 bond
distance (2.01 Å–2.54 Å) in the TS structures, as shown in Figs. S2 and
S4 of the Supporting Information. Furthermore, the activation energy

barriers of M1, M2 and M3 over H-ZrAPO-34 are 0.81 eV, 1.10 eV and
1.05 eV, respectively, which are slightly lower than those catalyzed
over H-SAPO-34 with strong acid strengths. As summarized in Table 3,
the activation energy barriers of M1, M2 and M3 over H-Zr-ZSM-5 with
weak acid strength are 0.69 eV, 1.14 eV and 1.13 eV, respectively,
which are close to those over H-ZSM-5 with strong acid strength.

3.3.3.2. Step 2: deprotonation of carbenium ions and the shift of methyl
group. The D1 and D2 over H-ZrAPO-34 occur facilely, as they only
need to overcome the activation energy barriers of 0.19 eV and 0.31 eV,
respectively. The activation energy barriers of C1 and C2 are 0.15 eV
and 0.36 eV, respectively. Corresponding to the TS structures of D1, D2,
C1 and C2 over H-ZrAPO-34, as shown in Figs. S2 in Supporting
Information, the bond distances of C1-H1 are 1.46 Å and 1.36 Å, while
those of C1-C2 are 1.80 Å and 1.83 Å, respectively. Similarly, the bond
distances of C1-C3 are 1.90 Å and 1.85 Å, respectively. The results show
that the shift of hydride over H-ZrAPO-34 with weak acid strength is
more advantageous than that over H-SAPO-34 with relatively strong
acid strength. Furthermore, the difference in strengths and the location
of acid site affect the steps of the deprotonation of carbenium ions and
the shift of methyl group. As listed in Table 3, the activation energy
barriers of the shifting of hydride over H-Zr-ZSM-5 with weak acid
strength is close to that over H-ZSM-5 with strong acid strength. As
shown in Fig. S4, corresponding to the TS structures of D1, D2, C1 and
C2 over H-Zr-ZSM-5, the bond distances of C1-H1 are 1.25 Å and 1.27 Å,

Fig. 3. The energy diagrams of the MTO conversion over H-SAPO-34 and H-ZSM-5. The cycle consists of alkyl chain propagation and ethylene elimination (in black),
and propylene elimination (in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The energy diagrams of the MTO conversion over H-ZrAPO-34 and H-Zr-ZSM-5. The cycle consists of alkyl chain propagation and ethylene elimination (in
black), and propylene elimination (in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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while those of C1-C2 are 1.81 Å and 1.84 Å, respectively. Furthermore,
the bond distances of C1-C3 are 1.87 Å and 1.83 Å, respectively. These
observations obviously reveal that the strength of acid site has no
significant effect on the activity of methylation reaction, the
deprotonation of carbenium ions and the shift of methyl group over
H-SAPO-34 and H-ZSM-5.

3.3.3.3. Step 3: elimination of olefins. The influence of acid strength on
the elimination of olefins is also examined in this work. For E1 over H-
ZrAPO-34 needs to overcome the activation energy barrier of 0.64 eV.
In other words, the activation energy barrier of E1 decreases by 0.69 eV
over H-ZrAPO-34 as compared to that over H-SAPO-34 with relatively
strong acid strength. Additionally, the activation energy barrier of E2 is
almost the same as that catalyzed over H-SAPO-34. The calculated
results indicate that the incorporation of Zr atom into AlPO-34
framework improves the whole activity of MTO conversion. In
addition, the bond distances of C1-C2 are 2.45 Å and 3.07 Å in the TS
structures of E1 and E2 over H-SAPO-34, respectively. However, as
listed in Table 3, the activation energy barriers of E1 and E2 over H-Zr-
ZSM-5 are 0.99 eV and 0.73 eV, which are lower than those over H-
ZSM-5 with strong acid strength. Furthermore, corresponding to the TS
structures of E1 and E2 over H-Zr-ZSM-5, the bond distances of C1-C2

are 2.57 Å and 2.77 Å, respectively.
The calculated results suggest that the stronger acidic molecular

sieves are prone to produce carbenium ions as compared to weaker
acidic molecular sieves. However, it is unfavorable for the elimination
of olefins. Regarding the propagation of CeC chain, Brönsted acidity is
closely correlated with the formation of active intermediate species
(alkenes and the corresponding carbenium ions) and results in the
generation of ethylene and propylene.

4. Discussion

As is known, the framework structure and the acid strength of
zeolite play an important role in acid-catalyzed reactions
[18,20–22,75–77]. The relationships between the framework structure/
acid strength and the activity and selectivity of alkene-based MTO
conversion are discussed in detail. In this work, the activities of dif-
ferent catalysts are determined by comparing the activation energy
barriers of the rate-determining steps in the reaction coordination of the
MTO conversion over H-SAPO-34, H-ZrAPO-34 and H-ZSM-5 with and
without Zr atom. Furthermore, in order to verify the selectivity towards
ethylene and propylene over different zeolites, the energetic span
model is adopted [78]. As shown in Scheme 1, the ethylene and pro-
pylene producing cycles bifurcate and is represented by the inter-
mediate species S5. Therefore, the energetic span model, which is
employed to identify the preferred reaction mechanism and product
selectivity [79], is used to analyze the product selectivity starting from
S5 species. In this approach, the energetic span model is used, which
enables one to evaluate the turnover frequency (TOF) of catalytic cycles
based on its computed energy profile in a straightforward manner.
Furthermore, TOF in affinity with the Curtin-Hammett principle [80]
which is formulated to treat selectivity of reactions.

For exothermal reactions, the TOF is defined as Eq. (6) [78].

= −k T
h

eTOF B δE RT/
(6)

In addition, δE is defined as the energetic span and described using
Eq. (7).

= ⎧
⎨⎩

−
− +

δE
E E
E E G

if TDTS appears after TDI (1)
Δ if TDTS appears before TDI (2)

TDTS TDI

TDTS TDI r (7)

where ETDTS is the energy of TDTS, which represents the TOF-de-
termining transition state in the energy profile of MTO conversion, and
ETDI is the energy of TDI, which represents the TOF-determining

intermediate in the energy profile of MTO conversion, as shown in
Figs. 3 and 4. In addition, the combination of TDTS and TDI should
maximize the value of δE. Therefore, the TDTS and TDI may neither be
the maximum and minimum energy states nor the rate-determining step
in the energy profile of the MTO conversion. Herein, the energy profile
of MTO conversion over H-SAPO-34 is taken as an example. As shown
in Fig. 3, the TDTS and TDI are TS5 and S6 species for the ethylene
formation over H-SAPO-34, respectively. Furthermore, the TDTS (TS5
species) appears after the TDI (S6 species). Therefore, the δE should be
calculated using Eq. (7) 1. However, the TDTS and TDI are the TS6 and
S9 species for the propylene formation over H-SAPO-34, respectively. In
addition, the TDTS (TS6 species) appears before the TDI (S9 species),
due to which, the δE should be calculated using Eq. (7) 2. An analogous
approach is used for other catalysts. Similarly, ΔGr is the reaction en-
thalpy of MTO conversion. Therefore, the δE serves as the apparent
activation energy of the catalytic cycle [81] and is used to treat pro-
duct's selectivity of the MTO conversion in this work. It is obviously
found that, smaller the energetic span (δE), faster is the reaction
[82–86], and consequently, leads to higher selectivity towards ethylene
or propylene.

4.1. Influence of topological structure of molecular sieves on the activity and
selectivity of MTO conversion

The MTO conversions over H-SAPO-34 and H-ZSM-5 with different
topological structures are investigated. The calculated adsorption en-
ergy of NH3 molecule indicates that the acid strength of H-SAPO-34 is
almost the same as that of H-ZSM-5. Therefore, the role of topological
structures on the MTO conversion is discussed in this section. Fig. 3
presents the reaction coordination of MTO conversion over H-SAPO-34
and H-ZSM-5. For a direct comparison of the activity of MTO conver-
sions over different topological structures of H-SAPO-34 with small
pore channel and H-ZSM-5 with large pore channel, the activation en-
ergy barriers of the rate-determining steps of MTO conversion are
compared. As mentioned earlier, it is identified that the elimination
step of ethylene (E1) is the rate-determining step in the reaction
pathway of ethylene formation, while the second methylation step (M2)
is the rate-determining step in the reaction pathway of propylene for-
mation. As listed in Table 3, the activation energy barrier of E1 over H-
ZSM-5 is 0.19 eV lower than that over H-SAPO-34. However, the acti-
vation energy barrier of M2 over H-ZSM-5 is only 0.04 eV higher than
that over H-SAPO-34. The calculated results indicate that the activity of
H-ZSM-5 for ethylene formation in MTO conversion is higher than that
of H-SAPO-34, while the activities of H-SAPO-34 and H-ZSM-5 for
propylene formation are almost the same. According to the calculated
results, it is obvious that the higher activities of H-ZSM-5 could be at-
tributed to large pore channel size.

Both the H-SAPO-34 and H-ZSM-5 produce products, which are
mainly composed of olefins. However, there exists a significant differ-
ence in olefins' (ethylene and propylene in this work) selectivity. In
other words, the selectivity ratio of propylene to ethylene can be tuned.
As shown in Fig. 3, the TDTS and TDI are TS5 and S6 species for the
ethylene formation over H-SAPO-34 and H-ZSM-5, respectively. Fur-
thermore, the TDTS (TS5 species) appears after the TDI (S6 species),
due to which, δE should be calculated using Eq. (7) 1. The calculated δE
values are 1.33 eV and 1.14 eV for H-SAPO-34 and H-ZSM-5, respec-
tively. The determinations of TDTS and TDI in the energy profiles of
propylene formation are much more complicated than those of ethylene
formation. This is due to the reason that there are more reaction steps in
propylene formation cycle, and therefore, the reaction enthalpy should
be considered in Eq. (7) 2. As shown in Fig. 3, the TDTS and TDI are the
TS6 and S9 species for the propylene formation over H-SAPO-34, re-
spectively. For the propylene formation over H-ZSM-5, the TDTS is the
TS7 species. The TDI is the S8 species, which is not the minimum en-
ergy state in the energy profile of MTO conversion. The δE values are
calculated to be 1.05 eV and 1.09 eV for the propylene formation over
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H-SAPO-34 and H-ZSM-5, respectively. Based on δE analysis, it is de-
duced that the higher selectivity to propylene are observed over H-
SAPO-34 and H-ZSM-5. However, the selectivity ratios of propylene to
ethylene are different over H-SAPO-34 and H-ZSM-5. This observation
over H-SAPO-34 is consistent with the results reported by Francesca
Bleken et al. [87], who found that there was more propylene formation
than ethylene on the carbon basis due to the reason that C2/C3 ratio was
always lower than 0.93 over H-SAPO-34. This result is also consistent
with the experimental results reported by Li et al. [17], who illustrated
the relatively higher propylene selectivity over SAPO-34. Similarly, the
calculated results of E1 and E2 over H-ZSM-5 are in accordance with the
reported experimental data [34] for the product's selectivity over H-
ZSM-5 in the MTO conversion. Fereydoon reported that the selectivity
to propylene (about 48.4 mol%) is higher than that to ethylene (about
10.9 mol%) [34]. This observation is in good agreement of the report of
Xu et al. [88], who found that, on the basis of unique MFI structure, a
higher propylene to ethylene ratio could be achieved. It should be
mentioned that the H-SAPO-34, which has nearly equal acid strength to
that of H-ZSM-5, exhibits different selectivity to ethylene and propylene
due to the different topological framework of H-SAPO-34 and H-ZSM-5.

4.2. Influence of Zr incorporation on the activity and selectivity of MTO
conversion

The MTO conversion over H-SAPO-34, H-ZrAPO-34, H-ZSM-5 and
H-Zr-ZSM-5 are conducted in order to gain further insight into the in-
fluence of Zr incorporation on the activity and selectivity of MTO
conversion. The structures of IS, TS and FS for each step over H-ZrAPO-
34 and H-Zr-ZSM-5 are provided in the Supporting Information.
Furthermore, the corresponding activation energy barriers and the re-
action enthalpy about each step are listed in Table 3. As discussed
earlier, the incorporation of Zr atom into the framework of molecular
sieve induces the changes in cavity structure and acid strength. Further
to this, the influence of cavity structure and acid strength on the activity
and selectivity in the MTO conversion are discussed in this work.

4.2.1. Activity and selectivity of MTO conversion over H-SAPO-34 and H-
ZrAPO-34

The Zr-containing AlPO-34 displayed similar adsorption energy of
NH3 molecule as that of H-SAPO-34 (−1.00 eV vs. −1.10 eV), in-
dicating that the incorporation of Zr in AlPO-34 induces little change in
the acid strength. However, the modified H-ZrAPO-34 displayed no-
ticeable differences in the pore volume, as compared to the reference H-
SAPO-34, which confirms the fact that the pore volume of H-ZrAPO-34
became larger (increases by 200 Å3). This observation is in good
agreement with the experimental results reported by Yaripour et al.
[34], who found that boron modification increased the pore volume.
Pore volume is one of the significant factors influencing the catalytic
activity [34]. Therefore, the influence of changes in pore volume caused
by Zr incorporation on the MTO conversion is mainly discussed in this
section.

The same approach is used as elucidated earlier for H-SAPO-34 and
H-ZSM-5. As mentioned earlier in Section 3.3.3, it is identified that both
the M2 are rate-determining steps for ethylene and propylene forma-
tions over H-ZrAPO-34, which is different from that over H-SAPO-34.
As listed in Table 3, the calculated results show that the activation
energy barrier of M2 over H-ZrAPO-34 is lower than that of E1 over H-
SAPO-34 (1.10 eV vs. 1.33 eV). This indicates that H-ZrAPO-34 with
larger cavity space has higher activity for ethylene formation. Fur-
thermore, the activation energy difference of the elimination of pro-
pylene over H-SAPO-34 and H-ZrAPO-34 is only 0.02 eV. It is suggested
that the incorporation of Zr atom into the framework of AlPO-34
structure results in a larger cavity space of H-ZrAPO-34 than that of H-
SAPO-34, which is conducive to the MTO conversion that leads to
higher activity.

In order to determine the selectivity of H-ZrAPO-34 to ethylene or

propylene, the δE values of ethylene and propylene formation cycles are
also calculated. As shown in Fig. 4, the TDTS and TDI are also the TS5
and S6 species for the ethylene formation cycle over H-ZrAPO-34. Si-
milarly, the TDTS (TS5 species) appears after the TDI (S6 species), and
the δE values are calculated to be 0.64 using Eq. (7) 1. For propylene
formation cycle over H-ZrAPO-34, the TDTS is the TS7 species, which is
not the highest energy state, whereas the TDI is the S9 species. The
TDTS (TS7 species) appears before the TDI (S9 species), and the δE
values are calculated to be 1.05 using Eq. (7) 2. Compared with the H-
SAPO-34, it can be seen from the calculated results that the selectivity
of H-ZrAPO-34 to ethylene is obviously enhanced. However, Zr in-
corporation has little effect on the selectivity to propylene. This may be
due to the Zr modification that slightly decreases the acid strength,
which results in an enhanced selectivity to ethylene. The calculated
results suggest that the cavity-structure possesses potential to be a
feasible approach to regulate the activity. Therefore, cavity-controlled
activity or in other words, cavity structure determines the formation of
ethylene and propylene, and in turn controls the MTO reaction activity.

4.2.2. Activity and selectivity of MTO conversion over H-ZSM-5 and H-Zr-
ZSM-5

As mentioned earlier in Section 3.1, the influence of the in-
corporation of Zr atom into the framework of H-ZSM-5 on the pore
volume is negligible. However, it significantly modifies the acid
strength. It is suggested that the acid strength of H-Zr-ZSM-5 is sig-
nificantly weaker than that of H-ZSM-5 (−0.70 eV vs. −1.10 eV). The
Brönsted acid center plays a vital role in MTO reaction catalyzed by the
zeotype catalysts. Therefore, the following discussion of the activity and
selectivity of MTO conversion over H-ZSM-5 and H-Zr-ZSM-5 mainly
focus on the acid strength.

Similar to the explanation in Section 3.2, the influence of acid
strength on the activity of MTO conversion over H-ZSM-5 and H-Zr-
ZSM-5 are also investigated. This is done based upon the analysis of
activation energy barrier of the rate-determining step. It is identified
that both the M2 are rate-determining steps for ethylene and propylene
formations over H-Zr-ZSM-5, which is the same as that over H-ZrAPO-
34. However, it is different from that over H-ZSM-5. This observation is
the same as that over H-SAPO-34 and H-ZrAPO-34. Additionally, as
listed in Table 3, the calculated results indicate that both the activation
energy barrier of E1 over H-ZSM-5 and M2 over H-Zr-ZSM-5 are equal
to 1.14 eV. Furthermore, the activation energy difference of the rate-
determining steps for propylene formation cycles over H-ZSM-5 and H-
Zr-ZSM-5 is only 0.02 eV. This indicates that the activities of H-ZSM-5
and H-Zr-ZSM-5 are almost the same. It can be concluded that the in-
corporation of Zr atom into the framework of H-ZSM-5 structure results
in a weaker acid strength of H-Zr-ZSM-5 than that of H-ZSM-5, which
has no obvious effect on the activity of MTO conversion.

The δE values are also calculated to compare the selectivity towards
ethylene and propylene over H-Zr-ZSM-5. As shown in Fig. 4, similar to
that over H-ZrAPO-34, the TDTS and TDI are the TS5 and S6 species for
the ethylene formation cycle over H-Zr-ZSM-5. The TDTS (TS5 species)
appears after the TDI (S6 species). The δE values are calculated to be
0.99 using Eq. (7) 1. For propylene formation cycle over H-Zr-ZSM-5,
the TDTS is the TS7 species, while TDI is the S8 species, which is not the
lowest energy state. The TDTS (TS7 species) appears before the TDI (S9
species). The δE values are calculated to be 1.52 using Eq. (7) 2.
Compared with the H-ZSM-5, the calculated results show that the H-Zr-
ZSM-5 with weaker acid strength lead to an increase in the selectivity
towards ethylene in the MTO conversion. This also results in a corre-
sponding decrease in the selectivity towards propylene. According to
the calculated results, it is obvious that the more favorable selectivity to
ethylene of H-Zr-ZSM-5 could be attributed to a weaker strength of acid
site, which is in accordance with the results of H-ZrAPO-34. Further-
more, H-ZrAPO-34 with slight weaker acid strength represents rela-
tively higher selectivity to ethylene. These observations are in ac-
cordance with the experimental work of Jiang et al. [18] and Yaripour
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et al. [34], who found that the catalyst acidity is closely related to the
product selectivity in MTO reaction and reported that the more favor-
able selectivity to light olefins of the catalysts could be attributed to the
high amount of weak acid sites and low concentration of strong acid
sites, which improved the production of light olefins.

In short, the cavity space of molecular sieve mainly affects the ac-
tivity of MTO conversion. It can be concluded from the discussion of
cavity change that the larger cavity space of H-ZrAPO-34 is favorable
for the MTO conversion. The acid strength of molecular sieve mainly
affects the selectivity of MTO conversion. Furthermore, H-Zr-ZSM-5
with weaker acid strength lead to an increase in the selectivity to
ethylene as compared to that for H-ZSM-5 with strong acid strength,
which leads to an increase in the selectivity to propylene. It is con-
firmed that decreasing the acid strength and considering pore con-
finement effect could decrease the activation barriers and improve the
catalytic performance for MTO conversion in alkenes-based cycle.

5. Conclusions

The influence of framework's structure and acid strength on the
catalytic performance of MTO conversion with the alkene-based cycle
over H-SAPO-34, H-ZSM-5, H-ZrAPO-34 and H-Zr-ZSM-5 has been in-
vestigated using density functional calculations including dispersion
correction. The adsorption energy of probe NH3 molecule is used for
characterizing the relative acid strength for H-SAPO-34, H-ZSM-5, H-
ZrAPO-34 and H-Zr-ZSM-5. The activities of different catalysts are de-
termined by comparing the activation energy barriers of the rate-de-
termining steps, whereas the selectivity towards ethylene and propy-
lene over different molecular sieves are evaluated using the calculated
δE in the energy profile of MTO conversion.

For the MTO conversion on iso-C6-based cycle, the framework
structure and acid strength have a significant influence on the activity
and selectivity of light olefins, such as ethylene and propylene. It can be
seen from the calculated results that the incorporation of Zr atom into
the framework of AlPO-34 leads to an increase in the cavity space,
whereas the incorporation of Zr atom into H-ZSM-5 has little effect on
the cavity space. Additionally, the activity of H-ZrAPO-34 is enhanced,
whereas H-Zr-ZSM-5 has little effect on the activity. The calculated
results suggest that the cavity-structure can be used to regulate the
activities of different catalysts. In addition, the acid strengths of H-
ZrAPO-34 and H-Zr-ZSM-5 are both reduced. The acid strength of
Brönsted acid site affects the product selectivity of different catalysts in
the MTO conversion. Compared with H-SAPO-34 and H-ZSM-5, the
considerable enhancement of selectivity towards ethylene could be at-
tributed to the reduction of strong acid sites of H-ZrAPO-34 and H-Zr-
ZSM-5. Therefore, it can be concluded that the steric constraints exerted
by a larger cavity are favorable for MTO conversion, while weak acid
strengths of catalysts display a higher selectivity towards ethylene.

This work will deepen the current understanding of framework's
"structure/acid strengths and MTO conversion activity and selectivity
over different molecular sieves, which can be used for developing more
effective catalysts for MTO conversion.
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