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the methanol-to-olefins (MTO)
reaction over different zirconium species of the
Zr-SAPO catalyst: a comprehensive periodic DFT
investigation

Saeedeh Soheili and Ali Nakhaei Pour *

Methanol-to-olefins (MTO) conversion is a crucial industrial process for producing valuable light olefins, but

developing highly efficient and selective catalysts remains a significant challenge. The incorporation of

zirconium has been shown to enhance the catalytic performance of MTO catalysts. In this study,

periodic density functional theory (DFT) calculations were employed to investigate the stability and

reactivity of zirconium species within the SAPO-18 framework. Results revealed that loading Zr3+ ions

into 6-membered rings (6MRs) of the SAPO-18 framework (Zr-ZH) was the most favorable configuration

for producing propylene, with a lower activation energy (0.46 eV) than that required for loading Zr4+ ions

into 8-membered rings (8MRs) (Zr-ZOH). Analysis of Mulliken charges and partial density of states (DOS)

suggested that the incorporation of zirconium into the SAPO-18 framework enhanced the electronic

properties of the catalyst, leading to a significant increase in propylene selectivity. In summary, the DFT

calculations provided valuable insights into the preferred coordination environments and electronic

structures of zirconium species in the SAPO-18 catalyst. These results suggest that optimizing zirconium

incorporation can lead to significant improvements in the catalytic performance of MTO processes,

particularly with respect to propylene selectivity.
1. Introduction

Light olens, such as ethylene and propylene, are crucial feed-
stocks in organic chemical processes.1,2 Microporous zeolites,
with their diverse pore architectures and tunable acidity, have
emerged as promising catalysts for the methanol-to-olens
(MTO) process.3–5 Among these, SAPO-18, a silicoaluminophos-
phate zeolite with the AEI framework, has garnered signicant
attention due to its small pore size and moderate acidity. These
properties make it suitable not only for MTO but also for other
applications, such as NH3-SCR.6 AEI, a small-pore zeolite
framework, has also been adopted for vehicular applications.
Recent studies have demonstrated enhanced hydrothermal
stability in Al-rich AEI frameworks.7,8 Additionally, AEI has been
observed to generally crystallize with fewer structural defects,
which further enhances its hydrothermal stability.9

The MTO reaction within SAPO-18 primarily occurs within
its AEI cages, which are composed of 8-, 6-, and 4-membered
rings (8MR, 6MR, and 4MR). However, coke formation, partic-
ularly from the accumulation of larger aromatic species,
remains a major challenge, leading to catalyst deactivation.10
ence, Ferdowsi University of Mashhad,

khaei@um.ac.ir; nakhaeipoura@yahoo.

22
Incorporating metal species (Me) into the SAPO framework
(MeSAPO) has emerged as a promising strategy tomitigate these
issues and optimize catalytic performance. Metal incorporation
can signicantly inuence the zeolite's physicochemical prop-
erties, including pore size, acidity, and electric eld
strength.11–17 MeSAPO can inuence selectivity towards hydro-
carbon species by altering the zeolite's physicochemical
properties.15,18,19

The modied metal-incorporated SAPO enhances catalytic
activity, lifetime, and light olen yield.18 Bates et al. showed that
the most stable site for isolated Cu2+ ions is the 6MR of SSZ-13.20

Peirong Niu et al. showed that the Co-Cr/SAPO catalyst exhibited
stable performance in MTO over a time on stream of 600 min.21

Kang demonstrated that the selectivity of light olens decreased
more rapidly in CoSAPO than in other metal-incorporated
SAPOs (FeSAPO-34 and NiSAPO-34) as the reaction time
increased.15

One major obstacle to the widespread commercialization
of Zr-containing zeolites, including their application in MTO,
has been their limited hydrothermal stability. However,
zirconium, an important transition metal that is nding
increasing applications in catalysis, offers several potential
advantages.11,22,23 Varzaneh et al. demonstrated that Zr-SAPO-
34 with a low Brønsted acid strength had an improved cata-
lyst lifetime.24 The incorporation of zirconium can improve
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the thermal stability of catalysts by providing enhanced
thermal resistance.25 Metal incorporation can improve the
acidic properties and reduce the diffusion limitations of the
reactant molecules, which can positively affect the conversion
performance of the MTO process.26 The incorporation of Zr in
catalysts, particularly in zeolites like SAPO (silica–aluminum
phosphate), leads to enhanced properties of the Lewis acid
and catalytic activity.27,28 As already mentioned, the loading of
Zr into the SAPO structure alters the physicochemical prop-
erties of these materials, which directly impacts their acidity
and performance in catalytic reactions.29 This is due to Zr
acting as a metal cation with unique characteristics, creating
stronger centers for accepting electrons in acid–base reac-
tions.30 The addition of Zr into SAPO can alter the Brønsted-to-
Lewis acid site ratio (B/L), with the focus oen being on
enhancing the Lewis acid sites, which are commonly supple-
mentary and suitable for reactions like hydrogenation and
isomerization.31–33 Zr primarily increases the Lewis acidity of
SAPO without signicantly affecting the Brønsted acid prop-
erties,34 which is particularly benecial in catalytic reactions
that rely on Lewis's acid sites.35 These improvements help
maintain the catalyst's activity under harsher conditions,
thereby extending its lifespan.36 Zr can also modify the
structure of SAPO's microspores, facilitating a better distri-
bution of products and reactants throughout the catalyst
structure, thereby improving the efficiency of catalytic reac-
tions.37 In general, the addition of Zr to SAPO increases Lewis's
acidity, making the catalyst more effective for Lewis-acid-
driven reactions and enhancing its catalytic activity in
processes such as cracking, alkylation, and isomerization.38

In the present work, metals were incorporated into SAPO in
the present work to enhance its catalytic activity, selectivity, and
lifetime. Due to its low acidic sites, Zr was incorporated into
SAPO-18. Density functional theory (DFT) calculations were
done to systematically study the MTO process on the Zr species.
Mechanisms for the interaction of CH3OH with different Zr-
SAPO-18 catalysts with Zr ions positioned in the 6MR and
8MR are proposed. The most favorable structure for producing
propylene over a long lifetime is Zr-ZH. Additionally, the partial
density of states (DOS) and Mullikan partial charges were
calculated to conrm the oxidation state of Zr in the SAPO-18
structures.

2. Model
2.1. Structure

As a metal element, zirconium can signicantly improve the
performance of catalysts in complex processes, such as MTO
conversion. In the MTO conversion process, it contributes to
Table 1 Topological parameters of the SAPO-18, Zr-ZOH, and Zr-ZH st

Structure a (Å) b (Å) c (Å) a (

SAPO-18 9.47 9.47 18.63 90
Zr-ZOH 9.47 9.47 18.63 90
Zr-ZH 9.47 9.47 18.63 90

© 2025 The Author(s). Published by the Royal Society of Chemistry
forming active sites that are crucial for olen production,
particularly propylene, and enhances the catalyst's resistance to
thermal degradation, therefore extending its lifespan.29,39 SAPO
is formed by substituting one Si atom for P in the CHA frame-
work, which results in the creation of a Brønsted acid site.40,41

Table 1 summarizes the topological parameters of the SAPO-18
framework, along with the Zr-ZOH and Zr-ZH structures.
2.2. Computation

DFT calculations were performed using the CASTEP module
within Materials Studio. This approach employs pseudopoten-
tials to describe the core electrons and plane waves to represent
the valence electrons. The Perdew–Burke–Ernzerhof (PBE)
functional within the generalized gradient approximation
(GGA) was utilized for the exchange–correlation interac-
tions.42,43 A k-point grid with a spacing of 0.05 Å−1 was employed
to sample the Brillouin zone. An energy cutoff of 450 eV was
applied, and the self-consistent-eld (SCF) tolerance was set at 1
× 10−6 eV per atom. For k-point separation, a value of 0.05 was
considered. The values of the maximum force, and maximum
displacement were taken to be 0.05 eV Å−1 and 0.002 Å,
respectively. Spin polarization and van der Waals (vdW) inter-
actions were included in all the computations. To determine the
reaction barrier and transition state structures, a combination
of the linear synchronous transit (LST) and quadratic synchro-
nous transit (QST) methods were utilized. The LST method
determines the location of the maximum energy along this path
using a single interpolation. In contrast, the QST method
increases the accuracy by combining maximum energy searches
and constrained minimizations. The TS approximation ob-
tained through this method is based on QST maximization. In
this paper, a hybrid TS search method was used, which incor-
porates elements of both the LST and QST techniques, called
LST/QST. The LST approach starts with interpolating between
the reactant and product states to identify the maximum
energy. This is followed by energy minimization in specic
directions along the reaction path. Subsequently, the QST
maximization step is modied, which is complemented by an
additional double gradient minimization. This LST/QST cycle is
repeated until the predened convergence criteria are met.
3. Result and discussion
3.1. Effects of Zr in the 6MR and 8MR

It is well-established that the MTO reaction proceeds through
a complex mechanism involving aromatic intermediates that
act as crucial co-catalysts in the formation of light olens.44–46

Therefore, understanding the interactions between these
ructures

deg.) b (deg.) g (deg.) Cell formula

.25 90.25 85.27 H2O48Al12Si2P10

.25 90.25 85.27 H2O48Al12Si2P10

.25 90.25 85.27 H2O48Al12Si3P9
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intermediates and the zeolite framework, particularly within
cavity-type structures, such as for SAPO-18, is critical. To effec-
tively catalyze the MTO reaction for automotive applications,
small-pore Zr-zeolites must exhibit unique and enhanced
properties.47

As shown in Fig. 1, Zr within the 8MR exhibits a ve-fold
coordination with oxygen atoms and creates [ZrIVOH]3+, while
in the 6MR site, it forms bonds with four oxygen atoms and
creates [Zr3+/H+]. These distinct coordination environments
lead to the formation of two primary Zr species: Zr-ZH, located
within the 6MR, and Zr-ZOH, located within the 8MR.48,49

There are theoretical and experimental evidence to support
these structures with different Zr species and their distinct
coordination environments.50–56

By increasing the acidity, Zr facilitates proton transfer,
thereby promoting methylation reactions. Zr-ZH is formed
through the simultaneous substitution of two Si atoms, directly
creating Zr3+ on the 6MR. In contrast, Zr-ZOH is formed through
the simultaneous substitution of a single Si atom, resulting in
the formation of Zr4+ on the 8MR.

As shown in Fig. 2, the oxidation states of Zr according to the
calculated DOS were +4 and +3 in the Zr-ZOH and Zr-ZH
structures, respectively, which were consistent with the results
in the 6MR and 8MR. For Zr-ZH and Zr-ZOH structures, one and
two peaks with energies of 0.79 eV and (1.58 and 3.66 eV) related
to d-orbitals appeared above the Fermi level in the DOS plots of
the Zr 3d orbital, indicating a one-electron and two-electron loss
in the Zr 3d orbital. A reduction in the number of valence
electrons reduces the interactions, resulting in a decreased
bandwidth.57,58 The greater the negativity of the d orbital energy,
the more stable a structure becomes, reducing its tendency for
electron transfer in the d orbital.
Fig. 1 Local structures for (a) SAPO-18, (b) Zr4+ in 8MR, and (c) Zr3+ in 6M
atoms are represented in blue, red, yellow, magenta, green, and white, r

16314 | RSC Adv., 2025, 15, 16312–16322
In general, the DOS energy range is the same for all struc-
tures and no major changes occur in the s and p orbitals.
However, the electron intensity decreases with Brønsted acid
sites, such that the Zr-ZH structure has a lower electron density
than the other structures.

The MTO reaction through a hydrocarbon pool mechanism
involves a series of steps, including methylation, proton trans-
fer, and olen removal (Fig. 3). Zr can signicantly inuence
these steps by modulating the acidity and electronic properties
of the zeolite.

Following the hydrocarbon pool mechanism (Fig. 3), this
analysis focuses on the growth of the side chain through
successive methylation of the intermediates containing exocyclic
double bonds (e.g., P4/P8 / P5/P10) and deprotonation of the
benzene cations (e.g., P2/P5/ P3/P6) for ethylene formation and
(P2/P5/P10 / P3/P8/P11) for propylene formation. As shown in
Fig. 1, Tables 2 and 3, the presence of Zr within the 6MR could
enhance the reaction rate by increasing the electron density and
inuencing the electron affinity at the catalyst surface.
3.2. Methylation

The catalytic behavior of Zr within the SAPO-18 framework was
signicantly inuenced by its location within the 6MR or 8MR.
As depicted in Fig. 3, the MTO reaction was initiated with the
gem-methylation of p-xylene (PX), forming benzenium cations.
This step involves the interaction between the OH group of
methanol and the acid site of the zeolite, leading to the
formation of the 3,3,6-trimethylcyclohexa-1,4-diene cation
(methylPX+) (P1/ P2). The efficiency of the methylation step is
directly correlated with the Brønsted acidity of the catalyst. The
transition states (TS1-2) of SAPO-18, Zr-ZOH, and Zr-ZH struc-
tures are shown in Fig. 4.
R. Mulliken partial charges are labeled in the figure. Zr, O, Si, Al, P, and H
espectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Density of states (DOS) of (a) SAPO-18, (b) Zr-ZOH (Zr in 8MR), and (c) Zr-ZH (Zr in 6MR), with the local structures inserted. The vertical
lines represent the position of the Fermi level.
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A stronger Brønsted acid facilitates proton transfer, lowering
the activation energy for the formation of new bonds during
methylation.59,60 This is because a strong Brønsted acid readily
donates a proton, promoting the formation of catalytic inter-
mediates and accelerating the reaction.59 The calculated acti-
vation energies for methanol in SAPO-18, Zr-ZOH, and Zr-ZH
were 1.40, 1.70, and 2.07 eV, respectively. The stronger the
Brønsted acid, the greater the decrease in the activation energy
of the methylation step, as proton transfer can occur more
© 2025 The Author(s). Published by the Royal Society of Chemistry
easily, thereby reducing the energy required to cross the tran-
sition state and thus facilitating the reaction.59,61 The Brønsted
acid property refers to a compound's ability to donate a proton
(H+).62,63 As shown Fig. 4, the broken Z–H bond lengths in the
SAPO-18, Zr-ZOH, and Zr-ZH structures are 1.61 Å, 1.74 Å, and
1.92 Å, respectively.

In the MTO process, protons play a crucial role in activating
methanol molecules and forming intermediate compounds.64

As the Brønsted acidity increases, protons can more easily
RSC Adv., 2025, 15, 16312–16322 | 16315
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Fig. 3 Side-chain hydrocarbon pool mechanism for the MTO reaction catalyzed by PX in SAPO-18, Zr-ZOH, and Zr-ZH.

Table 2 Reaction barriers (eV) of the identified key steps for producing ethylene in the MTO reaction catalyzed by PX in SAPO-18, Zr-ZOH, and
Zr-ZH catalysts

Structure P0 P1 TS1–2 P2 TS2–3 P3 P4 TS4–5 P5 TS5–6 P6 TS6–7 P7

SAPO-18 0.00 −1.00 0.40 −0.63 0.32 −0.25 −0.30 0.73 0.12 1.16 −0.51 0.52 0.12
Zr-ZOH 0.00 −1.20 0.50 −0.37 0.21 −0.63 −0.76 0.47 0.18 0.85 −0.62 0.64 −0.24
Zr-ZH 0.00 −1.70 0.37 −0.20 0.15 −1.42 −0.98 0.56 0.24 0.65 −0.72 0.73 −0.48

Table 3 Reaction barriers (eV) of the identified key steps for producing propylene in the MTO reaction catalyzed by PX in SAPO-18, Zr-ZOH, and
Zr-ZH catalysts

Structure P5* TS5–8 P8 P9 TS9–10 P10 TS10–11 P11 TS11–12 P12

SAPO-18 0.12 1.33 −0.28 −0.16 0.54 −0.73 0.53 −0.35 1.16 0.15
Zr-ZOH 0.18 0.96 −0.56 −0.43 0.49 −0.29 0.33 −0.23 0.80 0.28
Zr-ZH 0.24 0.76 −0.71 −0.65 0.37 −0.15 0.20 −0.19 0.71 0.35
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transfer to methanol molecules, facilitating the formation of
methylation products and lowering the activation energy. The
methylation step involves the interaction between the proton
from the zeolite's acid site and the hydroxyl oxygen of methanol
(Table 2). This interaction can be visualized as the formation of
protonated methanol through an SN2-type transition state
(TS1–2).

As shown Fig. 4, the methyl group of methanol attaches to PX
structure. The broken O–C bond lengths of SAPO-18, Zr-ZOH,
and Zr-ZH structures are 3.25, 2.94, and 2.53 Å and the formed
C–C bond lengths are 1.53, 1.62, and 1.81 Å, respectively. As the
16316 | RSC Adv., 2025, 15, 16312–16322
Zr atom exhibits a greater covalent character, its Lewis proper-
ties are increased, while the partial positive charge on the
hydrogen atom is decreased, leading to a reduction in its
Brønsted properties.65,66 In the 6MR, the hydrogen atom dis-
played a stronger Lewis acidity than in the 8MR. As the Lewis
acidity increased, the energy barrier for methylation also
increased. The capture of methanol by the acid site of the zeolite
was the rst step in initiating the MTO reaction.67 The initial
step in starting the MTO reaction involved the interaction of
methanol with the acid site of the zeolite. Here, Zr enters the
SAPO framework as a metal cation, creating Lewis acid
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Transition state (TS1-2) structures of (a) SAPO-18, (b) Zr-ZOH, and (c) Zr-ZH.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

11
:5

5:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
centers.68 These centers can accept electrons from the reacting
molecules and typically serve as catalytic sites for Lewis's acid
reactions, such as hydrogenation, isomerization, and oxida-
tion.69 Brønsted acids in zeolites are usually formed by the
presence of protons (H+) at specic sites, oen associated with
oxygen-bonded hydrogen ions (Si–OH). Introducing Zr into the
© 2025 The Author(s). Published by the Royal Society of Chemistry
SAPO structure changes the balance between the Lewis acid and
Brønsted sites by increasing the proportion of Lewis acids.31 As
a result, the Lewis acidity increases, while the number or
strength of the Brønsted acid sites remains largely unchanged.
With an increase in the acidity of the zeolite, the extent of
methanol physisorption also rises.70
RSC Adv., 2025, 15, 16312–16322 | 16317
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It has been found that the activation energy for methylation
decreases as the strength of the Brønsted acid sites increases,
due to improved proton transfer and stabilization of the tran-
sition state.71 Consequently, the methylation activation energy
here followed the trend: SAPO-18 < Zr-ZOH < Zr-ZH. Methanol
(CH3OH) tends to adsorb on H+ sites in SAPO-18 more than on
Zr-structures. As shown in Fig. 1, the partial charge on the
hydrogen atom followed the trend: SAPO-18 > Zr-ZOH > Zr-ZH.
As the partial charge of the H atom increased, the Brønsted
acidic increased. Methylation in the 8MR is more facile than in
the 6MR because of the higher partial charge of hydrogen.
Zalazar et al. conducted an electron-density analysis of adsor-
bed methanol on acidic zeolite structures via a hydrocarbon
pool mechanism.72 They found that the stronger OM–H/OZ
Fig. 5 Energy profile of the PX pathway in the side-chain hydrocarbon

Fig. 6 Energy profile of the PX pathway in the side-chain hydrocarbon

16318 | RSC Adv., 2025, 15, 16312–16322
interaction in H-beta, due to its larger cavity, led to higher r(r)
values, V2r(r) < 0, and H(r) < 0, compared to in ZSM-5,72 sug-
gesting the greater stabilization of the OM–H/OZ interaction
in the H-beta cavity, which could be attributed to the higher
electron density available within the larger cavity. Under reac-
tion conditions, the adsorbed Zr-ZH becomes a stable and active
site with a Zr3+ oxidation state. To evaluate the impact of the
different Zr species on the MTO reaction, the transition state
energies for the key steps in the hydrocarbon pool mechanism
were calculated and are presented in Fig. 5–7.
3.3. Deprotonation

In the hydrocarbon pool (HP) mechanism, the deprotonation
step of the benzenium cations involves the transfer of a proton
pool mechanism on SAPO-18.

pool mechanism on Zr-ZOH.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Energy profile of the PX pathway in the side-chain hydrocarbon pool mechanism on Zr-ZH.
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from the carbocation to a basic site within the zeolite frame-
work. This process forms a Brønsted acid (HZ) and the corre-
sponding conjugate base (Z−).73 The generated methylPX+

species can then undergo deprotonation, releasing a proton
from its side-chain methyl group to the zeolite structure. This
results in the formation of the intermediate P3 (3,3-dimethyl-6-
methylenecyclohexa-1,4-diene) as shown in Fig. 3. The activa-
tion energies required for deprotonation in SAPO-18, Zr-ZOH,
and Zr-ZH were determined to be 0.95, 0.58, and 0.35 eV,
respectively (Table 2). This indicates that deprotonation is
energetically more favorable in the presence of Zr, particularly
within the 6MR (Zr-ZH). The presence of Zr3+ within the 6MR of
SAPO-18 alters the electron-density distribution within the
zeolite framework, leading to an increase in the basicity of the
framework, which facilitates the deprotonation of the benze-
nium cations.

The less Brønsted acidic in the ZrZ− structure cause to
increase adsorption H atom from methylPX+. The activation
energies for forming exocyclic double bonds (P2 / P3), (P5 /

P8), and spiro features (P5 / P6) and (P10 / P11) in the
deprotonation step increased with increasing the B/L ratio. The
P3 structure is inherently unstable and tends to revert to PX+.
However, the second methylation step, where methanol inter-
acted with the exocyclic double bond of P4, leading to the
formation of 6-ethyl-3,3-dimethylcyclohexa-1,4-diene (P5),
could effectively prevent this back-reaction (Fig. 3).
3.4. P5 / P7: production of ethylene

To generate ethylene, a hydrogen atom from the ethyl side
group needs to migrate to the ring carbon. The indirect
hydrogen-transfer pathway begins with the deprotonation of P5
to the zeolite, and the transition from P5 to P6, and concludes
with the proton returning from the zeolite to the ring carbon in
the P6/ P7 step (Fig. 3). These steps are oen facilitated by the
presence of neighboring water molecules. Table 2 shows that
the activation energies for the protonation step (P6 / P7) in
© 2025 The Author(s). Published by the Royal Society of Chemistry
SAPO-18, Zr-ZOH, and Zr-ZH were 1.03, 1.26, and 1.45 eV,
respectively, indicating that ethylene production was energeti-
cally less favorable in the presence of Zr, particularly within the
6MR (Zr-ZH). The P6 intermediate was inherently unstable due
to ring strain. The presence of Zr within the 6MR, with its lower
Brønsted acidity, reduced the tendency for proton loss from the
ethyl side chain, thereby inhibiting ethylene formation.
Furthermore, the Zr-ZOH and Zr-ZH structures, with lower B/L
ratios, generally exhibit higher selectivity towards propylene
production compared to ethylene.
3.5. P5 / P12: production of propylene

As shown in Fig. 3, propylene formation involved a different
pathway compared to ethylene production. It began with the
deprotonation of the CH2 group in the ethyl side chain of P5,
forming an exocyclic double bond P8 (6-ethylidene-3,3-
dimethylcyclohexa-1,4-diene) (P5 / P8). This process involved
energy barriers of 1.21, 0.78, and 0.52 eV for the SAPO-18, Zr-
ZOH, and Zr-ZH structures, respectively (Table 3). In the MTO
process, a stronger Brønsted acidity generally favors ethylene
production. This is because increased Brønsted acidity facili-
tates the protonation steps involved in the ethylene pathway,
such as the P6 / P7 step. In contrast, the deprotonation steps
involved in propylene formation (e.g., P5 / P8) are favored by
a lower Brønsted acidity (Tables 2 and 3). The side chain can
extend (P9 / P10) through the methylation of the exocyclic
double bond in P9, facilitated by a third methanol molecule
adsorbed on the surface. The production of propylene involved
the deprotonation of P10 (6-isopropyl-3,3-dimethylcyclohexa-
1,4-diene) to P11 (3,3-dimethyl-6-(2-methylcyclopropyl)
cyclohexa-1,4-diene), followed by the protonation of P11. As
shown in Table 3, the deprotonation step required overcoming
energy barriers of 1.26, 0.62, and 0.35 eV. In contrast, the
protonation step was comparatively straightforward, with
energy barriers of 1.51, 1.36, and 0.90 eV for SAPO-18, Zr-ZOH,
and Zr-ZH, respectively.
RSC Adv., 2025, 15, 16312–16322 | 16319

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02292d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

11
:5

5:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Notably, the geometry of P11 closely resembles that of P6,
characterized by a side spiro structure. The energy barriers for
propylene formation (P11/ P12) were found to be signicantly
lower than those for ethylene formation (P6 / P7) in both Zr-
ZOH and Zr-ZH, indicating a higher selectivity towards
propylene production in these structures. This was attributed to
the greater stability of the transition state involved in propylene
formation, whereby a hydrocarbon cation was generated
through protonation at the carbon of the side chain (Tables 2
and 3). Therefore, as the Brønsted acid strength increased, the
reactions and pathways related to ethylene production pro-
ceeded more quickly and easily, while propylene production
was less affected under the conditions that require the transfer
of other groups. In conditions where the B/L ratio and oxidation
number were lower, the tendency to produce propylene was
greater.

The overall energy barriers for the rate-determining step in
propylene formation were 0.80, 0.74, and 0.67 eV for SAPO-18,
Zr-ZOH, and Zr-ZH, respectively. In contrast, the overall
energy barriers for ethylene production were 0.45, 1.12, and
1.72 eV for SAPO-18, Zr-ZH, and Zr-ZOH, respectively. These
results further support the higher selectivity towards propylene
production in the presence of Zr, particularly within the 6MR
(Zr-ZH). It can thus be concluded that the difference in the
overall energy barrier of Zr-ZH showed its greater selectivity for
propylene as the main olen product compared to the other
structures. Meanwhile, increasing the acid strength led to an
increase in the rate of catalyst deactivation.73 Therefore, it can
be concluded that the difference in the overall energy barrier
indicated its higher selectivity for propylene as the main olen
product compared to the other structures.

4. Conclusion

This study demonstrated that the location of Zr within the
SAPO-18 framework signicantly inuences its catalytic
performance in the MTO process. The ndings indicate that the
6MR site is thermodynamically more favorable for propylene
production. It achieves this by strengthening the acidic prop-
erties, improving the catalytic efficiency, modulating the
product selectivity, and stabilizing the catalyst, while lowering
the activation energy. Notably, Zr's incorporation into the 6MR
proved particularly effective in reactions demanding conned
spaces and robust interactions with the reactants. The 6MR was
better suited for reactions yielding propylene or similar prod-
ucts that involve more intricate structural requirements.
Conversely, the 8MR, with its larger spatial arrangement, was
more appropriate for ethylene production, as it facilitates the
adsorption and processing of reactants and products. In the
6MR, Zr plays a more prominent role in enhancing propylene
formation due to its ability to support reactions requiring
signicant conformational changes in a conned space. Addi-
tionally, a high propylene-to-ethylene (P/E) ratio was observed
for Zr-ZH, even with low levels of Brønsted-to-Lewis (B/L)
acidity. In conclusion, the variation in the overall energy
barrier of Zr-ZH indicate its greater selectivity for propylene as
the primary olen product compared to the other
16320 | RSC Adv., 2025, 15, 16312–16322
congurations. The involvement of zirconium's d-orbitals
contributed signicantly to suppressing coke formation and
enhancing catalyst stability.
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