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A detailed understanding of the molecular diffusion in zeolite frameworks is crucial for analysing the factors
controlling their catalytic performance in alkenes. In this work, we present a molecular dynamics study of
propylene diffusion in acidic zeolite MFI in the temperature range of 453-653 K. Moreover, the effects of
different temperatures and propylene loadings on olefin diffusion in the acidic zeolite MFI were considered.
A detailed analysis of olefin deformation in one to three dimensions was performed to illustrate the
anisotropy and influence of the olefin structure on its diffusion in zeolites. The propylene diffusion direction
was elucidated by correlating the temperature with the diffusion coefficients of the straight and zigzag
channels of the H-MFI zeolite. Furthermore, the analysis of the radial distribution function and Brensted
acid sites showed that the olefins interacted mainly with acidic protons and that the degree of clustering of
olefin was higher at higher loadings. These results help understand the differences in the catalytic
performance of zeolites in olefin reactions at different temperatures and loadings; are beneficial for
understanding the catalytic activity, stability, and product distribution; and guide the design of catalysts with
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1. Introduction

Plastics are versatile materials with numerous applications in
daily life. Their affordability, durability, and ease of
manufacture have led to their widespread use in various
industries.””> However, the environmental challenges
associated with plastic pollution and limited conversion rates
are significant concerns.® Light olefins, such as ethylene,
propylene, and butadiene, play key roles in the production,
degradation, and conversion of plastics. They are original
components of plastic preparation and can be produced or
reused in plastic degradation and conversion, helping to
reduce plastic pollution and resource waste and achieve
resource conversion.* Light olefins also play a pivotal role in
the petroleum industry, as they constitute the fundamental
components of various chemicals and products, ranging from
fuels to chemicals derived from crude oil.°>"° Their
production and applications have far-reaching implications
for modern industry. These industrial processes are primarily
based upon fluid catalytic cracking.™'* Zeolite catalysts are
vital for numerous of these catalytic conversion

Institute for Catalysis, Hokkaido University, Sapporo 001-0021, Japan.

E-mail: kshimizu@cat. hokudai.ac.jp

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3cy01590d

1902 | Catal. Sci. Technol., 2024, 14, 1902-1910

processes.”>™®  The ongoing quest for adaptability

adjustments to zeolite topological structures remains a long-
term goal for fine-tuning the performance of these
technologies.'® The three-dimensional (3D) zeolite structure is
a network consisting of silicon-oxygen and aluminium-
oxygen tetrahedra.”® The zeolite framework is formed by
sharing oxygen atoms along the edges. The arrangement of
silicon-oxygen and aluminium-oxygen tetrahedra and the
silicon-to-aluminium ratio can alter the pore structure and
properties of the zeolites. Currently, there are 255 known
basic zeolite frameworks. In theory, by adjusting the silicon-
to-aluminium ratio and introducing other elements, an
infinite number of zeolite types can be synthesised to meet
various application requirements.”’>* The diversity and
tunability of zeolites make them vital materials in chemical
engineering,”*** petroleum industry,>®*” and environmental
engineering, providing extensive versatility in processes
such as adsorption,**™> separation,®** and catalysis.>**° In
particular, H-MFI zeolite is highly favoured in crucial
industrial processes such as cracking due to the presence of a
combination of microporous and mesoporous structures and
Bronsted acid sites.”’ ™ This is because they facilitate
molecular transformations and product selectivity, thereby
enhancing the efficiency and sustainability of industrial
processes.*>** For example, a comparative study of MFI, MEL,
and TON zeolites from methanol to olefins conducted by
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Hunger et al. showed that under optimised conditions, the
selectivity of the H-MFI zeolite to propylene reached 51%,
whereas the selectivity of the TON zeolite to propylene was
only 38%.** Garcfa-Hurtado et al. systematically studied
the influence of zeolite type on CO, conversion over
multifunctional catalysts combining K/Fe;O, with different
zeolites (BEA, MFI, and CHA). Based on their analysis,
MFI efficiently increased the yield of C5 hydrocarbons.**
These studies showed that the microporous structure of
H-MFI facilitated the production and conversion of small
molecules, thereby accelerating the catalytic reaction rate.
More importantly, high yields were positively correlated
with the diffusion rate of molecules in the zeolite
channels.*>*® Therefore, there is an urgent need to
understand the diffusion behaviour of molecules in zeolite
channels. To date, most experimental studies have been
directed towards investigating the effects of external
conditions such as temperature and pressure on the
diffusion rate of olefins within H-MFI channels. For
example, Botchway et al. conducted an in-depth
investigation on the diffusion of methanol in all-silica and
acidic zeolite MFI and Beta frameworks over the
temperature range of 373-473 K. They found that the
methanol diffusion increased with increasing
temperature.”” Some studies on changing the zeolite
topology to increase the olefin diffusion behaviour and
thus affect the yield have been conducted. Wang et al
improved the morphology of MFI with a b-axis orientation
length of 80-100 nm. The modified MFI improved the
cracking of polypropylene and produced light hydrocarbon
C1-C7 products with yields of up to 75%. Hydrogen
participation in the cracking process hindered the
formation of polycyclic species within the zeolite
micropores, which also contributed to rapid molecular
diffusion.*® Later, they found that the modified MFI
catalyst Na-FeC,/MFI, synthesized by mixing iron carbide
with MFI zeolite, exhibited 82.5% CO, conversion and
72.0% olefin selectivity at a low temperature of 260 °C.
Using DFT simulation, they found that the diffusion
barriers for ethene were strongly related to the adsorption
sites, and the diffusion efficiency in one zeolite crystal
should be inversely proportional to the number of
adsorption sites and the zeolite channel distance.*’
However, there have been no reports thus far that analyse
the morphology of propylene molecules when they diffuse in
zeolite, that is, (1) whether the propylene molecules remain
straight or bent at a certain angle during the diffusion
process (detailed analysis is described in section 4.3) and (2)
the movement path of olefin molecules in different
dimensions when diffusing in zeolites (detailed analysis is
described in section 4.1 and 4.2) in this study, we
investigated the sensitivity of the propylene diffusivity in
H-MFI zeolites to temperature and propylene loading using
molecular dynamics (MD) simulations, analysed the diffusion
mechanism of propylene in the pores from one to three
dimensions, and revealed the morphological changes in
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propylene molecules during the diffusion process and the
effects of different morphologies on diffusion. Finally, we
analysed the interaction between the H-MFI zeolite topology
and propylene to reveal the importance of Brgnsted acid sites
in the zeolite structure and its impact on propylene diffusion.
We believe that an in-depth understanding of the diffusion
state of propylene in zeolite channels will considerably
improve the design of zeolites with high olefin diffusivity and
provide a strong theoretical basis for promoting catalytic
cracking reactions.

2. Module

The MFI zeolite structure can be described as a 3D molecular
sieve with a cross-channel architecture. The initial framework
of pure MFI consisting of eight five-membered rings
interconnected by edges, resulting in a network of channels
was obtained from Zeolite database.>® These channels can be
categorised into two types: zigzag and straight-through. The
zigzag channels have an elliptical cross-section with
dimensions of 0.51 nm x 0.55 nm on the [1 0 0] plane,
whereas the straight-through channels exhibit nearly circular
cross-sections measuring 0.53 nm x 0.56 nm on the [0 1 0]
plane. The structure of the ZSM-5 zeolite used in this study
was obtained from the Materials Studio database. It is
characterised as an orthorhombic crystalline system with a
space group of Pnma and has the following cell parameters: a
=20.022 A, b = 19.899 A, ¢ = 13.383 A, with all three angles
(¢, B, and y) equal to 90°. To facilitate the Si/Al ratio
adjustment and enhance the visualisation of the simulation,
a 1 x 2 x 2 supercell was created by expanding the cell
parameters to 20.07 x 39.798 x 26.766 A>,

The MFI structure was created by replacing Si atoms with
Al atoms and subsequently introducing an equal number of
protons (H') to maintain charge neutrality. These protons
were inserted into the oxygen atoms connected to the Al
atoms following the Loewenstein rule while ensuring that
there were no Al-O-Al structural arrangements.”’ Notably,
previous studies by Loewenstein et al. determined that the
substitution of Si at the T12 site with Al required the least
energy compared with other positions.”® Therefore, the T12
site was identified as the preferred location for the
replacement of Si with Al. The resulting concrete structure is
illustrated in Fig. 1.

3. Method

All simulations were performed using the DL-POLY4
package.®® Visualisations and plots were constructed using
visual MD (VMD)>* and an open visualisation tool (OVITO).>?
The force field for propylene was derived from a report by
Oie et al., which has been previously shown to have good
diffusion coefficients that are consistent with the
experimental values.”® For zeolites, a flexible force field was
used to capture the dynamic effects of the framework on
diffusion.””*® A cutoff of 9 A was used for non-bonded
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(a)
(b) System  Temperature Number of
(K) Propylene
S1 553 40
S2 553 24
S3 453 24
S4 624 24
S5 553 16
S6 653 24
Fig. 1 (a) MFI zeolite shows the substituted Al at T12. (b) Detailed

composition of all simulation systems.

interactions, and the Ewald summation was used to calculate
the electrostatic forces.

MD simulations were initiated by equilibration, which
was first conducted under an NVT ensemble over 2 ns;
subsequently, the production run of 5 ns was performed
on an NVT ensemble. A time step of 0.25 fs was used in
the simulation, and the atomic coordinates were recorded
every 1 ps. Simulations were performed at the
temperatures of 453, 553, 624 and 653 K. A Berendsen
thermostat was used to regulate the temperature during
equilibration with the NVT ensemble with a time constant
of 1 ps. Three different loadings of olefin molecules were
employed to analyse the effect of molecular concentration
on diffusion. At the lower loading, 16 and 24 olefin
molecules were adsorbed in the supercells of H-MFI, that
is, 4 and approximately 6 molecules per unit cell (mpuc),
respectively, whereas almost twice the number of olefin
molecules was used for a higher concentration, that is, 40
molecules, resulting in 10 mpuc. All simulation systems
are shown in Fig. 1(b). For each loading, the H-MFI
zeolites had the same ratio between the number of
molecules and the volume of the supercell. The multiple
initial time method was employed to average the trajectory
from 5 ns of the production run to 1 ns, shifting the
initial time t, every 30 ps. This reduced the statistical
noise generated in the mean square displacement (MSD)
plots. All simulation details are provided in ESL}
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4. Results and discussions
4.1. Diffusion analysis

The study of diffusion plays a pivotal role in enhancing the
understanding of olefin movement within pore systems. This
influenced by several factors, including
interactions with the active sites, temperature fluctuations,
and changes in the zeolite structure and micropore size.
These factors collectively determine the catalytic efficiency of
zeolites.

In this study, the self-diffusion coefficient (Ds) was
calculated by fitting the slope of the mean square
displacement (MSD) as a function of time over long
periods.”®

movement is

D= ¢ limeo 3 (10 -1 (O)F) 0

The MSD values for propylene in one, two, and three
dimensions in this interval are shown in Fig. S1.f The
corresponding self-diffusion coefficients of the ions are
shown in Fig. 2(c). In this work, the Dy of propylene molecules
at different temperatures and loadings were studied because
they are key components for synthesising various organic
compounds, including polymers, coatings, adhesives,
solvents, and fragrances, and have been widely investigated in
plastic manufacturing and petrochemical industries. The
calculated Ds of propylene inside MFI agreed well with the
value reported by Yuan et al. (in the order of 107® m2 s7*).*°
Fig. 2(c) and Table S1f show the detailed values of the
simulated D of propylene for the six systems. The propylene
diffusion also presents an Arrhenius-type response to
temperature with an activation energy of 9.85 kJ mol™, as
shown in Fig. S2.t This result agrees with the value reported
by Alaithan et al., which is 7.2 k] mol™, considering that they
used different force fields and loadings of propylene.®® This
further confirmed the validity of our calculations.

Furthermore, the simulation results show that the self-
diffusion coefficient increases with increasing temperature.
This result is consistent with that reported by Yuan et al®°
Moreover, by comparing systems 1, 2, and 5, it is obvious that
the diffusion coefficient of propylene in MFI is inversely
proportional to the number of loadings in the unit cell; that is,
the low loading of propylene (four propylene per unit cell in
system 5) corresponds to the highest diffusion coefficient.
Similar results are reported by Alaithan et al.®" As shown in
Fig. 2(a), the 3D channel of the H-MFI has a 10-ring zigzag
channel with a window size of 5.1 A x 5.5 A along the X and Z
directions, and a 10-ring straight channel (5.3 A x 5.6 A) is
distributed in the Y direction. Diffusion analysis in each
dimension reveals that propylene prefers to move in zigzag
channels at 453 K and 553 K; that is, D, > D). As shown in
Fig. 2(b), the same results are obtained through a detailed
analysis of the direction of motion of the propylene molecules.
As indicated by the arrow, at 453 K, propylene diffuses in the
zig-zag direction. (The 5 ns motion trajectory of propylene is
shown as an animation in the ESI{). In contrast, as shown in

This journal is © The Royal Society of Chemistry 2024
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Fig. 2
diffusion coefficient of propylene distributed in the x, y and z directions.

Fig. 2(d), for systems 4 and 6, D, is considerably larger than
D,, implying that propylene prefers linear channels at high
temperatures. The explanation for these phenomena is that in
the presence of Bronsted acid sites, considering that propylene
first preferentially adsorbs onto the acidic sites in the acidic
zeolite MFI at low temperatures, the molecule resides in the
acidic sites during most of the simulation time (the analysis of
the interaction between propylene and acidic protons is
presented in detail in section 4.4.)

4.2. Root mean square deviation

Quantitative analysis of the deformation of molecular structures
at various temperatures is highly significant. In this context, the
root mean square deviation (RMSD) of the Cartesian coordinates
of equivalent atoms in two structures, namely, the reference and
transient configurations, serves as a standard metric for

This journal is © The Royal Society of Chemistry 2024

Self Diffusion Coefficient (A%/ps)

S3 s2

S1 z

(a) Snapshot of MD trajectory and (b) motion of propylene molecules in MFI at 553 K; (c) self-diffusion coefficient of propylene and (d) self-

measuring molecular deformation.®> Before the RMSD
calculation, it is necessary to use a rigid body translation and
rotation of one structure with respect to the other using a least-
squares superposition procedure. The MD trajectories of
propylene are analysed by comparing each molecule at each step
at various temperatures with respect to the reference structure.
Finally, the probabilities of each RMSD value at different
temperatures are calculated. RMSD values were calculated using
the VMD package. In this study, the root mean square deviation
of propylene is defined by the following equation:

Natoms

> [ri(t) —ri(e))?

@

N atoms

RMSD =

where Nyoms 1S the number of atoms, r; is the position of
atom [ at time ¢.
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Fig. 3 The RMSD of propylene molecule inside MFI zeolite.

As shown in Fig. 3, for system 1, the RMSD is always less
than 3 A, indicating that propylene molecules can maintain
linear diffusion for a long time at 553 K and a loading of 10
mpuc, and are not easily deformed. However, the RMSDs of
systems 2-6 have a broad distribution, with an obvious peak
appearing at approximately 4 A. The linear structure of
propylene is gradually destroyed and deformed, affecting its
diffusion in the MFI channel.

4.3. The shape of the propylene molecule inside MFI

To further determine the effects of temperature and loading
on propylene deformation, we conducted a detailed structural
analysis of propylene in MFI zeolites according to the method
reported by Yuan et al.® first, the length, width, and height
of the propylene molecules were quantified and calculated
from the difference between the maximum and minimum
coordinates of a molecule in each direction (x, y, and 2) (the
van der Waals radius was considered). In this study, the
length, width, and height were defined by eqn (3).

a4 = Xmax = Xmin

b= Ymax ~ Ymin

€= Zmax ~ Zmin

Length = maximum (a, b, ¢) + 1.7 x 2

Width = median (a, b, ¢) + 1.7 x 2

Height = minimum (a, b, ¢) + 1.7 x 2 (3)

where 1.7 A represents the van der Waals radius of atom C.
Xmax/Xmin Vmax/Vmin OF Zmax/Zmin) 1S the maximum/minimum
coordinate of the atom inside the propylene molecule at
different directions.

As shown in Fig. 4(a), the three dimensions of the
propylene inside the MFI zeolite follow the order of length >
width > height. The peak of the distribution of the length of
propylene is at 7.05 A at 453 K, and shifts to 7.56 A at 653 K
(Fig. 4(b)). The width and height distributions of propylene
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are shown in Fig. S2.f As the temperature increases, the
width and height decrease simultaneously. According to the
above analysis of the diffusion coefficient, we believe that for
olefin molecules, the longer the length and the smaller the
width and height, the faster the diffusion in the zeolite. This
phenomenon is consistent with the findings of Zheng et al
Furthermore, we analysed the angle distribution of propylene
in the 5 ns trajectory. As shown in Fig. 4(c), in most systems,
the angle between the three carbon atoms in the propylene
molecule remains at approximately 126°. However, we found
another weak peak at 40-80°, the intensity of which increases
with increasing temperature. This indicates that the higher
the temperature, the greater the bending of the molecule and
the thicker the molecule (consistent with the results for the
width and height in Fig. S2t), causing increased diffusion. In
particular, we analysed the angles of the propylene molecules
on a two-dimensional plane to understand whether the
propylene molecules in the zeolite channels are parallel or
perpendicular to the channels. As shown in Fig. 4(d), at 453
and 553 K, the angle between the propylene and the xz plane
is mainly distributed at 50-70°, that is, the olefins tend to be
parallel to the channel. However, at 653 K, the angle
distribution increases, and an obvious angle appears at 25°.
The wider peak indicates that the propylene molecules
transition from a parallel to a vertical state.

4.4. The radial distribution function

By examining the radial distribution function (RDF) of the
atomic pairs formed by each atom of the olefin molecule, the
structure-activity relationship of olefin diffusion in MFI was
further analysed. As shown in Fig. 5, at 653 K, a strong peak
is observed at a distance of 3.24 A between propylene and the
acidic protons (H1) in the MFI zeolite, indicating that during
the diffusion of olefins in H-MFI, they mainly interact with
acidic protons and affect the diffusion state. Furthermore, a
second strong peak corresponding to O2 is observed at 3.88
A. Since 02 is connected to H1, it can be shown that
propylene mainly interacts with the Breonsted acid site to
affect molecular diffusion. To illustrate the impact of
temperature on the propylene-MFI interaction, we examined
the variation of RDF (H1-propylene) with temperature. As
shown in Fig. 5(c), the interaction between PE and Brensted
acid sites weakens as the temperature increases. Considering
the earlier discussion on diffusion coefficients, we
hypothesise that at lower temperatures, propylene molecules
have a greater tendency to bind to acidic sites and adsorb
onto H, resulting in lower diffusion rates. At higher
temperatures, the preference of propylene for diffusion in the
y-direction (straight channels) leads to lower peaks in the
RDF results. Regarding the decrease in RDF peak values with
increasing temperature, similar findings were reported by
Keyvanloo et al.®® They observed that the RDF of methanol
and ethanol in HZSM-5 decreased consistently with
increasing temperature. In addition, we performed RDF
analysis (Fig. S4t) of all atoms on the MFI and propylene,

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Distribution of the length, width, and height of propylene molecules inside MFI zeolite; (b) distribution of the length of propylene
molecule inside MFI zeolite at different temperatures; (c) angle distribution of the three carbon atoms of propylene molecule; (d) angle distribution

of propylene molecules with respect to the xz plane.

and the results showed that the interactions between all
atoms (Al, H1, O1) on the Bregnsted acidic site and
propylene were sensitive to temperature changes. However,
the interactions between the Si atoms and O2 on the
original MFI skeleton and propylene remained almost
unchanged with temperature. This demonstrated the
importance of protonated zeolite in olefin
catalysis. Similarly, we conducted an RDF analysis on
systems 1, 2, and 5 (Fig. 5(d)), illustrating the trends in the
interaction between the acid protons and propylene
molecules under different loading conditions. The results
indicated that the higher the loading of propylene, the
stronger its interaction with MFI.

structures

This journal is © The Royal Society of Chemistry 2024

The RDF for the atomic pair formed by the carbon
atoms of two distinct olefin molecules offers valuable
insights into the clustering of molecules within the
micropore system, as shown in Fig. 5(b). The RDF curve
for propylene in the MFI zeolite exhibits a strong peak at
approximately 5.5 A. As the loading increases, the peak
corresponding  to propylene-propylene interactions
significantly intensifies, indicating a significant increase in
C—C interactions. This indicates that the presence of a
large number of adsorbed molecules in the system makes
it easier to disrupt interactions with acid sites, and the
olefin molecules come into contact with each other more
frequently.
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5. Conclusion

In this study, we investigated the effects of temperature and
loading on the diffusion mechanism of propylene in H-MFI
zeolites using MD simulations. The results showed that
propylene diffusion in the H-MFI was positively correlated with
temperature, inversely related with loading amount. We
correlated the morphology of propylene with its diffusion
behaviour in the zeolite channels. By calculating the anisotropy
and shape of propylene and analysing its direction of motion,
we determined that propylene tended to diffuse in a zigzag
direction, showing a shape parallel to the horizontal plane at
low temperatures. At high temperatures, propylene diffused
along straight channels because of its tendency to adopt a
vertical morphology, resulting in a higher diffusion rate. This
work elucidates the light-olefin diffusion mechanisms in
zeolite channels, presents valuable perspectives for improving
zeolite models, and helps guide the design of zeolites.
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