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ABSTRACT

The role of water in the methanol-to-olefins (MTO) process over H-SAPO-34 has been
elucidated by a combined theoretical and experimental approach, encompassing advanced
molecular dynamics simulations and in-situ micro-spectroscopy. First principle calculations at
the molecular level point out that water competes with methanol and propene for direct access to
the Bronsted acid sites. This results in less efficient activation of these molecules, which are
crucial for the formation of the hydrocarbon pool. Furthermore, lower intrinsic methanol
reactivity towards methoxide formation has been observed. These observations are in line with a
longer induction period observed from in-situ UV-Vis micro-spectroscopy experiments. These
experiments revealed a slower and more homogeneous discoloration of H-SAPO-34, while in-
situ confocal fluorescence microscopy confirmed the more homogeneous distribution and larger
amount of MTO intermediates when co-feeding water. As such it is show that water induces a
more efficient use of the H-SAPO-34 catalyst crystals at the microscopic level. The combined
experimental theoretical approach gives a profound insight into the role of water on the catalytic

process at the molecular and single particle level.
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1. INTRODUCTION

The role of water in zeolite-catalyzed reactions is to date not fully understood, although water
is often inherently part of process feeds and a by-product of the catalytic process. Understanding
the effect of water is currently very topical due to the development of zeolite-based biomass
conversion processes, which contain and/or produce large amounts of water.'? Specifically,
during alcohol conversion into hydrocarbons, stoichiometric amounts of water are formed in the
pre-equilibrium phase.’ The conversion of methanol to hydrocarbons (MTH) over acidic zeolite
or zeotype materials to produce gasoline (MTG), propene (MTP) or light olefins (MTO) is one of
the most prominent technologies to bypass crude oil and has been industrialized in the last

4-8
decade.

Only a handful of papers describe the influence of co-feeding water on MTO conversion.
Seminal work has been undertaken by Marchi and Froment and Wu and Anthony on the
archetypal H-SAPO-34 catalyst, studying the impact of water on the MTO product distribution,
coking and efficiency of methanol conversion.”'® Furthermore, Marchi and Froment performed a
similar study on mordenite-like zeolites.!" More recently a study appeared by the group of
Kapteijn on zeolite H-ZSM-58 bearing the DDR topology. This material proved to be an
attractive catalyst for achieving high selectivity towards ethene and propene, comparable to H-
SAPO-34 albeit with higher thermostability.'> The DDR topology of H-ZSM-58 shows quite
some similarities with the H-SAPO-34 material as it also exhibits the typical cage like structure
separated by narrow 8-rings. For this type of materials very interesting observations were found
related to the influence of water on the MTO chemistry: co-feeding water increased the olefin
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selectivity, reduced the coking rate and prolonged the catalyst life time. These effects were



suggested to be caused by water occupying a fraction of the acid sites, making them unavailable
for interaction with methanol or alkenes. These studies clearly show that obtaining a thorough
understanding of the effect of water on the overall catalytic process is a complex task as co-
feeding water may affect various phenomena occurring at different time and length scales during
the zeolite-catalyzed process, such as adsorption, diffusion and intrinsic reactivity. As a
consequence, the catalytic performance of the material will be modified. In this paper we aim at
obtaining a deeper insight into the impact of water on the MTO process in H-SAPO-34 at the
molecular and single particle levels by using a unique complementary approach comprising
advanced molecular simulations and in-situ micro-spectroscopy experiments. Our approach
reveals new observations on the effect of water during various MTO stages and the consequences
of such an effect on the spatial distribution of aromatic species at the level of individual H-

SAPO-34 particles.

To set the scene, one must acknowledge the overall complexity of the MTO chemistry which
has proven to be very difficult to unravel due to many reactions occurring simultaneously.*®!*1¢
In general, current insight allows distinguishing four successive reaction stages of the conversion
in H-SAPO-34 as represented in Scheme 1 *'"'® and each of them may be affected by the
presence of water. In the equilibration phase, the addition of water shifts the equilibrium to the
methanol side as water is a reaction product of typical first stage reactions. Water indeed reduces
the formation of dimethyl ether (DME)'” and an equilibrium shift was also observed by Hunger
and co-workers when feeding water to a methylated H-SAPO-34 catalyst covered with
methoxides."” During the induction period, a hydrocarbon pool (HP) is formed, taking the role as
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co-catalysts for product formation. So far there is no full consensus concerning the



mechanism governing the formation of such HP species.”>?’ One possibility concerns
condensation reactions between initially formed ethene and/or propene, which might undergo
oligomerization and cyclization reactions.”*’ Previous experimental studies on the effect of feed
composition on the MTO process suggested that water might alter the adsorption/desorption
behavior of these primary products and as such impact their reactivity.'” Furthermore, as
methoxides are believed to play a crucial role during the induction period '**"? it is probable
that the aforementioned water induced equilibrium shift also affects the second stage of the MTO
reaction. There are indications that water can play an important role in the formation of the
primary products, e.g. by assisting the protonation and deprotonation of the active aromatic

species during the formation of olefins.”!

Finally, secondary reaction products including less
active poly-aromatic compounds are formed as can be seen in UV-Vis spectra of catalyst
samples under MTO conditions.**’ This coke formation eventually leads to catalyst deactivation

by pore®® and/or site®’ blocking. It has been reported that the deactivation rate was substantially

decreased by water addition to the feed.'’

Induction period Secondary products
C?_'HS%I:' C, Higher olefins
CH.OH |::> 3 3|::>C:|::>C:-C:|::> Alkanes
’ H,O HP 2 (Poly)aromatics
Z-CH,
—>
Equilibration

Scheme 1. Schematic of the stages during methanol conversion over a solid acid zeolite-based

catalyst. Adapted from Ref. 38.

Researchers have attempted to increase the stability of H-SAPO-34, the archetypal MTO

41-43

catalyst,””* by decreasing the particle size, creating a secondary network of meso- and

macropores ** and addition of water in the feed *'""**°_ For H-SAPO-34 catalysts at 400 °C it



was reported that an optimal feed consists of 73-80 mol % water to minimize the coking rate and
maximize the olefin selectivity. Under these conditions, the H-SAPO-34 crystals were able to
process eight times more methanol than with a pure feed prior to deactivation.”'***4¢ Similar
results were reported by Kapteijn and co-workers for the DDR-structured H-ZSM-58 catalyst."?
These studies are of high relevance, considering that the methanol feed often contains

749 as a by-product of methanol production from syngas.’*>* The

considerable amounts of water
beneficial effect of water and its presence in methanol production as impurity shows that a

profound understanding of the effect of water on the MTO reaction is urgently needed.

In this study we provide theoretical and experimental evidence for the delicate impact that
water has on various stages of the catalytic process by combining intimately molecular
simulations mimicking operating conditions as close as possible and in-situ micro-spectroscopy

experiments at the single catalyst particle level.

2. Experimental and theoretical section
2.1 Computational details

Modeling zeolite-catalyzed reactions under conditions that approach true experimental or

. . .. . 1 62
industrial conditions is a complex task.'®>*°

The typical framework flexibility exhibited by
zeolites, the influence of surrounding solvent molecules and entropic and temperature effects
cannot be fully captured by well-established static methods and require an approach in which

larger portions of the potential energy surface (PES) can be explored. In this study, we mainly

aim to assess the influence of multiple protic molecules on methanol adsorption, activation and



reactivity. Therefore, we opted to apply Density Functional Theory (DFT) —based molecular
dynamics (MD) techniques to study zeolite-catalyzed reactions. MD simulations only recently
entered the field of zeolite catalysis and their potential is currently being explored and

18,53-62
demonstrated. '3

Our MD simulations were performed with the CP2K software package,*’ using a revPBE-D
approach including Grimme D3 dispersion corrections,”* a DZVP basis set and GTH
pseudopotentials. A first set of MD simulations on different methanol-water mixtures has been
performed in the NPT ensemble at 330 °C and around ambient pressure, with a time step of 0.5
fs during 50 ps in a H-SAPO-34 unit cell containing 2 Brensted acid sites (BAS). Such unit cell
represents a catalyst with a Si/(Al+P) ratio of 0.059. Since we mainly simulate local effects
around the 8-ring containing the two acid sites, we opted to limit the number of BAS per unit cell
to two (see section S1 of the Supporting Information). As illustrated in Scheme 2, we adopted a
variety of methanol-water (mw) mixtures, denoted as (X:y)mwsim With X and y the number of

methanol and water molecules per BAS.

Simulated methanol-water mixtures
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Scheme 2. Simulated loadings of methanol-water mixtures in H-SAPO-34 with indication of the

acid sites. (X:y)mwsim Stands for x MeOH and y H,O molecules per BAS.

With a recently developed semi-analytical mean-field model based on the osmotic ensemble
we checked to what extent the simulated conditions correspond to realistic process conditions.
Starting from the interaction energy between a guest molecule and the nanoporous material and
the accessible pore volume, the loading of the material can be estimated.”” A rough estimate of
the adsorption enthalpy of methanol not directly interacting with the zeolite's BAS - i.e.
methanol does not form a hydrogen bond with the acid site — was obtained from MD simulations.
We found values in the range of 40-60 kJ/mol, which correspond well with calculated adsorption
enthalpies for methanol in silicalite in the range from 46-66 kJ/mol using periodic PBE-D and a
nonlocal correlation functional vdW-DF2.% Furthermore, it was assumed that 65% of the total
unit cell volume is accessible, as reported by First et al.®’ It was then calculated that H-SAPO-34
pores in contact with a pure methanol feed at pressures ranging from 0.1 to 5 bar are typically
loaded with 10 to 13 methanol molecules. Note however that the simulated loadings denoted as
(X:¥Y)mwsim 1n Scheme 2 are single site conditions and not necessarily correspond to methanol-
water compositions of the feed during the experiments. To accurately calculate adsorption
isotherms, one needs to reside on Grand Canonical Monte Carlo (GCMC) simulations. With such
approach Kuhn et al. found that water addition enhances the methanol loading of H-ZSM-58
compared to pure methanol adsorption.”® However, a GCMC study is beyond the scope of this

work.

Next, an additional set of MD simulations in the NVT ensemble at 330 °C has been performed

on different propene-water (pw) mixtures denoted as (X:y)pwsim With X and y the number of



propene and water molecules per BAS (Scheme 3). Hereby we used the time-averaged cell

parameters of the (1:8)mw«im sSimulation (Table S1).

Simulated propene-water mixtures
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Scheme 3. Simulated loadings of propene-water mixtures in H-SAPO-34 with indication of the

(1:2)

acid sites. (X:y)pw,sim Stands for x C3~ and y H,O molecules per BAS.

Adsorption enthalpies of methanol and water were determined according to:

AHags 330°c = <Ucomplex™ — <Ugeolite™ — <Uguest™ — RT (1)
in which <Ucomplex™, <Ujeolite™ and <Ulgyese™> are the average total energies of H-SAPO-34 with 1
guest molecule adsorbed per BAS (the (1:0)mwsim and (0:1)mwsim loadings according to Scheme
2), the empty framework and the guest molecule in gas phase and R the universal gas constant.
Each of these averages were obtained from separate 50 ps MD simulations, meaning that
additional MD simulations of the empty framework in the NPT ensemble and the guest molecule
in gas phase in the NVT ensemble were conducted at 330 °C. A similar approach was recently
adopted by Hafner and co-workers.”®’ Statistical errors on adsorption enthalpies were obtained

by block averaging the average total energies in Eq. 1.

The formation of methoxides, which is a rare event, was studied using metadynamics (MTD)

simulations at 330 °C in the NVT ensemble, using the optimized cell parameters from the NPT



runs. This advanced sampling technique is used to enhance the probability of sampling chemical
reactions or rare events and requires the definition of a limited number of collective variables
describing the reaction coordinate.”*”® Methoxide formation in this study was sampled with two

collective variables defined as coordination numbers (CN)

1—(T'ij/7'o)nn

1—(T‘ij/1‘0)nd

CN =3%;; ()

as depicted in Scheme 4. The first CN describes the C-O bond cleavage of methanol and the
second CN describes the formation of a covalent bond between the methyl carbon and the eight
framework oxygen atoms surrounding the two BAS in the H-SAPO-34 unit cell. We used the

MTD approach as implemented in the CP2K software package.®

Z-H + CH;0H — Z-CH; + H,0

. RO
o
H 7@ R
CN1 — i H
CN2 @ — Ao
R=H, CH
: ~s Oy ’\0\ s

Scheme 4. Schematic of the two coordination numbers (CN) applied during the metadynamics
simulations of methoxide formation. The R-OH molecules represent surrounding protic

molecules which can be water or methanol.

The lowest free energy paths (LFEP) were calculated as described in references 53 and 73. Given
the free energy profile, the corresponding free energy barrier AG* was conveniently computed

from the probability density at the top of the barrier compared to the reactant state probability:

AGE = — Ly SXP=BGTS)] .
B nffiexp[—ﬁa(s)]as 3)
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where f# = 1/kgT, and TS is the position at the top of the barrier along the normalized reaction
coordinate (s). Statistical errors on free energy barriers were computed as the standard deviation
of the mean after removal of correlated data values. More details on the applied unit cell,
optimized cell parameters and more details on the settings for the metadynamics simulations can

be found in section S1 of the supporting information.

2.2 Micro-spectroscopy experiments

The MTO experiments were targeted for understanding the effect of water on the length of the
induction period and the distribution and evolution of hydrocarbon pool species over H-SAPO-
34 in a time and spatially resolved manner. For this purpose, we used optical spatiotemporal
spectroscopic techniques and micron-sized H-SAPO-34 crystals. The as-synthesized H-SAPO-34
crystals are cubic in shape and have a size of 50x50x50 um® and their synthesis procedure is
reported elsewhere.’* The Si/(Al+P) ratio is 0.204, which correspond theoretically with 2 BAS
per chabazite cage. These micron-sized H-SAPO-34 crystals are model systems and possess a
uniform spatial distribution of Brensted acid sites.”> Additionally, these crystals have an
optimum size for their study with our micro-spectroscopic tools. The in-situ catalytic reactions
were performed in a custom-made in-situ cell with a low dead volume and made of stainless steel
with a 0.2 mm quartz lid on the top. The in-situ cell was heated by the heating element of a
THMS600 Linkam cell. For all the in-situ experiments a total flow of 50 ml/min was used. Water
and methanol were introduced by flowing N, through saturators with the reagents, which were
kept at 20 °C. The N, flow through the methanol saturator was always set at 0.75 ml/min in order
to keep a constant methanol concentration in the gas stream. Water contents were varied by

adjusting the N, flow through the water saturator. The formation of active and deactive aromatic
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species in individual H-SAPO-34 crystals was monitored by UV-Vis micro-spectroscopy. The
UV-Vis micro-spectroscopy measurements were performed with an Olympus BX41 upright
microscope connected to an Avantes AvaSpec-2048TEC UV-Vis spectrometer by using a 50x0.5
NA high-working distance microscope objective lens. The samples were illuminated with a 75 W
tungsten lamp. The microscope setup was equipped with a 50/50 double-viewport tube, which
accommodate a charge-coupled device (CCD) video camera (ColorView Illu, Soft Imaging
System GmbH) and an optical fibre mount. The microscope was connected to a CCD UV-Vis
spectrometer (AvaSpec-2048TEC, Avantes) by a 200-mm-core fibre. Spectra were recorded in
absorbance mode and saved automatically every 5 s from the moment that methanol was
introduced into the system. The integration time and average for each spectrum were 50 and 100
ms, respectively. The detection range was 390-751 nm. Spectra were recorded in the middle of a
crystal and with a spot size of 2 um. The H-SAPO-34 crystals were used as white reference and a
black reference was obtained by shuttering the UV-Vis spectrometer. Confocal fluorescence
microscopy was applied to gain complementary information on the spatial distribution of the
distinct aromatic species. This was done with the same in-situ cell and reaction conditions in
order to directly compare both results. These confocal fluorescence microscopy experiments
were performed using a Nikon Eclipse 901 upright microscope with a 50x0.55 NAdry objective
lens. Confocal fluorescence microscopy images were collected by a Nikon A1-SHR A1 R scan
head connected to two Mellers Griot laser light sources with emission wavelength of 488 nm
(ion laser, 150 mW) and 561 nm (yellow diode-pumped solid-state laser, < 50 nW). The used
detection ranges were 500-550 nm and 570-620 nm, respectively. The fluorescence images were
taken 18 um inside the crystal. More details about the cell design and experimental details can be

found in section S2 of the supporting information.
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3. Results and discussion
3.1 Activation of reactants at the molecular level
With advanced molecular simulations we aim at studying the specific role of water at the
molecular level. Inspired by earlier reported hypotheses, we more specifically study the
competition at the BAS between water and methanol or propene. Methanol activation by the
BAS is of importance during all stages of the MTO reaction. During the induction period
(Scheme 1), propene activation for dimerization and cyclization is a crucial step for the

formation of cyclic HP species.

3.1.1 Competition between water and methanol

A first insight on the role of water at the molecular level is obtained from DFT based MD
simulations, which demonstrate that water and methanol compete to have direct access to the
BAS in the initial stage of the reaction as outlined hereafter. From simulations of pure methanol
or water adsorbed in H-SAPO-34, i.e. the (1:0)mwsim and (0:1)mw.sim compositions in Scheme 2,
we calculated methanol and water adsorption enthalpies at 330 °C of -90 and -75 kJ/mol,
respectively (Table 1).
Table 1. Calculated and measured adsorption enthalpies of methanol and water in H-SAPO-34

(this work) and H-ZSM-5 (ref. 75-77)

13



Dynamical *  Static "*™ Exp.”0"

H-SAPO-34 H-ZSM-5 H-ZSM-5
AHags (kJ/mol) 330°C 130 °C 130 °C
Methanol -90 -112 -115
Water -75 -91 -90

*  Estimated error bars of 10 kJ/mol on the calculated values

These calculated values are lower than reported values for H-ZSM-5 as summarized in Table
1.777 The lower values may be attributed to the intrinsic lower acid strength of H-SAPO-34
and thermal effects at 330 °C. Indeed, at higher temperatures methanol and water may adopt
conformations where the adsorbates are not directly interacting with the BAS, resulting in
relatively lower average adsorption enthalpies (see section S3 of the supporting information).
From the MD results, it was estimated that methanol and water are not interacting with the BAS
during 24% and 14% of the 50 ps simulations. Similar effects were observed recently by Goltl et
al. for alkane adsorption.”” In earlier work adsorption energies for methanol adsorption in H-
SAPO-34 using static theoretical methods have been reported, which are in the same order of
magnitude as our dynamically obtained results.” To the best of our knowledge, no
experimentally measured adsorption enthalpies for methanol in H-SAPO-34 have been reported.
Our single molecule adsorption results show that both protic molecules have a strong adsorption

capability in H-SAPO-34.
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The competition between water and methanol to form a hydrogen bond with the BAS in H-
SAPO-34 was explicitly studied during an MD simulation of H-SAPO-34 loaded with 1 water
and 1 methanol molecule per acid site ((1:1)mwsim in Figure S7) at 330 °C. A nearly equal
probability of water and methanol occupying a single BAS was observed (Figure S8), indicating
that water and methanol are indeed able to compete for the BAS. This observation was not found
to depend on the acid site density (see section S1 of the Supporting Information). This
competition of water with oxygenates and hydrocarbons for acid sites was already suggested in
the early 1990s by Marchi and Froment after their experiments on the MTO reaction in H-

SAPO-34 with a water containing feed.’

A second insight was obtained from MD simulations performed on the catalyst loaded with
multiple methanol and water molecules ((5:0)mw.sim> (2:2)mw.sim> (1:4)mw.sim and (1:8)mw.sim, S€€
Scheme 2), which demonstrate that methanol protonation becomes less probable due to the
competitive adsorption of both molecules at the BAS. Methanol protonation is the elementary
activation step before any reaction in which it participates may occur. From the systematic set of
MD simulations at 330 °C and around ambient pressure we calculated the probabilities for
framework deprotonation (FDP) and methanol protonation once the framework is deprotonated
(MP|FDP) as shown in Figure la. For a pure methanol loading (5:0)mw.sim, @ 100% probability for
framework deprotonation was observed, in agreement with earlier findings.” It was earlier
shown that these clusters are able to modify the intrinsic methanol reactivity compared to a

S.6162 A distinct effect of water addition is observed when a methanol-

genuine reaction at the BA
water mixture is considered ((2:2)mw.sim> (1:4)mw.sim> (1:8)mwsim), as illustrated in Figure la. A

lower apparent proton affinity of mixed methanol-water clusters as compared to pure systems
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induces a lower degree of framework deprotonation when water is added. For intermediate to
high loadings of water ((2:2)mw.sim and (1:4)mw.sim) the probability for framework deprotonation
drops to 42 and 32%, respectively. Very high water loadings (1:8)mwsim are required to obtain a
similar probability for framework deprotonation as obtained with pure methanol. In earlier work
some of the present authors it has been reported that the H-SAPO-34 framework gets
deprotonated with a probability of 100% by 5 methanol or 8 water molecules per BAS.> That
such high water loadings are needed to fully deprotonate the framework explain the sharp
increase in P(FDP) in Figure la. These findings are also in line with other theoretical studies
based on static and dynamical approaches, stating that two methanol molecules are already able

S,%% \whereas for water the formation of larger clusters is

to deprotonate a zeolitic BA
required.*** Also note that the absolute values of the calculated probabilities depend on the acid

site density of the H-SAPO-34 material (see section S1 of the Supporting Information).

(a) 1 A L]
0.9
> 0.7
= 0
3. °
3 <
'8 04 ®
& 03 L o
02 - @ P(FDP)
o1& P(MP|FDP) 4
5 . * Lo P
(5:0) (2:(2)2.5:4)»(1:8) (5:0),sm ® proton (1:4),im
=¥ Tmwsim .OMeoH

Figure 1. (a) Probability for framework deprotonation (FDP), and probability of methanol
protonation when the framework is deprotonated (MP|FDP) during 50 ps MD simulations of
different methanol-water mixtures adsorbed in H-SAPO-34 at 330 °C and around ambient
pressure. (b,c) H-SAPO-34 loaded with a (5:0)mw.sim and (1:4)mw sim methanol-water mixture. The

grey, blue and red dots represent the positions of the two acid protons and methanol oxygen
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atoms, respectively. The insets show snapshots of the MD run with highlighted acid sites.

(X:¥)mw.sim Stands for a simulation with x MeOH and y H,O molecules per BAS.

To connect the observation of framework deprotonation with methanol reactivity, the
probability of methanol protonation once the framework is deprotonated was probed and the
results are also depicted in Figure 1a. This probability can be interpreted as the availability of the
protons to methanol or its tendency to participate in reactive events. As expected, this availability
decreases from 100% for pure methanol to 53%, 47% and 31% for methanol-water mixtures with
(2:2)mwsimy (1:4)mwsim and (1:8)mwsim compositions, respectively. This suggests that when
protonated clusters are formed it becomes less likely that methanol gets protonated. Figure 1b
displays the distribution of the protons (blue and grey dots) during the MD simulation of H-
SAPO-34 loaded with pure methanol ((5:0)mwsim), Whereas Figure 1c displays the analogue for a
(1:4)mw.sim methanol-water mixture. Next to the positions of the protons, the trajectories of the
methanol oxygen atoms (red dots) are displayed. As the red dots and the grey and blue dots only
partially overlap for the (1:4)mwsim conditions, this indicates that during a significant time in the
simulation, methanol has no access to a proton, preventing it to get activated for further reaction.
The effect of water on the nature of the BAS could also be demonstrated by a vibrational
analysis via calculated velocity power spectra (VPS), showing a broadening of the OH stretch
region, indicative for interactions between the hydrophilic framework and formation of hydrogen

bonded water clusters (Figure S9).

These simulations thus point out that methanol and water compete for direct access to the

BAS, resulting in a less efficient methanol protonation.
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3.1.2 Competition between water and propene

In the previous section we focused on the competition between methanol and water at the BAS
as methanol is the primary reactant for many crucial steps during the MTO process. The primary
MTO products ethene and propene are known to be important reactants during the induction
period (Scheme 1) for the formation of the HP, mainly consisting of poly-methylated benzenes in
H-SAPO-34.2**%** Interestingly, Wu and Anthony suggested that the reduced coking rate upon
water addition to the methanol feed in H-SAPO-34 can be attributed to the competition between
olefins and water, which could hamper olefin conversion to cyclic HP species and cokes, keeping
the channels inside the catalyst unblocked.'® In this view we have performed an additional set of
MD simulations to explicitly sample the competition between propene and water for direct

access to the BAS in H-SAPO-34.

It is highly debated how the first C-C bond is formed during the MTO process, but once
primary products such as ethene and propene are formed they can oligomerize to form precursors
for aromatic HP species. This was also investigated by Vandichel et al. with a DFT study. They
proposed a mechanism starting from the formation of a framework-bound propoxide from
propene, followed by dimerization with another propene molecule to form the 2-hexyl carbenium
ion. A subsequent ring closure might then lead to the formation of active HP compounds.” In
view of this, it is important to investigate the influence of water on the direct interaction of
propene with the BAS. Moreover, the formation of HP species was recently found to be rate-

determining during the induction period in H-ZSM-5.*
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In the absence of water, i.e. for the propene-water mixture (1:0)pwsim in Scheme 3, one of the
propene molecules adsorbed in a CHA cage of H-SAPO-34 forms a n-complex with the BAS as
shown in Figure 2a. When water is present around the BAS, we indeed observe that water and
propene compete for access to the BAS. Water is able to quickly replace propene and occupy the
BAS as shown in Figure 2b for the (1:2)pwsim propene-water mixture (Scheme 3). With
increasing amount of water, this behavior becomes even more pronounced. This observation
suggests that water lowers the coverage of propene at the BAS, decreasing the probability that
propene gets activated for further reaction towards the formation of cyclic HP species. As a
result, this would imply that the active cycle based on aromatic HP species gets delayed by a

longer induction period.

(b)|™

Figure 2. Snapshots of two propene molecules adsorbed in a CHA cage of H-SAPO-34 from an
MD simulation at 350 °C (a) in the absence of water (1:0)pwsim (b) in the presence of water

(1:2)pw,sim With (X:y)pw,sim Standing for x propene molecules and y water molecules per BAS.

In general, water thus lowers the amount of BAS occupied by reactant molecules such as

methanol and propene. It can thus be anticipated that the reduced activation of these molecules

will alter the kinetics of some of MTO reaction stages.
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3.2 Methanol reactivity during the early stages of the MTO conversion

After the assessment of the effect of water on methanol and propene adsorption and activation,
the intrinsic reactivity of methanol has been investigated by studying the formation of
framework-bound methoxide species. These are predominant species during the induction time

) . . 19,26,27,29,90

(see Scheme 1) and can further act as methylating agents during the MTO reaction. In
this view the work of Hunger et al. is worth mentioning, as they pretreated zeolite catalysts to
cover the acid sites with methoxides to demonstrate the role and high reactivity of surface

19,91,92
29192 Brom

methoxides during the induction period and product formation of the MTO process.
the thermodynamic point of view, water can impact the formation of methoxide species by
shifting the equilibrium towards the formation of methanol."” Besides these thermodynamic
implications, our simulations suggest that the presence of water decreases methanol’s intrinsic
reactivity towards methoxide formation. To this end, metadynamics simulations at 330 °C were
carried out for the (1:0)mw.sims (5:0)mwsim and (1:4)mwsim methanol-water mixtures (Scheme 2),
corresponding to a low and high loading of pure methanol and a mixture with excess of water.
As such, the influence of an identical number of surrounding methanol or water molecules could
be assessed. Hereby, the (1:0)mwsim Simulation was used as reference, as a loading of one

methanol molecule per BAS does not allow the assistance of other protic molecules during the

reaction.

Figure 3 displays the calculated 2D free energy surfaces (FES), lowest free energy paths and
some selected snapshots of the transition region for methoxide formation in the different
methanol-water mixtures. The shapes of the FESs and LFEPs are quite similar for the three cases

considered, however a detailed analysis of the sampled trajectories and free energy profiles
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reveals distinct differences among the three considered simulations and gives insight into the
impact of water on the kinetics of methoxide formation. For this purpose, the two-dimensional
FES was projected onto a one-dimensional reaction coordinate, which was obtained by
calculating the LFEP according to the procedure proposed by Ensing et al.”

(a) (1:0)

mw,sim

1.0

00 02 04 06 08 10
CN1

(b) (5:0)
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NN O,
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Free energy [kJ/mol]
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CN1

(c) (1:4)
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L) —60
O 0.
>A|’ &S0 ‘A(
6 ]

-100 5

0.0 02 04 06 08 10
CN1

Figure 3. 2D FES at 330 °C for methoxide formation in pure methanol (1:0)mw.sim and (5:0)mw.sim
(a,b) and the (1:4)mw.sim methanol-water mixture (c) occluded in H-SAPO-34, with indication of
the LFEP. The insets show snapshots of the TS region. (X:y)mw.sim stands for x MeOH and y H,O

molecules per BAS.
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The one-dimensional free energy profiles in Figure 4 show that the free energy barrier for
methoxide formation in the absence of additional guest molecules (167 + 4 kJ/mol) is higher than
in the case where additional water (147 + 5 kJ/mol) or methanol (123 + 2 kJ/mol) molecules are
present to assist the reaction. Fan and co-workers earlier reported a free energy barrier of 141
kJ/mol at 400 °C for the H-SAPO-34 catalyzed methoxide formation assisted by one additional
methanol molecule, based on static periodic PBE calculations.?® Note that our value (123 + 2
kJ/mol) differs as we take into account the presence of more methanol molecules and due to the
dynamical approach required to fully capture the complexity of the assisting effect of multiple
protic molecules.®” The results show that the facilitating effect of additional protic molecules
depends on the mixture composition. The free energy barriers reveal that methanol assists the
methoxide formation reaction more efficiently than water. Indeed, for a (1:0)mwsim loading, the
reaction is not assisted, resulting in a relatively high free energy barrier of 167 + 4 kJ/mol. For a
high methanol loading (5:0)mwsim, the reaction always starts from a protonated methanol cluster
(vide supra), which can adopt a favorable orientation for the methyl transfer with respect to the
acid site prior to reaction. We reported earlier that these clusters mainly consist of 2 or 3
methanol molecules, which is also the case in this study.” As such, the reaction is always
assisted as displayed in the snapshot shown in Figure 3b, resulting in a lowered free energy
barrier (123 + 2 kJ/mol). A similar effect was observed in H-ZSM-5 by some of the current
authors.®? For the (1:4)mw.sim methanol-water mixture, a less efficient methanol protonation was
observed (vide supra). Furthermore, the loading of the pores is significantly lower when 4
methanol molecules are replaced by 4 water molecules. The lower density leads to fewer
interactions between the protic molecules and thus a less efficient stabilization of the methoxide

formation transition states. This is reflected in the fact that both paths in which the methoxide
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formation is assisted and unassisted by water molecules are sampled as shown in the snapshots in
Figure 3c. Consequently, a higher free energy barrier (147 + 5 kJ/mol) for methoxide formation

in the (1:4)mw sim methanol-water mixture is found.
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Figure 4. Free energy profiles for methoxide formation at 330 °C in H-SAPO-34 along the
lowest free energy paths with barriers in kJ/mol. (X:y)mw.sim Stands for a simulation with x MeOH

and y H,O molecules per BAS.

Summarizing, our set of metadynamics simulations suggests that the lower proton availability
in the presence of water and the less efficient assisting role of water lower methanol’s intrinsic
reactivity towards methoxide formation, which is an elementary reaction step during methanol

conversion and in particular during the induction period.

3.3 Implications of methanol reactivity on the formation and distribution of
carbocationic reaction intermediates at the single particle level
Our theoretical results suggest that water provokes a less efficient methanol and propene

activation and lower methanol reactivity at the molecular level. To understand the implications

23



of water at the single H-SAPO-34 crystal level, our simulations were combined with in-situ UV-
Vis micro-spectroscopy experiments. Very interestingly, during the catalytic test we observed
that the length of the induction period linearly increases with the water content of the feed as
shown in Figure 5. The measurements were collected during the MTO reaction at 330 °C for a
wide range of methanol-water mixtures with molar ratios of 1:0, 1:1, 1:2, 1:4, 1:8 and 1:12. The
induction period was defined as the time until the first absorption band at 400 nm, corresponding
to the active HP carbenium ions of methylated benzenes, appears in the UV-Vis spectra. At this
point, the formation of primary and secondary products starts as shown in Scheme 1. These
results suggest that next to methoxide also aromatics formation is delayed with the addition of
water, which is in line with our theoretical findings that methanol and propene are less efficiently
activated and that the intrinsic methanol reactivity is decreased. These experiments confirm that
the formation of the initial aromatic HP species is delayed by adding water to the feed.

700

600

500+

400+

Induction time /s

300+
200+

100+

0 r T T T T T T T T T T 1
0 2 4 6 8 10 12

Water content / mol water:mol methanol

Figure 5. Induction time observed during the in-situ UV-Vis micro-spectroscopy measurements

on single H-SAPO-34 crystal as a function of water content.
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Simultaneously, optical micrographs were taken during the reaction and exhibited more
homogeneous discoloration of the H-SAPO-34 crystals with increasing water content of the feed
as illustrated in Figure 6 a-c. Prior to MTO reaction, the H-SAPO-34 crystals are translucent.
With a pure methanol feed, discoloration of the crystal to yellow/orange and brown/grey is very
rapid and mostly located in the rim of the crystal. When water is added, the crystals discolor
more gradually from yellow to orange and finally to dark brown. Additionally, the spatial
distribution of the discoloration is now more homogeneous throughout the crystal. More
chemical information can be obtained by inspecting the time-resolved UV-Vis spectra at the
different methanol-water ratios. The spectra taken with a pure methanol feed show the evolution
of a band at around 400 nm, which is ascribed to poly-methylated benzene carbocations.’® The
evolution of other less pronounced bands at around 470 and 650 nm is due to the formation of
larger aromatics, such as naphthalenic and phenanthrenic/pyrenic carbocations.” The addition of
water to the reaction induces an increase in the total absorbance and considerable changes in the
spectral features. More specifically, the absorbance at 400 nm increases and an even more
pronounced increase was observed for the bands at higher wavelengths. This suggests that upon
water addition, more active and deactivating species are formed after the prolonged induction
period and these are more homogeneously distributed in the H-SAPO-34 crystals due to a more
efficient use of the catalyst crystals. Translating this back to Scheme 1 displaying the various
stages of the MTO reaction, these experiments show that adding water increases the number of

reaction intermediates for stages 3 and 4 of the MTO process.
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Figure 6. (a-c) Optical images and UV-Vis spectra of single H-SAPO-34 crystals with time-on-

1:0
(No water)

stream during the methanol-to-olefins (MTO) reaction with different methanol-water ratios of a)
1:0, b) 1:4 and c) 1:12. The colors of the UV-Vis spectra indicate the evolution of the reaction
from the induction period (green) to the formation of aromatics (blue) and the deactivation
(black) of the single crystals. (d-f) Confocal fluorescence microscopy images of single H-SAPO-
34 crystals during MTO reaction with different methanol-water ratios of d) 1:0, e) 1:4 and f)
1:12. The images were taken in the middle plane of the crystal. The colors in the fluorescent
images originate from the overlap of two profiles with a laser excitation of A = 488 nm (detection

at A =500-550 nm) and A = 561 nm (detection at A = 570-620 nm).

The more homogeneous distribution and higher concentration of MTO intermediates upon co-
feeding water were further demonstrated by in-situ confocal fluorescence microscopy
measurements. We used 488 and 561 nm excitation lines and fixed the sensitivity of the detectors
to compare all the fluorescence images in a semi-quantitative manner. The fluorescence

microscopy images were acquired in a focal plane in the middle of the 50x50x50 um H-SAPO-
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34 cubic crystals and the green and red fluorescent light were superimposed, as illustrated in
Figure 6 d-f and also plotted as red-to-green fluorescence ratio in Figure S10. The green and red
fluorescent signal correspond to less and more extended aromatic coke species, respectively.” At
first glance, when water is present the overall intensity of the fluorescence is higher, indicating a

higher concentration of fluorescent aromatics inside the single H-SAPO-34 crystals.

Additionally, the results show that the fluorescence is mostly located at the periphery of the H-
SAPO-34 crystal, in an egg shell-type distribution when water is not present. This is in sharp
contrast to the fluorescence when water is added to the reaction, where a more homogeneous
distribution is observed in agreement with the optical micrographs in Figure 6 a-c. The
distribution of the two different fluorescence signals also depends on the presence and
concentration of water in the feed. To be more specific, without water the fluorescent signal is
mostly red, which is an indication that large aromatic species are formed, in the outer layer,
while the signal is more yellow (i.e. indicative for small and large species are formed
simultaneously) towards the inside of the crystal. When water is added to the reaction feed, the
outer layer is also red, but the inner part is mostly green, turning gradually into yellow. This
indicates that the addition of water preserves small aromatics inside the crystal for a longer
period and these species are eventually converted into larger aromatics with increasing time-on-
stream. Additionally, during these experiments we observed the formation of a layer mainly
consisting of large non-fluorescent coke-like species. This layer is located at the rim of the H-
SAPO-34 crystals and first showed very intense red fluorescence and then very little
fluorescence.” > The measured thickness of this coke layer is displayed in Figure 7 and shows a

linear increase with the amount of water in the reaction. The thicker coke crust after water
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addition shows that the catalyst material is still accessible for methanol when some initial cokes
molecules have been formed. This again points towards the more efficient utilization of the

catalyst crystals.
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Figure 7. Thickness of the coke crust (normalized to the crystal size) observed during the
confocal fluorescence microscopy measurements as a function of water content. The thickness
was calculated from the confocal fluorescence images by subtracting the size of the crystal not

displaying red fluorescence from the total size of the crystal.

The co-feeding of water during the reaction might cause the formation of mesoporosity in the
H-SAPO-34 crystals. These changes in the textural properties of the material could account for
the more homogeneous formation of coke species throughout the individual crystals. To evaluate
whether the reaction conditions could indeed induce mesopore formation, we performed a
control experiment by steaming H-SAPO-34 at a temperature even higher than the reaction
temperature (350 °C). After steaming, we added Nile Blue A to the H-SAPO-34 crystals, which
enables mesopore visualization with confocal fluorescence microscopy as previously described.”®

The fluorescence microscopy image of the steamed H-SAPO-34 sample in Figure S11b shows
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that fluorescence is in the noise level and therefore no fluorescent dye has been adsorbed on the
single crystals. This validates that steaming at the applied reaction conditions created no

(noticeable amounts of) mesopores.

Our experimental results on single catalyst crystals show that water significantly increases the
length of the induction period, which can be correlated with less efficient methanol and propene
activation and lower intrinsic methanol reactivity found in the molecular dynamics and
metadynamics simulations. Our simulations in particular suggest that water occupying a BAS
prevents that it catalyzes reactive events. In particular, it prevents that propene forms bulky
cyclic hydrocarbons that remain trapped in the cages of the small-pore H-SAPO-34 material.
Water thus enables a better distribution of MTO reaction intermediates due to a better
accessibility of the inner parts of the catalyst crystals for small molecules such as methanol and

propene. This eventually leads to a more efficient use of the catalyst crystals.

4. Conclusions

We have evaluated the effect of water on the methanol to olefins reaction in the archetypal H-
SAPO-34 material by a combined theoretical and experimental approach. A thorough
understanding of the impact of water on the various stages of the MTO conversion is needed
given that the addition of appropriate amounts of water to the feed may lead to optimized product

selectivity and catalyst Stability_9,10,12

Many of these observations in earlier studies have been
related to water occupying an important fraction of the acid sites. To obtain deeper insight into

this hypothesis at the molecular and microscopic level, a complementary theoretical and

experimental approach was followed to investigate the impact of water on various stages of the
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MTO process. A summary of our findings is sketched in Scheme 5. Our results at the molecular
level indeed confirm the suggested hypothesis of competitive adsorption between methanol and
water. As a result, lower proton availability for methanol and thus less efficient methanol
protonation were observed. A similar competitive effect was also observed for water and
propene, suggesting that dimerization and cyclization might be hampered by water. As such,
water can moderate the formation of bulky HP species that cannot diffuse through the small-pore
material. The occupation of the acid sites by water ultimately leads to reduced pore blocking,
enhancing the diffusion of methanol and small olefins deeper into the crystals to undergo
reactive events. Apart from this, the intrinsic methanol reactivity, traced by studying formation
of framework bound methoxide species, was found to be lower in a methanol-water mixture.
This could be attributed to the fact that additional protic molecules facilitate the reaction, but this
assisting effect is less efficient with water than with methanol. Since methoxides are
predominant species during the early stages of the MTO reaction — i.e. the equilibration and
induction period as indicated in Scheme 1 — the retarding effect of water addition on the kinetics
of methoxide formation increases the length of the induction period, as seen in the UV-Vis
experiments on a single particle level. Furthermore, methoxides are also reactive methylating
agents that can play a role during the formation of primary and secondary products. Decreased
intrinsic methanol reactivity and reduced accessibility for olefins like propene to the BAS might
thus result in the slower formation of HP species, which alleviates molecular diffusion
limitations and therefore enables methanol and propene to diffuse deeper into the catalyst
crystals. That methanol and other small reactive molecules have better access to the inner part of
the crystals is reflected in a more homogeneous distribution of MTO intermediates and

deactivating coke species as shown by our UV-Vis micro-spectroscopy and in-situ confocal
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fluorescence experiments. Water thus induces a more efficient use of the catalyst crystals. Going
back to Scheme 1, we confirm that adding water to the methanol feed impacts all four reaction

stages of the MTO process.

The results are in agreement with earlier reported enhanced catalyst stability and higher
conversions of methanol in the presence of water.”'""***° Our combined theory-experiment
approach has high potential to study other zeolite-catalyzed processes in which competition
between guest molecules might influence the type and spatial distribution of reaction
intermediates and deactivation products. It should be noted that the effect of water on MTO
might be substantially different in other zeolite or zeotype materials. Further studies on the
intricate impact of water on the entire catalytic cycles and product selectivity are mandatory.
Hereby, creatively designed theoretical and experimental methodologies will again go hand in

hand.
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Scheme 5. Schematic of the effect of water addition on the methanol-to-olefin (MTO) reaction

and the related formation of different aromatic and poly-aromatic species.
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information on the methanol and water adsorption simulations, calculated velocity power
spectra, additional confocal fluorescence microscopy images and results on catalyst steaming.
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Water boosted catalysis - advanced molecular simulations and in-situ micro-spectroscopy
demonstrate the effect of water on the methanol-to-olefins conversion over H-SAPO-34
molecular sieves. Water competes with methanol and propene for access to the acid sites and
lowers the intrinsic methanol reactivity. As a result, these molecules diffuse deeper into the
crystals leading to a better distribution of the reaction intermediates and a more efficient use of

the catalyst crystals.

36



