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The methanol-to-hydrocarbons reaction uses a zeolite catalyst (typically H-ZSM-5 or SAPO-34) to produce
light olefins (mainly C,-C,) for chemical feedstocks and methylated benzenes for use as fuels. The reaction
is @ major industrial process world-wide, and consequently it has been extensively studied by a wide range
of physical methods (e.g. reaction testing) and spectroscopic methods. One approach that has been used
relatively little to-date is neutron scattering. Neutron methods can provide information about structure,
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diffusion at the microscopic scale and vibrational spectra that are not limited by selection rules,
fluorescence or absorption. In this mini-review we give a short introduction to neutron scattering, then
describe how neutron scattering provides insight into the Brensted acid sites of the catalyst, then consider
each of the three stages of the process; induction, steady-state and deactivation. We conclude with a
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Introduction

The MFI-type zeolite ZSM-5 was invented by the Mobil Oil
Company in 1972"? and has since been widely used in
industry for reactions ranging from hydrocracking® to toluene
disproportionation® (to generate benzene and xylenes) to
methanol-to-hydrocarbons®  (MTH),  (which  includes
methanol-to-olefins® (MTO) and methanol-to-gasoline” (MTG)
chemistries).

The MTG process was first commercialised by Mobil in
New Zealand in 1986 using an HZSM-5 catalyst. Lurgi's
methanol to olefins (MTO) process, also using HZSM-5, UOP-
Statoil's and Dalian Institute of Chemical Physics (DICP)
MTO process, both using a SAPO-34 catalyst® and Topsoe's
improved gasoline synthesis® (TIGAS) using a proprietary
zeolite catalyst followed. The availability of cheap methanol
derived from natural gas was the initial driver for these
technologies. More recently, methanol derived from coal has
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perspective on how neutron scattering can further support studies of MTH chemistry.

become the source of transport fuels or olefin feedstocks via
MTG or MTO type processes."’

As a consequence of MTH's scientific novelty and
commercial value, the process has been extensively studied
and reviewed, for example.”'* ™ MTH typically exhibits three
phases that merge into one another: an induction period,
steady state operation and deactivation. For MTH using
HZSM-5 at steady state operation, the process is generally
accepted to occur by the dual cycle hydrocarbon pool
mechanism,"®'” shown in Fig. 1. The induction period is the
establishment of the hydrocarbon pool and deactivation is
usually by coke formation.

The MTH reaction has been investigated with a wide
variety of methods, ranging from microreactor measurements
to  spectroscopic  techniques, including, UV-vis,'*2°
infrared,>>*> ESR*?** and solid state (ss) NMR
spectroscopies.® All of the spectroscopic methods have
strengths and limitations: assignment of spectra is difficult
with UV-vis because the bands are broad and overlapping,
infrared spectroscopy is largely restricted to the region >2000
em™ (because of absorption by the zeolite lattice), ESR
requires paramagnetic species and product identification is
difficult with ss-NMR. However, all of the methods either
have been, or could be, used operando or in situ, which is a
significant advantage.

Neutron scattering is very sensitive to hydrogen and has
been used to investigate catalysts for many different

processes that span commodity chemicals: methane
reforming,®  Fischer-Tropsch  synthesis,®  ammonia
production,®”*® water gas shift,>® to catalysts for fine

This journal is © The Royal Society of Chemistry 2023


http://crossmark.crossref.org/dialog/?doi=10.1039/d2cy02154d&domain=pdf&date_stamp=2023-03-29
http://orcid.org/0000-0002-9083-787X
http://orcid.org/0000-0002-5947-6631
http://orcid.org/0000-0003-2462-8962
http://orcid.org/0000-0002-3228-2570
http://orcid.org/0000-0001-8397-0528
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cy02154d
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY013007

Open Access Article. Published on 07 March 2023. Downloaded on 8/1/2025 5:37:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

Alkene cycle

n CHOH
n H20
CH4OH ;

Higher
alkenes

‘\\ /( AIkanes

CH30H

View Article Online
Mini review

Arene cycle

CH5OH
| ——(CHa),

k>\ O (CHg)n+iv1

/

Fig. 1 The dual cycle hydrocarbon pool mechanism operative for MTH using HZSM-5. The figure has been reproduced from ref. 122 with

permission from Elsevier, copyright 2013.

chemical synthesis® to ethanol reforming.*" These systems,
and several others, have been reviewed previously.** All of the
key species in MTH chemistry are hydrogenous: the Brgnsted
acid sites, methanol and the hydrocarbon pool contents, so
our expectation was that neutron scattering methods would
provide new insight into the MTH process.*?

In the following sections we give a short introduction to
neutron scattering, then describe how neutron scattering
provides insight into the Brgnsted acid sites of the catalyst,
then consider each of the three stages of the process;
induction, steady state and deactivation. We recognise that
these are not discrete processes, there is considerable overlap
between them. We will conclude with a perspective on how
neutron scattering can further support studies of MTH
chemistry. The particular advantages of neutron scattering
for MTH chemistry will be highlighted throughout.

Neutron scattering

The theory**?® and practice®*° of neutron scattering have

been comprehensively documented, so only a brief
description will be given here. The utility of neutron
scattering derives from the properties of the neutron, which
is an uncharged, spin : particle with a mass of 1.009 amu,
slightly greater than that of a proton (1.007 amu). Neutrons
are scattered by atomic nuclei and, via the nuclear spin, by
systems with unpaired electrons. The latter gives rise to the
extensive applications of neutron scattering in magnetism.*’
For catalysis, it is the atomic scattering that is crucial. The
amount of scattering is determined by the cross section, in
essence, the size of the target that the neutron “sees”. The
cross section can be either coherent or incoherent. Coherent
scattering describes the interference between the scattered
waves caused by the scattering of a single neutron from all
nuclei and provides information on long range order in the
system: both structural (e.g. diffraction) and spectroscopic
(e.g- phonon dispersion). Incoherent scattering measures the
correlation between the positions of an atom at time zero
and a later time. Each atom contributes independently to the
total scattering, thus it acts as a local probe.

This journal is © The Royal Society of Chemistry 2023

Neutrons may be scattered elastically or inelastically, for
the former there is no energy exchange between the neutron
and the scattering nucleus, in the latter the energy exchange
is non-zero (it may be positive - neutron energy gain, or
negative - neutron energy loss). Elastic scattering gives
information about location and inelastic about dynamics:
neutrons tell you where atoms are and how they are moving.
Note that for both elastic and inelastic scattering, the
neutron changes direction on scattering, so in any scattering
event there is neutron momentum transfer (Q, A™).

The cross section is both element and isotope dependent
and this offers opportunities to manipulate the contrast in a
system. However, the most significant effect is that the
incoherent cross section for 'H is very large (80.26 barn, 1
barn = 107>* m?) while the total cross section for most other
elements (and isotopes, including deuterium) is ~5 barn.
The result is that for elastic scattering from hydrogenous
materials it is generally advantageous to deuterate the
sample, as the incoherent scattering results in a large
background. For inelastic scattering, the large incoherent
cross section of "H means that the scattering is dominated
by scattering from hydrogen.

As with any technique, there are advantages and
disadvantages to neutron scattering. The advantages arise
from the simplicity of the scattering process. This makes
calculation of experimental observables tractable and there is
a very strong synergy between neutron scattering and
computational methods. As neutrons are scattered by nuclei,
to a neutron, much of matter is empty space, consequently
neutrons are highly penetrating (1 cm of steel is essentially
transparent) which simplifies the design of experimental
equipment: special materials for windows are not necessary.
The major disadvantage of neutron scattering is that to
produce sufficient neutrons to do useful science a central
facility”* is needed and these are relatively scarce. Neutrons
can be produced by nuclear fission of >*°U in a reactor or by
spallation, where a high power proton beam from an
accelerator impacts on a heavy metal target. The leading
research reactor is the Institute Laue Langevin®® (ILL,
Grenoble, France). Spallation sources are fewer but are the
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next generation in neutron scattering. The major ones are:
the ISIS Neutron and Muon Facility*® (ISIS, Didcot, UK), the
Spallation Neutron Source** (SNS, Oak Ridge, USA) and the
Japan Proton Accelerator Research Complex*® (J-PARC, Tokai,
Japan).

The sample size required for neutron scattering
measurements of zeolites is significantly larger than for most
laboratory methods. This arises from the relatively insensitive
nature of the technique (to partly compensate for this,
neutron beams are usually around 10-20 cm” in area).
Typically, for elastic scattering a few grams of sample are
needed, for inelastic scattering, 5-10 g is typical. For the
latter, the larger sample size arises from the need to have
0.25-0.5 g of the (hydrogenous) material of interest in the
beam, whether this is a probe molecule (e.g. pyridine), a
reference sample (e.g. a pure compound adsorbed in the
zeolite) or the hydrocarbon pool itself. In order, to generate
the large samples needed, dedicated preparation rigs have
been developed.*¢*’

A current trend in catalysis is that operando measurements
(simultaneous measurement of a sample property by

View Article Online
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spectroscopy and product composition by on-line mass
spectroscopy and/or chromatography) are increasingly seen
as the optimal approach. There are a few examples of
operando neutron powder diffraction of catalysts®* (none of
MTH), but, in general, neutron scattering methods do not
lend themselves to this approach as the time resolution is
relatively poor - usually minutes to hours, (a consequence of
the low brightness of neutron sources) or measurements have
to be made at low temperature (~20 K).

In most cases a react-and-quench method is used. To
validate that the samples prepared are relevant, laboratory
microreactor studies are essential. These have two purposes:
firstly to establish that the chemistry is representative of what
is generally seen in the literature. Secondly, to provide a
baseline against which the much larger samples prepared for
neutron studies using the specialist apparatus*®*’ can be
compared.

There are a wide variety of neutron techniques that could
be applied to study the MTH reaction. These are listed in
Table 1, together with their strengths and limitations and
whether they have been used to study MTH chemistry.

Table 1 Neutron techniques that have been or could be applied to study the MTH reaction (including zeolite characterisation), their strengths and

limitations and whether they have been used to study MTH chemistry

Used for
Method Strengths Limitations MTH?
Neutron Sensitive to light atoms (H,C,0) Limited availability - requires use of a central facility Yes
scattering Highly penetrating (simplifies cell design) Overall sensitivity is low, large (2-20 g) samples are
(generally) needed
Observables are readily calculated Relatively slow; measurements generally require
No radiation damage minutes to hours
Elastic scattering
NPD* Able to detect light atoms (especially H or D) in the Yes
presence of heavy atoms
Neighbouring elements in the periodic table may have
different scattering strengths
Can be used operando
No form factor (so wide Q range)
Total scattering Can simultaneously provide information on microscopic, Complex analysis - modelling essential No
mesoscopic and macroscopic length scales
Can study disordered/amorphous materials
H/D isotopic substitution is very informative
Sensitive to the local structure
Operando conceivable, but not demonstrated
Imaging Operando possible Time and spatial resolution inversely correlated No
Inelastic scattering
QENS’ Provides direct measurement of diffusion (rotational Different instruments needed to cover the complete Yes
and/or translational) on the ps - ~1 ps timescale time range
Timescales very well-matched to that of molecular Restricted to a single mobile species (very
dynamics calculations difficult/impossible to distinguish multiple species)
Operando under development
INS* Vibrational spectrum Most measurements have to be made at 20 K or less Yes
Entire 0-4000 cm ™" range accessible Hydrogenous adsorbates only
No selection rules Operando only rarely possible
Intensities straightforward to calculate - strong synergy
with ab initio methods
DINS? Quantitative elemental analysis Analysis complex No

In situ temperature determination possible

Can be carried out at temperatures relevant for catalysis

Operando possible, but the time resolution is very poor
- generally requires hours per measurement

“NPD = neutron powder diffraction. * QENS = quasielastic neutron scattering. ° INS = inelastic neutron scattering (neutron vibrational

spectroscopy). ¢ DINS = deep inelastic neutron scattering.
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Key to understanding the properties of a zeolite is a
knowledge of the number and location of the Brgnsted acid
sites. The number of acid sites depends on the Si: Al ratio, as
each site consists of an Si-O(H)-Al bridge. There are a
number of techniques that can be used to determine the
number of acid sites, but 2°Si ss-NMR and ammonia
temperature programmed desorption (NH3-TPD) are the
usual methods. Infrared spectroscopy can also be used, but it
is complicated by uncertain knowledge of the extinction
coefficients of the various species present.

Fig. 2 shows the infrared (DRIFTS) and inelastic neutron
scattering (INS) spectra of calcined and dried HZSM-5.*® The
diffuse reflectance infrared spectrum, Fig. 2a, below 2000
em™' is dominated by the Si-O and Al-O framework modes
and their overtones and are distorted by dispersion effects
from specular reflectance. These are not associated directly
with the active sites and the spectrum provides little useful
information in this region (we note that transmission infrared
spectroscopy through pressed disks of zeolite is not subject to
dispersion effects and gives useful spectra down to ~1300
em ™). In contrast, the O-H stretch modes located above 3500
em™ are clearly seen. The strongest of these is at 3592 cm™
and is assigned to Brgnsted acid groups within the zeolite.
The weaker, separate peak at 3735 cm ' results from the
silanol Si-O-H groups that terminate the zeolite framework at
its exterior surfaces and at internal defects. The peak between
these two modes at 3648 cm ™ is associated with the presence
of extra-framework aluminium species (EFAl).

The corresponding INS spectra are shown in Fig. 2b and ¢
for data recorded on two different spectrometers, MAPS and
TOSCA respectively. The two instruments are complementary,
for reasons explained elsewhere,*® MAPS enables the C-H
and O-H stretch region above 2500 cm™ to be observed,
while TOSCA is optimal for the region below 2000 cm™. The
low intensity of the zeolite spectra owing to the small
scattering cross sections of the framework atoms are
immediately apparent and enables the entire 0-4000 cm™
range to be accessed. This is one of the major advantages of
INS for catalyst studies.

While the scattering cross sections of Al, Si and O are only
~10% that of '"H (~80 barn), there are more than ten times
as many of them as there are hydrogen atoms. Comparison
with the spectra of a variety of silicas,”®®" shows that the
weak modes at 445, 535, 800, 1115 and 1205 cm ' are Si-O
modes. The O-H stretching modes are observed by MAPS.

The intensity of a mode in the INS depends on the
momentum transfer (Q, A™) and the amplitude of vibration
of the atoms in the mode and their scattering cross section.*”
In the harmonic approximation, the amplitude of vibration
depends only on the reduced mass of the atoms and the
energy transfer. This means that the intensity per oscillator,
is independent of the material, it only depends on the type of
oscillator: sp® C-H stretch, sp*> C-H stretch, O-H stretch. In
particular, it does not depend on the electronic structure of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Infrared at 423 K (a) and INS at ~20 K (b) and (c) spectra of
calcined, dried HZSM-5. (b) Recorded with MAPS using incident
energies of 2017 cm™ (left) and 5244 cm™ (right). Insets show x10
expansions of selected regions to make the O-H related modes more
apparent. (c) Recorded with TOSCA. The inset shows x4 ordinate
expansion of the internal mode region. (d) The O-H stretch region as
recorded by MAPS, after baseline correction and curve resolution into
the Brensted acid sites (orange), EFAL (olive) and silanols (red). The data
shown in (d) are from a different measurement than that shown in the
right of (b). The MAPS spectra in (b) and (d) are integrated over the
momentum transfer range 0 < Q < 10 A%, Reproduced from ref. 48
under a Creative Commons Attribution 4.0 Unported Licence (CC-BY).
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is the case for infrared and Raman
intensities. By calibration with a suitable reference
material, it is possible to quantify the number of
oscillators in the beam.’?> In the present case brucite,
Mg(OH),, was used to create a calibration curve, which
was linear as expected. The MAPS INS spectrum in the
O-H stretch region was resolved into the three hydroxyl
components identified in the infrared spectrum, as shown
in Fig. 2d, and the amounts of each quantified*® (we note
that the transition energies for the O-H stretch modes in
Fig. 2d differ from those observed by infrared spectroscopy
shown in Fig. 2a. The reasons for the difference are
currently under investigation). Table 2 shows the results
and equating the Breonsted acid site concentration to
aluminium in the zeolite framework gives a framework Si:
Al ratio of 28.

The Si: Al ratio was also determined by X-ray fluorescence
(XRF) and gave a value of Si: Al ~ 16. The difference between
the XRF and INS values is attributed to the presence of EFAl
and indicates that approximately half of the Al is present as
EFAL >’Al ss-NMR shows that 30% of the Al is present as
EFAL*® in approximate agreement with our estimate. We note
that *’Al ss-NMR is not strictly quantitative, as quadrupolar
broadening caused by the 5/2 spin can render the Al NMR
invisible. The nature of the EFAI is still debated but several of
the postulated EFAl species have one or more hydroxyl
groups attached.®® Table 2 shows that only ~} of the EFAI Al
ions have hydroxyls attached.

INS spectroscopy has long been used to observe the
hydroxyl bending modes in zeolites.>*™ 1In a recent
development, INS spectroscopy was combined with DFT
calculations to determine the location of the Bronsted acid
sites in LTA zeolites.”®*® For a given zeolite structure there
are a limited number of possible locations for the aluminium
and hence the Bronsted acid sites. By calculating the INS
spectra of all of the possible arrangements in LTA-5 (a
specially synthesised high-silica form of LTA with Si:Al = 5,
the usual form of LTA has Si:Al = 1) and comparing them to
the experimental INS spectrum, Lemishko and co-
workers®®>® showed that it was possible to deduce the most
likely locations. Fig. 3 shows the comparison of observed and
calculated spectra, structure “d5” is considered to be the best
match based on a computational procedure to assess the
similarity between two spectra. The structure is shown on the
right of Fig. 3 and “shows Al atoms to be homogeneously
distributed in the framework and protons distributed

relatively far from each other”.>

the molecule, as

Table 2 Quantification of the OH sites of the fresh HZSM-5 by INS

OH site OH concentration mg gzsm.s * OH/unit cell
Brgnsted 9.77 3.26
Extra framework Al 3.32 1.11
Silanol 1.98 0.66

1980 | Catal. Sci. Technol., 2023, 13,1976-1990
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Powder X-ray diffraction (XRD) has long been used to
characterise zeolites, however, it is incapable of locating the
hydrogens of the acid sites owing to their negligible electron
density and the very similar scattering power of Al and Si.
Neutron powder diffraction (NPD) has successfully located
the Bregnsted acid sites in certain zeolites, however, these
were specifically synthesised for the measurements and
contained little or no EFAL®*®

In an attempt to directly locate the acid sites, we
measured NPD data from our material.** HZSM-5 exhibits a
“low temperature” monoclinic form, space group P2,/n, and a
“high temperature” orthorhombic form, space group Pnma.
The transition temperature depends on several factors
including the Si:Al ratio, the state of hydration and the
presence (or not) of molecules in the channels. Powder XRD
data of our material can be assigned as the orthorhombic
structure. Structural models were refined from the NPD data
in both the monoclinic and orthorhombic space groups. Both
resulted in good agreement, with the monoclinic fit being
marginally better. The monoclinic structure is very close to
the orthorhombic one: the f angle deviates from 90° by less
than 0.1° and this is unobservable by conventional X-ray
diffraction instrumentation. NPD is more sensitive to the
oxygen positions than powder XRD and this probably
accounts for why NPD finds the monoclinic structure and
powder XRD finds the orthorhombic structure.

The analysis did indicate the presence of atoms at a
reasonable distance from the framework (~2.5 A). These can
be plausibly assigned to the EFAl, although the assignment is
not definitive and further work is required. The complexity of
the material (i.e. multiple possible sites for Al (and hence H/
D), the presence of significant amounts of extra framework Al
(that contributes background), the low concentration of
framework Al (and hence H/D)) experienced in the structural
analysis of our ZSM-5, serves to emphasise the difficulty of
studying real industrial materials.

The three stages of the catalyst's life
Induction

The induction period seen in MTH chemistry is the time
taken to establish the hydrocarbon pool, Fig. 1. The
formation of the first C-C bond has been the subject of
intense discussion’ and is still actively debated.’®®® By
having the entire spectrum available it was hoped that INS
would provide some insight into this problem. Unfortunately
this turned out not to be the case, the spectra were weak and
complex with few distinguishing features.®* The weakness of
the spectra derives from there being relatively few species
present and the complexity indicates that no single molecule
dominates the early stages of the hydrocarbon pool
formation and that multiple species are involved.

However, a crucial step in the induction period, and
indeed throughout the catalyst's lifetime, is transport of
methanol into the zeolite and removal of the products from
it. The transport depends upon diffusion within the zeolite

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Left: Comparison between the experimental INS spectrum of LTA-5 (a specially synthesised high-silica form of LTA with Si: Al = 5) and the
hydrogen partial density of states, g.(w), of the fundamental vibrations calculated by periodic DFT for the models of the possible Brgnsted acid site
locations. Right: “d5” the structure that produces the spectrum that best matches the INS results. Note that the hydroxyls are distributed relatively
far from each other. The figure has been reproduced from ref. 59 with permission from Elsevier, copyright 2013.

and this is a property that quasielastic neutron scattering
(QENS) is ideally suited to investigate.

The fundamental principles of the QENS technique are
described elsewhere.*® In brief, a QENS experiment measures
the broadening of the elastic line as a function of the
scattering angle, which is directly related to the momentum
transfer, Q.>® The variation in width of the elastic line with Q
is characteristic of the type of motion: whether it is
translational or rotational diffusion, and also how it is
executed; continuous or jump diffusion or rotation in a
confined volume. The time scales that QENS accesses,
picoseconds to (almost) microseconds, match that of classical
molecular dynamics (MD) and MD simulations are
extensively used to analyse QENS data.®

The diffusion of methanol in ZSM-5 has been extensively
investigated by QENS.°®”' This has proven controversial.
O'Malley and co-workers®” found that methanol was
immobile at room temperature on the time scale of the
spectrometer, see Fig. 4, whereas methanol in HY was
mobile. An INS study of the same samples used for the QENS
found no evidence for the OH functionality in methanol and
it was concluded that the methanol had methoxylated the
Bregnsted acid sites. This had occurred at room temperature,
which was unprecedented, methoxylation usually occurs
around 523 K,”> at room temperature hydrogen bonded
methanol is seen by infrared spectroscopy.”® This work
sparked an intense experimental and computational
program.”*”’® This showed that most of the methanol was
present in the hydrogen bonded form but a minority did
result in methoxylation. The absence of the OH functionality
in the INS spectrum was shown to be a consequence of the
very strong hydrogen bonding that broadened the bands to

This journal is © The Royal Society of Chemistry 2023

such an extent that they disappeared into the background.”
It was also found that methoxylation was dependent on the
number of methanol molecules present in the zeolite pore.

H-ZSM-5

S(QO,®) / Arb. units

-0.6 0.4 0.2 0 0.2 04 06
Energy Transfer meV

Fig. 4 QENS spectra obtained of methanol loaded in zeolites H-ZSM-
5and HY at Q = 0.9 A™ at 298 K, the dotted red line represents the
resolution data taken at 5 K. The close fit to the resolution function in
H-ZSM-5 shows that the methanol is immobile on the timescale of the
spectrometer, unlike the significant broadening in HY showing
diffusing methanol (1 meV = 8.067 cm™). Reproduced from ref. 67
under a Creative Commons Attribution 3.0 Unported Licence (CC-BY).
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The immobility of methanol in HZSM-5 is attributed to the
strong hydrogen bonding that makes the diffusion an order
of magnitude slower®® than in other zeolites e.g. HY®*' and so
falls outside the time window of the QENS spectrometer
used. Methane has been proposed®® as a surrogate for
methanol as it avoids the problems caused by hydrogen
bonding. Unfortunately, it has a very limited useful
temperature range and a heavier alkane would probably be
more informative.

Generally, with methanol, only rotational diffusion or
translational diffusion within a pore is seen, long range
translational diffusion is not seen. In most cases, there is a
substantial fraction (up to 70%) that is immobile on the
picosecond timescale. A QENS study®® that compared a fresh
catalyst with samples that had been used for MTH for three
days at 623 and 673 K, found that methanol was immobile in
the fresh and 623 K reacted samples but that ~40% was
mobile in the 673 K reacted catalyst. This was ascribed to the
development of mesoporosity in the material caused by
removal of framework Al. BET measurements confirmed the
presence of induced mesoporosity and *’Al ss-NMR showed
the removal of Al. The development of mesoporosity is
significant because this is likely to be what happens to the
catalyst in industrial operation.

Steady state

The MTH reaction at steady state has been extensively
investigated by INS spectroscopy.®*®>® The reaction is
especially suited to INS because the zeolite is transparent to
neutrons (so the diagnostic “fingerprint” region, 400-1600
em™, is visible), the species of interest are hydrogenous and
the darkening of the zeolite that occurs as the reaction
progresses, does not hinder the spectroscopy.

Fig. 5 compares the INS spectra of ZSM-5 after MTH
reaction at 573 K for 60 h, 623 K for 110 h and 673 K for 44
h.** The 673 K reaction was run with a reduced contact time
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that favours alkene formation over aromatic synthesis® and
so slows deactivation. It can be seen that all three
temperatures result in very similar spectra. This is the
“vibrational fingerprint of the hydrocarbon pool”.

It is apparent from Fig. 5 that no single molecular entity
is present; rather the spectra represent a mixture of
hydrocarbon species. The question arises as to what these
might be. The finite size of the channels in the zeolite limit
the possible species to methylated benzenes, naphthalenes
and anthracene.®®® The INS spectra of benzene and all its
methylated derivatives, C¢Hg_(CHj3), (x = 0-6), as well as
cyclic and polycyclic alkenes and aromatic molecules were
recorded as candidate species.’® Synthetic spectra were
generated by adding spectra of the model compounds in an
equimolar ratio; similar hydrocarbons were added together
in order to highlight common spectral features. This is only
possible because of the quantitative nature of the INS
technique. The results of this process are shown in Fig. 6,
where the simulated spectra are compared to the spectrum
for the long-run steady-state sample, 623-110 h.

A doublet of peaks at 1354 cm ™" and 1458 cm™" are evident
in all plots in Fig. 5a, these are assigned to symmetric and
asymmetric CHz; bending modes of highly methylated
benzenes (>4 methyl groups, those with three or less methyl
groups do not show these bands, Fig. 6aiii). The same
doublet is also seen in methylated polycyclic aromatics
(Fig. 6b), hence part of the intensity could be the result of
those species as well. Peaks near 1200 cm™* are observed in
the summed spectra of polycyclic molecules (Fig. 6b), but
these features are absent in the spectra of methylated
benzenes (Fig. 6a). So the strong peak at 1200 cm™" with a
high energy shoulder at 1246 cm™ is assigned to C-H
bending modes of polycyclic aromatic molecules, such as
naphthalene. Comparison of the ratio of the 1200 cm™" peak
with other peaks in the reference compounds shows that for
all the polycyclic hydrocarbons it has approximately the same
intensity as the peak found at 910 cm™, a CH wag. However,

(2) (i) 573-60h
(i) 623-110h
(iii) 673-44h

Normalised S(O, ®) by weight

(iii)

Normalised S(Q, w) by weight

(b) (i) 573-60h
(ii) 623-110h
(iii) 673-44h

(iii)

800 1200 1600

Wavenumber / cm™

0 400

Fig. 5

2000 2000

2800 3200 3600
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2400 4000

INS spectra of ZSM-5 after MTH reaction at: (i) 573 K for 60 h; (ii) 623 K for 110 h; (iii) 673 K for 44 h. The spectra are normalised to the

sample mass. (a) Spectra collected using the TOSCA spectrometer and (b) spectra collected with the MAPS spectrometer, integrated over the
range 0 < Q < 10 A™. Adapted from ref. 64 under a Creative Commons Attribution Licence (CC-BY).
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Fig. 6 Experimental spectrum of the catalyst reacted for 110 h at 623 K (i) compared with the synthetic spectra generated by equimolar additions
of spectra of the model compounds. The colour coding highlights regions that are characteristic of the different hydrocarbons. (a) Comparison
with methylated benzenes: (i) methylated benzenes with four or more methyl groups; (iii) methylated benzenes with up to three methyl
substitutions. (b) Comparison with polycyclic aromatic molecules: (iv) all polycyclics and (v) naphthalenes. Sections (c) and (d) illustrate the
principal contributors to the spectra: (c) methylated benzenes with >4 methyl groups; (d) naphthalenes; (e) anthracenes and pyrene. Adapted from

ref. 64 under a Creative Commons Attribution Licence (CC-BY).

in the steady-state MTH spectrum (Fig. 5a) the relative
intensity of the two peaks (1200 cm™ and 910 cm™) is
different, with the 1200 cm™ peak being significantly more
intense. This suggests that there is another species that is
also contributing to the intensity of the 1200 cm™'peak.

In the MTH spectrum (Fig. 6a(i)) a sharp band is located
at 600 cm™'. This band is only present in the spectra of
naphthalene model compounds and, consequently, it is
assigned to the double aromatic ring distortion of
naphthalenes. The broad peaks below 400 cm™ are largely
attributed to the methyl torsions of the methylated
benzenes and the polycyclic species. These usually give very
strong INS features, as there is a large amplitude of motion
of the hydrogen atoms. We have shown elsewhere® that
both the degree of methyl substitution on the aromatic
rings and the local environment strongly influence the
methyl torsion transition energies, which explains why there
are no distinct methyl torsion peaks present in the HCP
spectrum.

In some variations of the MTH process utilising a fixed
bed reactor, the feedstock is an equilibrated mixture of
methanol, dimethylether (DME) and water.”” Recent work has
suggested that the mechanistic steps of methanol and of
DME, when used as feedstock, may not be the same.’>%*
DME converts faster, and at lower temperatures, to olefins
than methanol. Deactivation studies have also shown that
the catalyst deactivates at a faster rate with DME. This has

This journal is © The Royal Society of Chemistry 2023

been attributed to the lower water concentration and the
faster kinetics of the reaction when DME is used.’”

If the mechanism has changed, then it would be
reasonable to expect that the HCP has also changed and this
should be reflected in the INS spectrum. A study® using
DME as the feedstock confirmed the previous work that the
catalyst deactivated much faster but that the HCP
“fingerprint” was essentially the same as that shown in
Fig. 5a. INS spectra in the C-H stretch region show that the
aromatic to aliphatic ratio in the coke deposits is
considerably higher for DME in comparison with methanol
conversion. Together with the reduced catalyst lifetime, this
is attributed to the lower levels of water present in DME
conversion because this reduces the regeneration of the acid
sites needed for methylation of aromatic species in the
zeolite. The issue of by-product water molecules being
responsible for the regeneration of the Brgnsted acid sites is
thought to be a key factor in sustained catalytic performance.

As noted in the section on the induction period, the
formation of the first C-C bond is still controversial. A recent
proposal is that C-C bonds are created via methyl acetate
(MeOAc) as the first intermediate.”>*® Formation of MeOAc
from methanol or DME requires the feedstock to undergo a
carbonylation reaction, this requires a source of CO, which
may result from dehydrogenation of methanol. Methanol and
DME carbonylation to form MeOAc has been reported mainly
with a mordenite acid zeolite catalyst, although good
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selectivity towards MeOAc at relatively lower temperatures
has also been observed with HZSM-5.

An INS study®” explored the reactivity of methanol-MeOAc
mixtures over an HZSM-5 catalyst at temperatures
representative of that employed in MTH chemistry, with a
focus on the effects of MeOAc on the catalyst lifetime. Fig. 7
shows a comparison of the blank zeolite, pure MeOAc and
the zeolite loaded with MeOAc at room temperature. This
emphasises the negligible contribution of the zeolite to the
spectrum. It also shows that MeOAc is adsorbed intact, as the
bands occur at very similar transition energies. The exception
is the methyl torsion at 235 cm™, that has downshifted to
150 cm'. Methyl torsions are sensitive”® to their local
environment and this is a striking example.

Fig. 8 shows INS spectra of the catalyst as a function of
the concentration of MeOAc in the feed stream at 623 K. The
intensities of the bands due to hydrocarbon coke species
increase with increasing MeOAc content in the feed, (the
balance is methanol). This trend additionally reflects that
observed for the retained coke content, which ranged from
2.53 wt% in the 0% MeOAc feed to 9.76 wt% in the 100%
MeOAc feed. The spectra measured from catalysts exposed to
30% or more MeOAc resemble those shown in Fig. 5 for a
pure methanol feed and also those seen for HZSM-5 zeolite
catalysts reacted with DME at 623 K.>"* Crucially, there is no
correspondence with the spectrum of adsorbed MeOAc
(Fig. 7).

The presence of high concentrations of MeOAc accelerates
catalyst deactivation by enhancing the formation of
methylated aromatic coke compounds that block active sites
within the zeolite: to reach the same coke content as that of
the 100% MeOAc sample required 100 hours on stream with
a methanol feed, versus the 6 hours for the sample in Fig. 8.
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Fig. 7 INS spectra of the blank zeolite (black), methyl acetate (orange)
and ZSM-5 exposed to methyl acetate at ambient temperature (grey).
Reproduced from ref. 97 under a Creative Commons Attribution 4.0
International License (CC-BY).
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Fig. 8 INS spectra of ZSM-5 samples reacted at 623 K for 6 h with a

feed of 0% MeOAc, 10% MeOAc, 30% MeOAc, 60% MeOAc and 100%

MeOAc (the balance is methanol). The spectra are offset vertically for

clarity. Reproduced from ref. 97 under a Creative Commons

Attribution 4.0 International License (CC-BY).

The spectra also show that the nature of the HCP is largely
independent of the feedstock: methanol, DME and MeOAc all
result in essentially the same spectrum, showing that the
HCP is comparable in all three cases. For methanol,
temperature also appears to play only a minor role, its major
effect is how quickly the HCP is established, the contents are
the same.

Deactivation

MTH catalysts generally deactivate by coke formation.">' A

deactivated catalyst is characterised by a coke content of
14-18 wt%.”® By carrying out the MTH reaction at 623 K for
44 hours, but with a longer contact time than for the
sample shown in Fig. 5(iii), we obtained a sample with 20.2
wt% coke.®* The INS spectra are shown in Fig. 9. These are
markedly different from the spectra at steady state, Fig. 5.
The methyl doublet at 1354 cm ™ and 1458 cm™ is still
present but much weaker, showing that methylated
aromatics are less prevalent than at steady state. The
spectra are dominated by peaks around 880 and 1200 cm ™.
These do not match the spectrum of graphite, Fig. 9a(iii),”
but are a good match to the spectrum of glassy carbon,
Fig. 9a(ii).'® This consists of mostly sp® carbon atoms, as
with graphite but with much smaller sheets and edge
termination by adatoms, so it is similar to (but distinct
from) amorphous carbon. The nature of glassy carbon
means that it must grow on the outer surfaces of the
zeolite, presumably by condensation of polycyclic aromatic
molecules. The growth results in pore blocking of the
zeolite and consequent deactivation. The formation of the
glassy carbon would also account for the depletion of the
hydrocarbon pool, as this is the source of the polycyclic
aromatic molecules and these cannot be replenished
because of the pore blocking.

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 INS spectra of (i) ZSM-5 after MTH reaction at: 673 K for 44 h, reference INS spectra of: (i) glassy carbon®® and (iii) graphite.®” (a) Spectra
collected using the TOSCA spectrometer and (b) spectra collected with the MAPS spectrometer integrated over the range 0 < Q < 10 A™*. Adapted

from ref. 64 under a Creative Commons Attribution Licence (CC-BY).

The C-H stretch region, Fig. 9b, shows that most of the
hydrogen is bonded to sp> hybridised carbon, as the majority
of the peak lies above 3000 cm™. This is consistent with the
low energy spectrum which shows that the hydrogen is
largely located at the edges of the graphene planes. INS
spectroscopy is quantitative, thus the ratio of the areas of the
sp® C-H to the sp® C-H directly measures the ratio present in
the sample. Curve fitting Fig. 5b and 9b, gives sp® C-H:sp”
C-H ratios of 1:1.36 (573 K-60 h), 1:1.37 (623 K-60 h), 1:
3.54 (673 K-60 h, steady state) and >1:20 (673 K-44 h,
deactivated). As the majority species in the HCP are highly
methylated benzenes, it would be expected that the C-H
stretch mode would be largely aliphatic sp®> C-H. The spectra
show that this is not the case and that sp> C-H dominates.
The presence of the glassy carbon-type coke accounts for
these ratios, since this contains almost entirely sp> C-H. This
also accounts for the mismatch in the ratio of the 800 and
1200 cm™ peaks noted in the section on steady state. The
data shows unambiguously that coke grows continuously
throughout the reaction; it is not just a late stage product.

Conclusions and outlook

The aim of this mini-review is to demonstrate how the use of
neutron-based techniques is useful for the study of MTH
chemistry. It is to be emphasised that neutrons are “the
technique of last resort” and behind each of the examples
described or cited here, there is a raft of conventional
characterisation methods including microreactor testing,
surface area determination by nitrogen physisorption, NH;-
TPD, TPO, ss-NMR and infrared spectroscopy amongst
others. In particular, microreactor testing is crucial because
to produce the large samples (typically ~2-10 g) needed for
neutron studies dedicated apparatus is required*®*” and it is
essential to ensure that the large samples produced are
representative  of the chemistry. Comparison with
microreactor data provides this assurance.

This journal is © The Royal Society of Chemistry 2023

As is apparent, most of the work to date has used QENS or
INS. QENS provides direct access to diffusion constants on
the microscopic scale and also informs as to the type of
diffusion, whether it is localised (rotational) diffusion or long
range (translational) diffusion. It has become clear that the
strong hydrogen bonding of methanol to the zeolite results
in translational diffusion that is an order of magnitude
slower than expected. It is possible to access this time
domain by using neutron spin echo (NSE).*® There are
examples where this has been used for alkanes'*’™** or
aromatics'® % in zeolites and we are currently exploring its
use to study methanol in HZSM-5. QENS is also able to study
translational and/or rotational diffusion in used catalysts,
whether coked or dealuminated (or both) and it is clear that
the possible motions are modified. This is obviously relevant
to the industrial use of these materials.

INS spectroscopy has the huge advantage that it can
access the entire 0-4000 em™" spectral range, including the
diagnostic ‘fingerprint region’ (400-1800 cm™). This
attribute has allowed the hydrocarbon pool to be
characterised without having to destroy the zeolite matrix
(e.g. by dissolution in HF solution). The colour of the
catalyst is also irrelevant to INS, so coked samples can be
readily studied. This is a feature that has not been exploited
until now for zeolite chemistry and has already provided
insights into the nature of the coke. Deactivation is a major
issue in heterogeneous catalysis in general and coking is a
particular problem. INS has the ability to provide insights
into the nature of the material and hence (hopefully) the
mechanism of formation.

The use of INS to quantify the hydroxyls present is a
unique attribute of the technique. The work that compared
INS spectra and DFT calculations to locate the acid sites is a
method that clearly has potential for other zeolites than
LTA.>®** The possibility to combine both approaches may
enable the acid sites to be located and quantified in cases
where diffraction methods fail.
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Two neutron techniques that have been little used for
zeolite investigations are neutron diffraction and neutron
imaging. In principle, single crystal neutron diffraction can
locate the Bronsted acid sites directly because it can observe
the protons, unfortunately the difficulty of preparing suitable
size zeolite single crystals means that this is still only an
aspiration. Neutron powder diffraction should also be able to
detect the protons (deuterons) of the acid sites and this has
been done in a few cases.®®®> However, in real industrial
materials this is complicated by the presence of multiple
possible sites, the low concentration of Al (and hence H or D)
and especially by EFAL. A more promising avenue is to use
NPD to characterise adsorbates in zeolites. There are
surprisingly few examples e.g.'°*™"'* where this has been
done and there are clearly opportunities here.

Neutron imaging''® provides information on the pum to
cm length scale, thus it is highly complementary to the
microscopic information provided by QENS. To date, there
are very few imaging studies of catalysts''®*"*° (we exclude
the extensive body of work on imaging of water flow in fuel
cells"") and none that that have involved MTH. Neutron
imaging has the advantage that it is wusable at any
temperature, so there are possibilities for operando studies.

Neutron beams are a scarce resource and are only
available at central facilities, so obtaining access might be
considered to be difficult. In practice, all the major facilities
(ISIS, ILL, SNS, J-PARC) make the process of obtaining beam
time as straightforward as possible and all operate a ‘free-at-
the-point-of-use’ policy.

The limited capacity of neutron scattering means that the
use of neutrons to study catalysts and catalytic processes will
always be complementary to conventional methods of zeolite
characterisation and catalysis. Nonetheless, the unique
perspective provided by neutrons on structure, composition
and diffusion means that the use of these methods to study
zeolites and related materials will only grow.
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